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Graphene-containing layer-by-layer (LbL) electrodes are promising for thin film electrochemical energy storage. However, common
practice centers on assembly with chemically reduced graphene oxide sheets, which have a tendency to severely aggregate during
processing. More direct and facile is the LbL assembly of graphene oxide (GO) sheets and their subsequent electrochemical reduction.
Here, we demonstrate porous (void fraction = 0.625) LbL electrodes comprised of electrochemically reduced GO sheets and polyaniline
nanofibers (PANI NFs) for use in non-aqueous energy storage systems. Our approach is also promising for deposition onto complex
surfaces, as demonstrated here by the successful assembly onto cotton fabric here. Both PANI NFs and ERGO sheets store charge, bear
conductivity, and provide a highly porous architecture, which facilitates the mass transport of ions. The nature of PANI NF/GO LbL
assembly and growth is first presented, which we find to be affected by assembly pH. The confirmation of the electrochemical reduction
step is then discussed, followed by the electrochemical performance of the resulting electrodes in a non-aqueous lithium metal battery.
Capacity varies from 85 to 184 mAh/cm® (188 to 461 mAh/g) at 0.1 A/g (electrode mass basis), depending on the electrode thickness.
The highest specific energy measured was 1395 mWh/g at a specific power of 1590 mW/g, and the highest specific power was 60252
mW/g at a specific energy of 927 mWh/g. These results demonstrate that electroactive polyaniline nanofiber/graphene coatings from

aqueous layer-by-layer assembly are attainable for energy storage.

Introduction

Thin film energy storage is growing in importance as demand for
micro-power sources in wearable personal electronics, drug
delivery, sensors, pacemakers, smart cards, and radio frequency
identification (RFID) tags deepens.'” Thin film Li-ion batteries
are one such example, in which the electrodes are well below 100
microns in thickness.*® Such examples have been demonstrated
in MEMs devices, textiles, acoustic telemetry systems, and
conductive paper.”'® Thin film energy is also particularly
promising for multifunctional structures, where it is desired to
integrate energy storage capabilities into a predefined object of
interest via advanced coating methods. Another motivation
towards thin film energy storage is that materials utilization is
enhanced in thin film electrodes because of the reduced diffusion
path for ions involved in the redox process.® Here, we present a
facile route to produce hybrid cathodes comprised of polyaniline
nanofibers and electrochemically reduced graphene oxide via
layer-by-layer assembly, a conformal coating technique. The
result is a water-processable, porous, binder-free, thin film
cathode for energy storage capable of coating a variety of
surfaces.

Carbon materials such as carbon nanotubes and graphene
have been explored as active cathode components, owing to their
conductivity and — in some cases - pseudocapacitance.'’"'®
Graphene, a two-dimensional sheet of sp>-hybridized carbon
often compared to an un-rolled carbon nanotube, is particularly
interesting as an electrode material for thin film batteries because
of its high electron mobility, excellent mechanical strength, high
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thermal conductivity, and high surface area (theoretically up to
2630 m* g").""? Because of these excellent properties, graphene
has been explored in various applications including sensors, solar
cells, tissue engineering, drug delivery, and energy storage.”>* In
energy storage systems, graphene has been widely employed as
an electrode material itself or as a conductive additive.*® 2" 2>%’
For example, the conductivity of compressed chemically reduced
graphene oxide (CRGO) powder was as high as 200 S/m.*®
Graphene stores charge both via an electric double-layer
mechanism and a pseudocapacitive mechanism originating from
the rapid redox reaction of oxygen-containing functional groups
on the graphene sheet.'® > For example, partially reduced
graphene oxide electrodes have reported reversible capacities up
to 120-200 mAh/g.'®*

Graphene can be prepared using various methods including
mechanical exfoliation, chemical vapor deposition, epitaxial
growth, and chemical reduction of graphene oxide.**** Chemical
reduction of graphene oxide is a particularly promising method
because it offers low-cost, large-scale production of CRGO,*® but
processability has been somewhat limited. For example, CRGO is
dispersible in some optimized mixed solvents and basic aqueous
conditions, but forms irreversible aggregates in neutral and acidic
aqueous conditions.?® **3? This limited processability, originating
from CRGO’s hydrophobic nature and its relatively low oxygen-
containing functional group content, can be circumvented by
utilizing graphene oxide (GO) sheets instead. Following GO
processing, CRGO product can be obtained using reducing agents
such as hydrazine.”> Recently, the electrochemical reduction of
processed GO sheets has been demonstrated, thus eliminating the
need for harsh reducing agents.***!
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Polyaniline (PANI), a p-type conjugated polymer, has also
been explored as an electrode material for energy storage due to
its high theoretical capacity (assuming full doping, neglecting the
mass of the anion: 294 mAh/g), good conductivity, low cost, and
case of synthesis.'® ' %> * PANI stores charge through a
pseudocapacitive doping/dedoping mechanism, in which anions
transport in and out of the electrode as PANI is oxidized and
reduced, respectively. Accordingly, mass transport of the dopant
ion is a potential issue, especially for dense PANI electrodes. In
this regard, PANI nanofibers (PANI NFs) are promising because
they assemble into porous, high surface area electrodes. PANI
NFs can be synthesized rapidly in water, and remain dispersed in
a water-processable state for days.** * PANI NF electrodes
exhibited capacities in the range of 75-165 mAh/g as cathodes in
non-aqueous cells, demonstrating their ability to store charge.*®*/

Layer-by-layer (LbL) assembly is a conformal coating
technique recently demonstrated for the formation of thin film
battery and supercapacitor electrodes, 2" ** ¢3! and relies upon
the alternate adsorption of complementary species from water (or
other media).®> Film properties can be controlled by altering
assembly conditions (pH and ionic strength),”>* and films can be
deposited onto a variety of surfaces (silicon, glass, metal, indium-
tin oxide, poly(tetrafluoroethylene)).*® ***° Hammond and Shao-
Horn demonstrated high-capacity (200 mAh/g) multiwalled
carbon nanotube (MWNT) LbL electrodes, which relied upon
charge storage arising from MWNTs’ oxygen-containing
functional groups.””> Our group has demonstrated PANI/V,Os
LbL battery electrodes with high capacity of up to 264 mAh/g.**
8 Elsewhere, PANI/ERGO LbL supercapacitor electrodes were
investigated.”' The PANI/ERGO LbL electrodes possessed a high
capacitance of 1563 F/em® (~434 mAh/cm® in aqueous media);
although these results are promising, the electrodes presented
were 70 nm thick. There, the drawback to using conventional
PANI was that the PANI/ERGO electrode lacked porosity,
leading to electrodes that were functional only when 10s of
nanometers thick. Ideally, there should exist some balance
between an electrode’s thickness, capacity, and materials
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electrodes have been made by dip-coating of graphene sheets

4 followed by electrodeposition of PANI NFs; however, this

procedure is cumbersome and not easily automated.®'

Here, we present assembly of and charge storage in PANI
NF/ERGO LbL electrodes for use in non-aqueous thin film
batteries. PANI NFs and ERGO sheets both store charge and

45 provide conductivity to the resulting electrode. The PANI NFs

produce a porous architecture, thus facilitating mass transport. To
date, PANI NF/ERGO LbL electrodes have not been explored as
cathodes in non-aqueous batteries. First, this report describes the
LbL assembly of PANI NFs and GO sheets, for which pH is used
as a tuning parameter for LbL growth. Assembly with CRGO is
compared to GO sheets, and it is shown that GO is far more
versatile in LbL processing. The resulting PANI NF/GO LbL
films were successfully reduced electrochemically. No additional
reducing agents or thermal treatments were required. Next,
charge storage in PANI NF/ERGO LbL electrodes as battery
cathodes in non-aqueous media is presented. Special attention is
paid towards charge storage as a function of electrode thickness,
in which the highest capacity was 184 mAh/cm® (461 mAh/g) for
a 460 nm film at 0.1 A/g. It is further shown that polyaniline’s
stability is enhanced through interactions with ERGO sheets. The
electrodes can be conformally coated onto a variety of surfaces,
perhaps presenting a suitable approach toward multifunctional

energy storage.

Results and discussion

The LbL assembly of PANI NFs and GO sheets was investigated
for various assembly pH values, as it has been shown that pH can
strongly affect LbL growth.” ® Two different pH values (3.5 and
10) were chosen for the GO dispersion, whereas the pH of the
PANI NF dispersion was fixed at 2.5. For LbL assembly, PANI

70 NFs are known to be only stable under acidic aqueous

conditions.* *® The zeta-potential of GO sheets is dependent on
pH because of abundant oxygen-containing functional groups
such as carboxylic acid and phenolic hydroxyls,* Figure SI.

utilization. Elsewhere, PANI NF/graphene supercapacitor
(a) (b) e GOpH35
@‘, N\ H //~\ H /— H_)_ + o+ o+ — 800 . pH 10
\ o\ I o £ s00 *

0 ®
§4oo é
2 P
© 200 el g8
V= L
= 9 ®

0 20 40 60 80
Number of layer pairs

Figure 1. (a) LbL assembly of PANI NFs and GO sheets. (b) PANI NF/GO LbL thickness vs. number of layer pairs measured using
75 profilometry for varing GO pH values. The pH of PANI NFs was fixed at 2.5. (¢) Top-view of PANI NFs (d) Top-view and (e) cross-
sectional SEM images of (PANI NF,s/GOss) LbL electrodes. (f) Top-view of (PANI NF,s/ERGO;ss) LbL electrodes after

electrochemical reduction.
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Figure 2. (a) Digital image of PANI NF/GO LbL films on cotton
fabric, from left to right (0, 6 and 15 layer pairs). SEM images of
(b) bare cotton fabric and (c-e) 15 layer pairs of PANI NF/GO on
cotton fabric.

5
The zeta-potential of GO at pH values 3.5 and 10 was -31 and -43
mV, respectively, and that of PANI NFs was +35 mV; these
values show that the nanomaterials are sufficiently charged for
LbL assembly.

10 PANI NF/GO electrodes were built up via LbL assembly,
Figure la. The resulting films are denoted by (PANI NF,/GO,)
LbL assemblies, in which the subscripts x and y denote the
assembly pH of PANI NF and GO dispersions, respectively. For
both assembly conditions, the electrodes were green in color and

15 became successively darker with further cycles of deposition,
Figure S2. The green color originated from the conductive
emeraldine state of PANL*® Successful assembly was further
confirmed by the linear increase in thickness per layer pair
deposited, Figure 1b. Electrodes assembled at GO pH 3.5

20 exhibited a larger layer pair thickness (9.6 nm/layer pair) as
compared to those assembled at GO pH 10 (4.0 nnv/layer pair).

The difference in layer pair thickness probably stems from
the variation in GO’s surface charge with pH, as supported by

zeta-potential measurements. GO sheets at pH 3.5 are less
2s negatively charged as compared to those at pH 10 because
carboxylate and phenolic acid groups are more likely to be
ionized at higher pH values.’ Therefore, in the case of less
ionized GO sheets (pH 3.5), a larger amount of GO is required to
reverse the surface’s charge, leading to a larger thickness per
30 layer pair. Similar phenomena have been observed in other LbL
systems.*® %2 For both PANI NF/GO LbL films, the average layer
pair thickness was smaller than the PANI NF diameter (ca. 50
nm), which indicates that PANI NF/GO LbL films do not consist
of distinctive PANI NF and GO layers. We speculate that this low
35 layer pair thickness originates from patchy adsorption during
assembly. The lack of discrete layers, however, may allow for
intimate contact between PANI NFs and GO sheets.

We also attempted LbL assembly of PANI NFs and
chemically reduced graphene oxide (CRGO) sheets. In this case,
the pH of CRGO was maintained at pH 10 or higher because
CRGO forms irreversible aggregates in neutral and acidic
conditions.® However, during the assembly, film delamination
and severe aggregation of CRGO occurred, suggesting that
stability during LbL deposition is poor, even at pH 10. This
finding highlights the apparent challenge of conducting LbL
assembly with CRGO sheets. By using GO sheets instead, one
can circumvent this challenge.

The composition of PANI NF/GO LbL films was measured
using QCM. PANI NFs were the dominant species within (PANI
s0 NF,5/GOs5) LbL films (81 wt% PANI NF and 19 wt% of GO),

Figure S3. For (PANI NF,s/GO,o) LbL films, it was difficult to

obtain reproducible data due to excessive noise in the data. We

selected the (PANI NF,s5/GO;3s5) LbL system for further

investigation because its layer pair thickness was sufficiently
ss large so as to build up electrodes in a timely fashion.

SEM images confirm the successful LbL assembly of (PANI
NF,5/GOs5) LbL films, Figure 1c-f and S4. The surface of drop-
cast PANI NFs shows a fibrous structure, Figure lc. In contrast,
the surface of the PANI NF/GO LbL assembly bears opaque

o regions, which are attributed to GO sheets, in addition to PANI
NF features. Cross-sectional images of the LbL electrode also
exhibit both PANI NFs and GO sheets. No distinguishable
stratified layers are observed, consistent with our previous
observation of patchy growth, which leads to intimate mixing of

s the two nanomaterials. The porous nature, arising from the
presence of PANI NFs is clearly visible.

The density of a thick (PANI NF,5/GO;5) LbL system was
estimated from QCM and profilometry as 0.56 g cm™. The void
fraction of (PANI NF, 5/GO3 5) LbL films was estimated using the

70 following equation:

Void Fraction = 1 — dgi/[(ppand)(pani ) H(Pco)(feo)] (1)

where dg,, is the density of the LbL film, ppay; is the density of
PANI (1.33 g/em®), and pgo is the density of GO (1.22 g/em®),
respectively.®*® The fraction of PANI (fpan =0.81) and GO (fgo

75 0.19), respectively, was obtained from QCM. Therefore, the
estimated void fraction was 0.625. This structure is advantageous
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Figure 3. (a) Cumulative charge transferred and current (inset) during electrochemical reduction of a 271 nm thick (PANI NF, s/GOs 5)
LbL film at 1.5 V (vs. Li/Li"), (b) digital images of a 371 nm thick (PANI NF, 5/GOs 5) LbL film before and after reduction (the substrate
is indium tin oxide (ITO) coated-glass), (c) cyclic voltammograms of a 347 nm thick LbL electrode before and after reduction at 20 mV/s,
and (d) Raman spectra of PANI NFs, GO sheets, (PANI NF, s/GOs 5) and (PANI NF, s/ERGOj 5) LbL electrodes. The Cls XPS spectra

s of (e) (PANI NF, 5/GOs 5) and (f) (PANI NF, s/ERGOs 5) LbL electrodes. The legend in panel (e) also applies to panel (f).

Table 1. The composition of C Is peaks for (PANI NF, 5/GO; )
and (PANI NF, s/JERGOs 5) LbL electrodes.

C-C/ C-N/ C-OH/ C-0-C C=0 COOH
C=C C=N C-N'/ 286.7¢V287.3¢V288.6¢cV
284.5eV285.1 eVC=N"
285.8 eV
PANINF/204% 21.6% 43% 143% 182% 212%
GO
PANINF/31.6% 309% 159% 95% 1.1% 11%
ERGO

for charge storage in that it leads to larger surface area and
10 enhanced ion transport relative to a dense non-porous electrode.
The good processability of PANI NFs and GO sheets is
further demonstrated by LbL assembly onto cotton fabric, Figure
2. As the number of layer pairs increased, the cotton fabric grew
darker in color, indicative of LbL deposition (Figure 2a). In SEM
15 images (Figure 2c-¢), the LbL coating on individual cotton fibers
was observable, which is in contrast to the bare fabric (Figure 2b),
which displayed relatively smooth fiber surfaces.
After assembly, the LbL electrodes were electrochemically
reduced at 1.5 V vs. Li/Li* in an organic electrolyte (0.5 M
20 LiClO, in propylene carbonate) for 10 h. The purpose of this
treatment was to electrochemically convert GO sheets to ERGO

in the as-assembled electrode. As compared to conventional
chemical reduction, no harsh reducing agents or additional
purification steps were required. Figure 3a presents the
2s cumulative charge transferred during the 10 h reduction period.
Significant charge transfer was observed within the first hour,
after which the amount of charge passed decreased. Similarly, the
reduction current was highest at early times and approached zero
as reduction continued, Figure 3a inset. Upon electrochemical
30 reduction, the LbL film’s color changed from dark green to black,
Figure 3b. After electrochemical reduction, the porous structure
persisted, Figure 1f.
The electronic conductivity before and after thermal
reduction was measured to approximate the change in
conductivity brought about by electrochemical reduction. (Four-
point probe conductivity measurements of PANI NF/ERGO films
were prohibitive because they necessitated deposition onto a
conductive substrate). Accordingly, (PANI NF,s/GO;5) LbL
films were thermally reduced at 175 °C for 90 min in air;*® this
40 process gives XPS spectra similar to our (PANI NF, s/ERGOj 5)
samples. The as-prepared (PANI NF,s/GO;5) LbL films had a
conductivity of 5.6 S/m, which is much lower than that of PANI
NFs (~ 50 S/m) due to the presence of GO sheets.®” Upon thermal
reduction, the electronic conductivity increased to 125 S/m. After

45 doping with HCI, the conductivity further increased to 184 S/m.
We propose that (PANI NF, s/ERGO; 5) LbL electrodes

w
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Figure 4. (a) Cyclic voltammograms of (PANI NF, s/ERGO; s)
LbL electrodes of varying thicknesses at 1 mV/s. (b) Maximum
current taken from voltammograms shown in panel (a) vs.
electrode thickness. Cyclic voltammograms of (c) 347 nm and (e)
1520 nm thick (PANI NF, s/ERGO;5) LbL electrodes at various
scan rates. Maximum current vs. scan rate for (d) 347 nm and (f)
1520 nm thick electrodes taken from the corresponding cyclic
voltammograms.

have conductivity similar to the thermally reduced analogs
because of their similar XPS spectra.®®

Cyclic voltammetry of the electrodes before and after
electrochemical reduction provides further evidence for enhanced
conductivity, in which the reduced electrode showed a larger
current response, Figure 3c. This is consistent with prior reports
for which GO electrodes had lower electrochemical activity
because of poor electrical conductivity.'®** The change in color,
coupled with the increased electrochemical activity, suggests that
electrochemical reduction successfully converted GO to ERGO.

Raman spectroscopy was performed to further investigate the
electrochemical reduction of (PANI NF,s/GOss) LbL films,
Figure 3d. For GO, the peaks centered at 1330 and 1580 cm’'
were observed, which were ascribed to D and G bands,
respectively. The D band arises from defective carbon structures,
and the G band is an indication of ideal graphitic sp? carbon.%® %
The Raman spectra of PANI NFs contains peaks at 1158, 1330-
1440, 1480 and 1580 cm’, attributed to C-H bending, C-N™,
C=N, and C-C stretching, respectively.’® " As expected, (PANI
NF, 5/GOs5) LbL films had both peaks from PANI NFs and GO
sheets. After electrochemical reduction, all peak positions
remained the same; however, the ratio of the D to G band
intensities increased from 1.14 to 1.24. This trend has been
observed with other chemical reduction methods, in which the
increased D/G ratio was attributed to a decrease in the size of sp’
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domains.?® 7! 7173 Here, it can be inferred that electrochemical

3s reduction results in new graphitic sp® domains having smaller

sizes relative to the starting materials.

XPS was carried out on PANI NFs, GO sheets, (PANI
NF,5/GOs5) and (PANI NF,s/ERGOs5) electrodes, Figure 3e-f
and Figure S5. The C 1s region for GO sheets had two broad

w0 peaks at 284.5 and 286.8 eV, attributed to sp® graphitic domains

and oxygen-containing functional groups, respectively. In (PANI
NF, 5/GOs5) LbL films, similar C 1s peaks were observed, but at
reduced intensity for the 286.8 eV peak owing to dilution by the
PANI NF component. For the (PANI NF, 5/GOj; 5) LbL electrode,
the C:O atomic ratio increased from 1.97 to 3.76 upon
electrochemical reduction of GO to ERGO sheets. The decrease
in apparent oxygen content suggests that electrochemical
reduction reduces the quantity of oxygen-containing functional
groups on the GO sheets.

To further investigate the effect of electrochemical reduction,
the C 1s region was deconvoluted into six different Gaussian
peaks centered at 284.5, 285.1, 285.8, 286.7, 287.3, and 288.6 eV,
attributed to C-C/C=C, C-N/C=N, C-OH/C=N/C-N', C-O-C,
C=0, and COOH groups, respectively’*’® (Figure 3e-f and Table
1). The amount of C-C/C=C (arising from sp” graphitic domains)
increased while the amount of oxygen-containing functional
groups generally decreased following electrochemical reduction,
indicating the restoration of a sp” carbon structure. In particular,
ketone groups significantly decreased from 18.2 % to 1.1 % and
COOH groups decreased from 21.2 to 11 % after electrochemical
reduction. The percentage of C-OH/C-N'/C=N" groups increased
upon reduction, the origin of which could be related to increased
relative polyaniline content in LbL films. It is known that
reduction of GO sheets liberates oxygen-containing functional
groups in the form of CO, CO,, H,0 and 0,.”” % This mass loss
from graphene oxide could increase the relative PANI content in
LbL films. Overall, these XPS results further confirm the
electrochemical reduction of PANI NF/GO LbL films, which is in
accordance with Raman spectra.

Thin film electrodes for energy storage are promising because
they offer high materials utilization without the need for binders
or other additives.® However, it can become difficult to transport
electrons and ions as the electrode’s thickness increases.
Therefore, we investigated the performance LbL films of varying
thickness, controlled by the number of LbL cycles performed.
Further, it has been discussed that performance metrics of thin
film electrodes become skewed, trending toward higher values, if
reported on a per electrode mass basis; therefore, it is proposed
that reporting performance metrics by volume or by area is more
appropriate.” *' Here, we present our results in terms of both
electrode volume and mass so as to allow proper comparisons
with prior literature, some of which reports on a per electrode
mass basis.

The electrochemical performance of (PANI NF,s/ERGO; 5)
LbL electrodes was assessed in a three-electrode configuration.
Before measurements, the electrode was conditioned (one
hundred cycles of cyclic voltammetry from 1.5 to 4.2 V at 20
mV/s); this process serves to accelerate the penetration of
electrolyte into the electrode, Figure S6. Overlapping cyclic
voltammagrams during forward and backwards sweeps was
suggestive of the electrode’s reversibility, Figure S7. In cathodic
scans, two prominent peaks were observed around 3 V and 3.8 V,
which are attributed to leucoemeraldine/emeraldine and
emeraldine/pernigraniline redox reactions.”® It should be noted
that ERGO provides electrical double layer capacitance as well as
additional pseudocapacitance over a wide potential range
originating from oxygen-containing functional groups even
though no distinctive peak was observed.?*!

This journal is © The Royal Society of Chemistry [year]
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cyclic voltammograms of (c) 347 nm and (d) 1520 nm thick (PANI NF, s/ERGOj 5) LbL electrodes at 1 mV/s. The dotted line indicates
the diffusion-controlled redox processes, and the solid line indicates the total current. (¢) Inner and outer surface charge storage

depending on the electrode thickness.

o

In comparison to several other polyaniline-based LbL
electrodes,**® the (PANI NF, s/ERGO; 5) LbL electrodes exhibit
greater electrochemical stability. PANI usually loses its
electrochemical activity due to irreversible oxidation beyond 3.5

0wV (vs. Li/Li") in non-aqueous energy storage systems, as

observed in PANI/polyacid, PANI/V,05, and PANI NF/V,0;s

LbL electrodes.* ** % Here, (PANI NF,s/ERGO;s5) LbL

electrodes possessed reversible charge storage over a much wider

voltage window (1.5 to 4.2 V vs. Li/Li"). We suppose that the
interaction between PANI NFs and oxygen-containing functional
groups on ERGO sheets suppresses the irreversible degradation
of PANI. Previously, we observed that strong interactions
between PANI and a strong polyacid via template polymerization
also induced electrochemical stability up to 4.5 V vs. Li/Li".*% %

Elsewhere, PANI NF/MWNT LbL electrodes also could maintain

reversible charge storage up to 4.5 V (vs. Li/Li") after heat

treatment.”” Here, we observed good reversibility for (PANI

NF,s/ERGO;5) LbL electrodes without the need for a heat

treatment.

25 (PANI NF, s/ERGO;5) LbL electrodes of varying thickness
were subjected to cyclic voltammetry at 1 mV/s and 30 mV/s in
three-electrode cells to assess relationships between charge
storage and film thickness, (Figure 4a and Figure S8,
respectively). At a scan rate of 1 mV/s, no significant peak shift

30 was observed in anodic and cathodic peaks as electrode thickness

o

)
S

increased, and current response nearly linearly increased with
thickness at 1 mV/s, Figure 4b. On the contrary, at a scan rate of
30 mV/s, the two cathodic peaks substantially shifted and
overlapped as electrode thickness increased, Figure S8. This
35 result suggests that all of the electrode material is accessible and
that ion transport is not a limitation at a scan rate of 1 mV/s, but
transport limitations arise at scan rates of 30 mV/s.
Cyclic voltammetry was also conducted on 347 and 1520 nm
thick (PANI NF, s/ERGO; 5) LbL electrodes at varying scan rates
40 (Figure 4c and e, respectively). As scan rate increased from 10 to
100 mV/s, little distortion was observed for the 347 nm thick LbL
electrode, and the cathodic peak only slightly shifted from 3 to
2.7 V. The maximum anodic and cathodic currents increased
linearly with increasing scan rate, which is suggestive of a
45 nondiffusion-controlled redox process, Figure 4d. In contrast,
cyclic voltammograms of 1520 nm thick LbL electrode became
distorted, in which the cathodic peak greatly shifted from 2.6 to
1.76 V; further, the maximum current increased nonlinearly with
scan rate, Figure 3f. These results are consistent with hindered
so mass transport in thicker electrodes at high scan rates (100 mV/s).
It should be noted that even if the electrode is thick, diffusion
limitations can be overcome by charging and discharging at low
C-rates.

This journal is © The Royal Society of Chemistry [year]
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To further investigate the separate contributions of diffusion-
controlled and nondiffusion-controlled charge storage, an
additional analysis was performed using following equation:
i=a" @)
where v is the scan rate, i is the current, and a and b are adjustable
parameters.®™ ¥ If b is 1, the redox process is an ideal
nondiffusion-controlled reaction. If b is 0.5, the redox process is
an ideal diffusion-controlled process. Intermediate values are
indicative of mixed control. The b value was obtained from the
slope of a plot of log i vs. log v using data from cyclic
voltammograms in the range of 1 to 5 mV/s, Figure S9. The b
values of 347 and 1520 nm thick (PANI NF,s/ERGO;s) LbL
electrodes are shown for both anodic and cathodic scans (Figure
Sa and b, respectively). Both thicknesses showed similar trends in
b value. In anodic scans (Figure 5a), the b value increased
towards unity and then decreased as voltage increased from 1.5 to
3 V. Around 3 V, b reached minimum values of 0.78 and 0.58 for
347 and 1520 nm thick electrodes, respectively. Above 3 V, b
values increased towards unity, which is similar to our previous
results for PANI-containing electrodes.®® In cathodic scans
(Figure 5b), the trend in b value was more distinctive depending
upon electrode thickness. The b value of the 347 nm thick
electrode was near unity above 2.6 V. For the 1520 nm thick
electrodes, the b value was between 0.75 and 1 in the range of 2.6
to 4.2 V, which is suggestive of mixed control upon reduction.
These results, overall, are consistent with increased diffusion
control in the charge storage process for thicker electrodes.

The relative contributions of nondiffusion-controlled and
diffusion-controlled charge storage can be further visualized
using the following analysis of data obtained from scan rates of 1
to S mV/s:
i(V)=av+any® (3)
The parameters a; and a, represent the relative contributions of
nondiffusion-controlled and diffusion-controlled processes,
respectively.®” 3 From the slope and the intercept of plots of
i(V)V® vs. v* taken at a specific potential, the parameters a; and
a, were obtained, Figure S10. From these parameters, a cyclic
voltammogram such as that shown in Figure 5c-d and Figure S11

w
&

7

7:

S

a

was constructed. The solid line represents the combined current
for electrodes, and the dotted line shows the current attributed to
the diffusion-controlled process. The difference between the two
yields the nondiffusion-controlled contribution. Upon comparison,
the 1520 nm thick LbL electrode had a larger percentage of
diffusion-controlled integrated current as compared to the 347 nm
thick electrode (31.4 vs. 22.5 %, respectively). This result is in
accordance with the results drawn from b value analysis.
Presumably, nondiffusion control arises from some fraction
of material that is not readily accessible. The following analysis
allows for the separation of the total maximum charge (qy,) that
can be stored into charge stored at the inner surface (Qiner
difficult to be utilized) and the outer surface (qoyue, €asy to be
utilized) by the following equation:** %
Gtotal = Jinner + Qouter (4)
The values of g and qouer Were calculated from the intercept of
1/q vs. v*3 and qvs. V03, respectively, for (PANI NF, s/ERGOs 5)
LbL electrodes, Figure S12. The percentage of charge stored at
inner and outer surfaces was not distinctively dependent on
electrode thickness (77 to 86 % from outer surfaces, 14 to 23 %
from inner surfaces), Figure Se. Instead, qu Wwas strongly
influenced by film thickness. For example, the 460 nm thick
electrode had a gy, of 1761 C/g, which consisted of 1390.5 C/g
from outer surfaces (easily accessible) and 370.5 C/g from inner
surfaces (not easily accessible). In the case of the 1520 nm thick
electrode, the capacity of 721.4 C/g was achieved (557.4 C/g
from outer surfaces, and 164 C/g from inner surfaces).
Galvanostatic ~ charge-discharge =~ measurements  were
performed with varying discharge currents on (PANI
NF, s/ERGO;5) LbL electrodes to quantify their capacities and
rate capabilities in a three-electrode cell. The charge-discharge
profile was typically sloping, a characteristic often observed with
conjugated polymers, Figure 6a. The capacity generally decreased
with increasing discharge current for all thicknesses investigated,
Figure 6b and Table S1. Of the electrodes investigated, the 460
nm thick (PANI NF,s/ERGO;s5) LbL electrode possessed the
highest capacity at 0.1 A/g (461 mAh/g and 184 mAh/cm®) and

This journal is © The Royal Society of Chemistry [year]
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maintained good capacity retention up to 10 A/g (368 mAh/g and
147 mAh/cm® or 80 % retention). For comparison, at 0.1 A/g an
ERGO electrode had a capacity of 186 mAh/g and PANI NFs
alone had a capacity of 195 mAh/g at 0.5 A/g, Table S1. The
enhanced porosity of the PANI NF/ERGO electrode perhaps
allows for more charge to be stored by the electrical double layer
mechanism, thus yielding capacities higher than either material
alone. Therefore, the value of 461 mAh/g for a PANI NF/ERGO
LbL electrode is consistent with a dual-mode charge storage
mechanism and is suggestive of synergistic interactions between
the two materials. A similar phenomena has been reported for
PANI NF/MWNT LbL electrodes.”

In our case, the capacity of (PANI NF,s/ERGO;5) LbL
electrode decreased with increasing thickness, presumably
because thinner electrodes are less susceptible to diffusion
limitations, Figure 6b and Table S1. The 1520 nm thick LbL
electrodes possessed capacity of 210 mAh/g at 0.1 A/g. The
capacity decreased from 118 to 35 mAh/cm® (210 to 62 mAh/g )
when discharge current increased from 0.1 to 10 A/g (30%
retention). This specific capacity is similar to that of MWNT LbL
electrodes of comparable thickness in a prior report.”” The (PANI
NF, s/ERGOs5) LbL electrode also exhibited excellent cycling
behavior, Figure 6¢c. After 1000 cycles, 98.7% of the initial
capacity was retained. On the contrary, PANI NFs retained only
3 % of its original capacity was retained after 1000 cycles,
(Figure S13). This result further supports the idea that
complementary interactions are necessary to retain cycling
stability in PANI NFs.

Galvanostatic charge-discharge measurements were also
performed in two-electrode sandwich-type cells, Figure 7a. The
capacity obtained from 1520 nm thick (PANI NF,s/ERGO;5)
LbL electrodes was similar to that observed in the three-electrode
configuration. For the sandwich-type cell, the capacity decreased
from 112 to 27 mAh/cm® (199 to 49 mAh/g ) as discharge current
increased from 0.1 to 10 A/g. After accelerated cycling at 10 A/g,
the original capacity of 199 mAh/g was recovered when 0.1 A/g
applied, which highlights the robustness and stability of the
(PANI NF,s/ERGOs5) LbL electrodes. Specific energy and
power for 460 and 1520 nm thick (PANI NF,s/ERGO;5) LbL
electrodes are displayed in a Ragone plot along with other

45
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previously reported LbL electrodes, Figure 7b.% 3% % The 460 nm
thick electrode possessed higher specific energy and power than
the other LbL electrodes. Its maximum specific energy was 1395
mWh/g at a specific power of 1590 mW/g, and a maximum
specific power of 60252 mW/g at a specific energy of 927
mWh/g. In the case of the 1520 nm thick (PANI NF, s/ERGO; 5)
LbL electrode, at a given specific power of 313 mW/g, its
specific energy was comparable to those of MWNT and PANI
NF/V,0s5 LbL electrodes. The specific power of 1520 nm thick
(PANI NF,s/ERGO;5) LbL electrode was higher than that of
PANI NF/V,05 LbL electrodes, but lower than that of MWNT
LbL electrodes at a given specific energy of 105 mWh/g.
Volumetric energy and power of PANI NF/ERGO electrodes are
presented in Figure 7c. The 460 nm thick electrode had maximum
energy density of 558 mWh/cm® at a power density of 636
mW/cm®. The 1520 nm thick electrode showed maximum energy
density of 351 mWh/cm® at a given power density of 176
mW/cm®,

These results show that (PANI NF,s/ERGO;5) LbL
electrodes are favorable as cathodes for thin film batteries. To
improve the performance further, it will be necessary to enhance
porosity so as to facilitate mass transport and allow for thicker
films. As it will be shown in future work, spray-assisted LbL
assembly promises to address this need.

Conclusions

The assembly of porous PANI NF/ERGO LbL electrodes was
demonstrated. Assembly of GO sheets and subsequent
electrochemical reduction circumvented the limited processability
of CRGO sheets, which exhibited aggregation during LbL
assembly. Electrochemical reduction of GO sheets further
eliminates the necessity for harsh reducing agents otherwise
required for the synthesis of CRGO. LbL assembly of GO sheets
at acidic and at basic pH values with complementary PANI NFs
was explored, in which acidic conditions were proven to yield the
most robust growth (9.6 nm/layer pair). The resulting electrodes
exhibited a low density (0.56 g/cm’), high void fraction (0.625),
and consisted of 81 wt% PANI NFs and 19 wt% GO sheets.
Subsequent electrochemical reduction yielded ERGO sheets with

This journal is © The Royal Society of Chemistry [year]
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increased sp? graphitic domains, confirmed via Raman and X-ray
photoelectron spectroscopy. Electrochemical characterization
confirmed the enhanced electrochemical activity brought about
by electrochemical reduction. Overall the electrodes were
reversible over a potential range of 1.5 to 4.2 V vs. Li/Li". The
460 nm thick (PANI NF,s/ERGOj35) LbL electrode had one of
the highest energy and power values of 546 mWh/cm® (1365
mWh/g ) at 1284 mW/ecm® (3209 mW/g ) measured at 1 A/g)
among previously reported LbL electrodes; further the capacity
was exceptionally high (461 mAh/g (184 mAh/cm®) at 0.1 A/g),
originating from redox activity arising from PANI NFs and
oxygen-containing functional groups on ERGO sheets, as well as
electrical double layer capacitance. Thicker electrodes showed
reduced electrochemical activity, presumably because of ion
transport limitations. The 1520 nm thick (PANI NF,s/ERGO; 5)
LbL electrodes exhibited a capacity of 220 mAh/g (123 mAh/cm®)
at 0.03 A/g. Upon accelerated cycling, (PANI NF,s/ERGO; )
LbL electrodes retained 98.7% of their initial capacity.

The ease of processing, high capacity, high specific energy
and power, and the excellent capacity retention suggest that the
(PANI NF,s/ERGOs5) LbL electrode is an excellent electrode
candidate for thin film energy storage, especially as compared to
other LbL systems. Our future work will translate this system
from dip-assisted LbL assembly to spray-assisted LbL assembly,
which is suitable for the rapid build-up of these electrodes over
large areas onto a variety of substrates.
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The layer-by-layer assembly of graphene oxide sheets and polyaniline nanofibers, followed by
electrochemical reduction, results in highly porous electroactive electrodes for energy storage.



