Downloaded by NORFOLK STATE UNIV at 14:37:04:266 on July 02, 2019
from https://pubs.acs.org/doi/10.1021/acsanm.9b00147.

IXSAPPLIED

N A N O M AT E R I A L S @& Cite This: ACS Appl. Nano Mater. 2019, 2, 1713-1719

www.acsanm.org

Enhancement of Electrochromic Polymer Switching in Plasmonic

Nanostructured Environment
Mohammad Shahabuddin,*

Thomas McDowell, Carl E. Bonner, and Natalia Noginova

Center for Materials Research, Norfolk State University, 700 Park Ave., Norfolk, Virginia 23504, United States

ABSTRACT: We explore color switching properties of thin
polyaniline (PANI) films deposited on plasmonic nanomesh
structures in comparison with the films deposited on flat gold.
The nanostructured systems show a much steeper color switching
with increasing voltage than the films prepared on flat substrates.
A strong difference between nanostructured and flat systems is
also observed at small voltages, where nanostructured samples
often demonstrate an additional feature in cyclic voltammetry
curves and nonmonotonous changes in optical properties.
Possible origins of the observed effects are discussed in terms
of acceleration of charge transport in nanostructured plasmonic
environment and interface-related effects. The results can provide
opportunities for enhancing and controlling the electrochromic
polymer performance in smart windows or display applications.
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B INTRODUCTION

Electrochromic materials show a reversible color change upon
reduction or oxidation of the material by the application of a
small voltage and present interest for optoelectronics and
flexible display applications."”” During the reduction or
oxidation processes, the dielectric functions of the electro-
chromic material can be altered to a large extent and their
absorption colors can be varied. Electrochromic switching is a
complex process, involving changes in the oxidation states,
redox reactions with gain or loss of electrons, and the
simultaneous insertion/extraction of ions with opposite
charges to balance internally created electric fields.” The
electrochromic performance often relies on the kinetics of
charge transport, including the electron diffusion in electro-
chromic materials as well as ion transport in the electrolyte, in
electrochromic materials, and at their interfaces.*

Electrochromic color switching has been observed in many
materials, such as Prussian Blue and other metal metal-
lohexacyanates, viologens, metal hydrides, transition-metal
complexes, and conjugated polymers, including polyaniline
(PANTI).>™’ Polyaniline has three well-defined oxidation states,
which are leucoemeraldine (the fully reduced, poorly
conducting state), emeraldine (the half oxidized, highly
conducting state), and pernigraniline (the fully oxidized,
poorly conducting state), with a substantially infinite number
of possible oxidation states prevailing in between. With an
increase of the electrode potential, the color of the polyaniline
film changes from transparent yellow to green, green to blue,
and blue to blue-violet and turns to black at higher potential,
and vice versa.’
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A typical cyclic voltammetry (CV) curve of polyaniline has
two major pairs of anodic and cathodic current peaks (Figure
1). The first pair of peaks (O, R,) is associated with the
conversion from the fully reduced leucoemeraldine base to the
partially oxidized emeraldine and back, and the second set of
redox current peaks (O,, R,) corresponds to the conversion
between emeraldine and fully oxidized pernigraniline. An
additional intermediate peak between the previous two peaks is
attributed to the formation of electrochemically inactive
quinonediimine structures.” ™"

PANI is promising for electrochromic applications because
of easy facile polymerization in aqueous or nonaqueous media,
high coloration efliciencies, fast response speeds, flexibility,
good stability in air, low cost, and high conductivity."*™'® In
addition, polyaniline forms a scatter-free uniform thin layer on
metallic structures through electrochemical deposition, where-
as deposition of transition metal oxide, Prussian Blue, and
other inorganic electrochromic materials often results in
nanocrystal formation which causes undesired scattering.'”'®
However, it still suffers from several disadvantages, which
restricts the breadth of applications. A single type of polymer
cannot cover the full visible range, and a thick layer is required
to maintain high contrast, which leads to a long switching time,
7 « L?/D, where L is the film thickness and D is the ionic
diffusivity. Finally, the relatively high electrochemical potential
required for high color contrast can deteriorate the polymers.
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Figure 1. Polyaniline states and color switching during cyclic voltammetry experiment.
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Figure 2. (a) Schematic of the gold nanomesh substrate without (top) and with PANI (bottom). (b) SEM image of nanomesh gold with
periodicity of 100 nm. (c) Optical transmission spectrum of the substrate. (d) Reflection spectra of the substrate in electrolyte without (trace 1)
and with PANI at zero voltage (trace 2) and 0.5 V (trace 3). (e) CV curves during PANI deposition. (f) Schematics of the CV experiment with

simultaneous recording of changes in optical reflectivity.

Different approaches are taken to improve the switching
performance of PANI, such as use of multilayer structures,
which can bring faster color switching with the mitigation of
color contrast."” Recent research®’ > points to a very
interesting possibility of enhancing PANI switching with
plasmonic nanostructures. Specifically, incorporation of PANI
into metallic nanoslit arrays enables control of color with slit
dimensions and demonstrates faster electrochromic switch-
ing.”" In addition, plasmonic structures support tight spatial
confinement and high local field intensity associated with the
plasmonic fields, allowing for the usage of extremely thin layers
of the active materials to achieve high optical contrast. Other
studies have shown that the plasmonic resonance can be tuned
electrically by embedding plasmonically active noble metal
nanostructure (including gold nanocube”"** and nanorod*>**)
into the electrochromic polymer. The application of electric
potential in the electroactive media alters the refractive indices
of responsive materials, which can lead to the electrical control
of plasmonic resonances.

Plasmonic metamaterials and metasurfaces can bring
additional opportunities associated with strong modification
of local dielectric environment in close vicinity of such systems.
The effects are commonly discussed in terms of the
modification in the density of photonic states determining
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various quantum processes. Acceleration in the spontaneous
emission rate (Purcell effect),” " changes in the Forster
energy transfer rate,””’' and modification of the photo-
chemical reactions®” were reported in the vicinity of plasmonic
systems and metamaterials. Photoinduced electric effects in
nanoscale metal systems also include generation of dc electric
voltages or currents’”* and generation of hot electrons.”> "'
Under conditions of plasmon resonance, a metal particle acts
as a source of electrons, which are strongly accelerated by
plasmonic fields and escape along the trajectories governed by
the particle geometry.”> Novel effects associated with catalytic
activity of hot electrons are reported.**™*!

The effects of plasmonic environment on charge transport
and color switching of PANI are not yet fully studied and
understood. To get more information about this subject, we
further explore oxidation/reduction reactions in PANI in
plasmonic environment and compare the effects observed in
thin PANI films deposited on gold nanomesh structures
(Figure 2a) with those deposited on flat gold.

B EXPERIMENTAL SECTION

Flat and nanostructured Au films are prepared by thermal deposition
of gold (40 nm thick) onto precleaned glass substrates and
nanoporous anodic aluminum oxide (AAO) substrates precoated
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with a 3 nm thick Cr adhesion layer. The deposition of gold onto
AAO substrate produces highly nanostructured surfaces (Figure 2b).
Such nanomesh is expected to show multiple plasmon resonances
which can be excited with direct illumination. Similar systems were
used in ref 33, where they demonstrated plasmon-related electric
effects under pulse laser light illumination in the broad optical range
(400—700 nm). The presence of localized plasmon resonances can be
clearly seen as a well-defined dip in the transmission spectrum at 4 =
~537 nm (Figure 2c). The reflection spectrum (Figure 2d) of the
nanomesh shows plasmon related features as well, including a dip at
~530 nm, which is due to localized plasmons, and a broader feature at
700 nm, which depends on the periodicity of the membrane and can
be tentatively ascribed to collective modes. However, after PANI
deposition, the reflection spectrum is mostly determined by optical
properties of PANI (Figure 2d, traces 2 and 3).

PANI films are deposited with the electrochemical method*** by
sweeping the potential between —0.2 and 1.2 V at a scan rate of 30
mV s™' in an aqueous solution containing 0.1 M aniline and 2 M
HNO;. In our fabrication, we deposit polyaniline on both flat gold
and nanomesh gold surface at the same time and setup. A Pt rod is
used as a counter electrode, and Ag/AgCl is used as a reference
electrode. The film growth is verified by the increased current with
increasing the number of CV cycles (see Figure 2e). Obtained films
are washed with monomer-free electrolyte solution. The thickness of
the film on flat gold is measured using a profilometer. Because
polyaniline is deposited onto both flat gold and gold nanomesh
substrates exactly at the same environment, the thicknesses of both
layers are expected to be approximately same. Most experiments are
performed with films of ~40 nm thickness. The schematics of the
PANI/nanomesh system is illustrated in Figure 2a.

In the cyclic voltammetry and reflectivity experiments (see the
setup in Figure 2f), we study changes in coloration as a response to
applied potential in the circular voltammetry setup, simultaneously
recording both electric current and the optical reflectivity, R, as a
function of the voltage. The flat and nanomesh gold substrates are
used as a working electrode along with a Pt counter electrode and a
reference Ag/AgCl electrode. All measurements are taken with the
electrolyte solution of the same content (of 0.1 mol/L HNOj; and 1
mol/L NaNO;) and in the same cell geometry. The CV curves are
recorded with a Biologic SP-300 potentiostat. For the reflectivity
measurements, the sample is illuminated at 632.8 nm using the light
of a HeNe laser. This wavelength corresponds to strong variations in
coloration with applied voltage.” The reflected light is collected with
an integration sphere and recorded with the Tektronix oscilloscope as
a function of time together with the output signal (voltage) from the
CV instrument. Then the experimental data on both electric current
and reflectivity are plotted and analyzed as a function of the applied
potential.

In the experiments, we use various scan speeds and potential
sweeping ranges. Main results are obtained at the rate of the voltage
scan of 30 mV/s. Further slowdown of the rate (10 mV/s) practically
does not affect the results while at a faster rate (100 mV/s), the -V
and R—V curves show significant modification. The positions of the
peaks are also pH independent of electrolyte solution.

B RESULTS

Typical results are shown in Figures 3 and 4 for the voltage
sweeps of —0.4 to +0.4 V and —0.2 to +1 V, respectively. In the
first case (Figure 3), the PANI films are not expected to fully
oxidize to the pernigraniline states and thus avoid polymer
degradation over many switching cycles. The larger sweep
(—0.2 to +1 V) reveals the third intermediate peak (associated
with formation of quinonediimine) and shows a hysteresis in
R—V dependence (Figure 4).

As one can see, in both cases the voltage—current
dependences and color switching behavior are significantly
different in the nanomesh and flat gold structures. The films on
nanostructured gold demonstrate much steeper changes in
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Figure 3. (a) Cyclic voltammetry (I-V dependence) and (b)
reflectance vs voltage in flat and nanostructured gold with PANI at the
voltage sweep from —0.4 to 0.4 V.
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Figure 4. (a) Cyclic voltammetry (I-V dependence) and (b)
reflectance vs voltage in flat and nanostructured gold with PANI at the
voltage sweep from —0.2 to 1 V.

reflection with the increase in voltage than those on the flat
gold. A special feature of the nanomesh systems is a small
reflectivity peak observed around 0.2 V, which is not present in
the flat gold. At small voltages, the reflectivity of the PANI/
nanomesh system first increases with the increase in voltage
and then sharply decreases, while the decrease in reflectivity is
much gradual in PANI on flat gold.

At the same time, the positions of oxidation peaks in
nanomesh and flat gold systems are similar to each other. In
Figure 3a, the peak O, at 0.2 V is observed in CV curves of
both flat and nanomesh systems, which nominally corresponds
to the change of polyaniline state from lucomeraldine to
emeraldine.*>*” At a larger voltage scan range (Figure 4), the
difference between the systems becomes more prominent. In
I=V curves, in PANI on flat gold the first oxidation peak, Oy, is
observed at 0.2 V, whereas in the nanomesh structure the first
peak is observed between 0.1 and 0.15 V, which is much lower
than the reported values®**~>° for the polyaniline. Note that a
slight shift of the oxidation peak has been reported in
polyaniline hybrids®' and polyaniline nanocomposites;"”
however, the peak was still around 0.2 V. The pair of peaks
0,, R, (emeraldine—pernigraniline conversion) is observed at
~0.7 V for the both types of structures. Similar values for the
both systems (~0.4 V) are seen for the position of the
intermediate oxidation peak as well in accordance with the
reported values.>™>* However, the reduction peak, R;, is
significantly shifted to the negative voltages (relative to Ag/
AgCl) in the nanomesh system. Note that the positions of the
low-voltage peaks in the CV curve of PANI/nanomesh
correlate with the positions of the reflectivity peaks in the
R—V curve.
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To better understand the reverse behavior in R—V curves
observed at small voltages in nanostructured systems, a hand-
held camera is used to capture the image of the electrochromic
cell with PANI/flat gold (Figure S) and PANI/nanomesh
(Figure 6) electrodes during the CV experiment.
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Figure S. Electrochromic experiment in PANI on flat gold. (a)
Change of coloration with applied potential; (b) corresponding CV
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Figure 6. Electrochromic experiment of PANI on gold nanomesh. (a)
Change of coloration with applied potential; (b) corresponding CV
curve.

As one can see in Figure 5, PANI/flat gold system
demonstrates the coloration switching which is well expected
and corresponds to that described in the literature. The PANI
film is transparent and yellow at small voltages and gradually

changes to green at 0.2 V, blue at around 0.5 V, and dark at
high voltages.

Figure 6 shows the high contrast, distinguishable, and fully
reversible vibrant color of the PANI-nanomesh cell at different
voltages. In comparison with PANI/flat gold, the coloration
behavior in the PANI/nanomesh system is significantly
different. With increasing the applied voltage from —0.2 to
+0.2 V, the color of the system changes respectively from
brownish to yellow, light yellow, and then to brownish again. A
slight increment of applied potential over 0.18 V turns the cell
color into deep green at 0.22 V. With the further increase in
the potential, the coloration quickly switches over a broad
range of colors from green to blue, violet, and dark.

Note that the onset of strong color changes in the PANI/
nanomesh system corresponds to a small additional peak in the
CV curve (Figure 6b), which is clearly seen in this particular
sample. This peak is separate from the first oxidation peak. No
such peak is observed in PANI/flat gold systems.

Note that, the thicknesses of polyaniline deposited on flat
gold and nanomesh gold are the same and the reflection
studies are performed with the identical experimental setup for
the electrochromic switching. The observed differences
between reflectance maxima and minima are about 70% for
gold nanomesh cell and 40% for flat gold cell (Figure 4b). This
indicates the possibility of gaining a high figure-of-merit and
high contrast of polyaniline for display applications through
the plasmonic metasurface.

This reverse coloration behavior observed at small voltages
in PANI/nanomesh is an intriguing finding. Instead of a
gradual increase in coloration with the increasing voltage (as
observed in PANI on flat gold), PANI/nanomesh first
becomes more transparent until a certain voltage, and only
after that it demonstrates sharp color switching. To exclude a
possible scenario that involves a simple interplay of the optical
properties of the plasmonic substrate and PANI, the
reflectance spectra of flat and nanostructured systems are
recorded in a UV—vis PerkinElmer spectrophotometer using a
electrochromic cell with the electrolyte solution and varying
voltage between two electrodes. (No reference electrode is
used in this experiment.) In similarity with refs 44 and 45,
application of the positive potential to the electrode with PANI
leads to gradual and monotonous coloration changes and a
corresponding decrease in the reflection in the flat gold
structures (see Figure 7a). In PANI with gold nanomesh, the
situation is different, demonstrating nonmonotonous behavior
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Figure 7. (a) UV—vis reflection spectra of PANI deposited on flat gold at different voltages. (b) UV—vis reflection spectra of PANI deposited on
gold nanomash at different voltages. The red arrows show direction of changes in the reflection spectra with increasing electrode potential.
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Figure 8. Energy band diagrams of (a) flat gold, (b) gold nanomesh, and (c) PANL (d) Formation of ohmic contact at flat gold/PANI interface.

(e) Formation of Schotky barrier at gold nanomesh/PANI interface.

and drastic changes in the coloration with the increase in the
voltage (see Figure 7b). First, with the increase of the electrode
potential up to ~0.13 V, the intensity of the reflection spectra
decreases as expected. However, the further increment of the
potential increases the reflection toward the local maximum at
about +0.22 V; afterward, a slight increment of electrode
potential leads to a sharp drop in the reflection toward the
asymptotic minimum in the reflection intensity. Note that
those changes are observed in the broad spectral range without
any noticeable resonance-related features. The spectral
maximum of the reflection demonstrates a blue-shift with the
increase in the potential, being monotonous in the flat system
and nonmonotonous in the nanomesh structure.

B DISCUSSION

Steeper color switching and saturation at moderate voltages
observed in the nanostructured gold correlate with the results
of ref 20, where acceleration and strong contrast of PANI
switching were observed in plasmonic cavities. Our results
indicate that the modification of electrochemical switching is a
general effect associated with plasmonic nanostructured
environment. One of the possible factors discussed in the
literature is the modification of the charge transport
kinetics.”>*° The plasmonic nanostructures often offers
remarkably high surface areas, increasing the electrode—
electrolyte surface area and maximizing specific capacity of
the electrode, leading to mostly capacitively injected charge
flow.

Our experiments in PANI/nanomesh systems demonstrate
strongly asymmetric I—V curves and unusual coloration
behavior at low voltages. We believe that such a behavior
can primarily be related to the interface effects.’® Figure 8
illustrates energy band diagrams of gold, gold nanomesh, and
PANI and effects on the interfaces of PANI/gold and PANI/
nanomesh systems. According to refs 57—59, PANI is a p-type
semiconductor with the work function of 4.42—4.78 eV,*°
which would form the Schottky contact with metal if its work
function is lower than that and the Ohmic contact in the
opposite case. While in gold the work function is of 5.3 eV,*" in
nanostructured gold it can be significantly lower. Values of 3.6
and 3.4 eV were reported in gold nanoparticles.””** In this
case, the barrier and a depletion layer in PANI are expected to
form, affecting it is electrical and optical properties. A nice
agreement is found in ref 64, which indicates that PANI shows
the Schottky junction properties for metal/PANI/metal
combination with Pb, Sn, In, Sb, and Al (work functions are
4.02, 4.11, 4.12, 4.0S, and 3.74 eV, respectively) where Ag is
used as Ohmic contact. The rectifying behavior has been
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reportedsg’64 at the organic—inorganic interface formed at

PANI/metal junction. For the Schottky interface, application
of voltage in the forward direction reduces the barrier height;
at a threshold voltage the charge carriers can breach the barrier
height, leading to strong increase of the current. This
consideration can be applied to explain the additional current
peak (or enhanced O, peak) at small voltages observed in the
forward part of the cyclic voltammogram for the gold
nanomesh/PANI cell in Figures 4a and 6b. During the reverse
part of the cyclic voltammogram, the potential barrier is higher,
and no such interface-related current peak is observed in the
cyclic voltammogram.

The possibility to control the interface effects with
nanostructuring in combination with acceleration of switching
properties can open new applications for electrochromic
polymers in electronics and optoelectronics. A plasmonic
environment provides another interesting opportunity, related
to “plasmogalvanic” effects.”> According to ref 66, an excitation
of plasmon resonances leads to charging of plasmonic
nanofeatures,®® which can be controlled with light illumination
wavelength and intensity. The experiments are underway.

In conclusion, electrochromic polyaniline deposited on a
gold nanomesh demonstrates high contrast colors, which can
be electrochemically switched with applied potential. The
switching behavior in nanostructured systems is significantly
different than in PANI/flat gold structures, featuring the onset
of steep changes in the coloration with increasing voltage
above 0.15—0.2 V, the presence of an additional peak in the
voltage—current curves, and reverse coloration behavior at
small voltages. The effects are tentatively attributed to the role
of the interface.

Our results are obtained in the reflection mode; however, we
believe that enhancement of PANI performance with
plasmonic nanostructures can be observed in transmission as
well with slight modification in the setup. Instead of strongly
scattering anodic alumina membranes, one can use a
transparent substrate (glass, ITO, etc.) with a gold fishnet
deposited onto it. The fabrication of such structure can be
readily done using nanosphere template synthesis,”’ which
allows covering of a large area with nanoscale features.
Depending on the nanoscale geometry, such a structure is
transparent in a certain range, which can be designed to match
the range of electrochromic polymer operation. Possible
applications include tunable optical filters, displays, and
smart windows which can be electronically switched from
the transparent state to various colors or turned dark for
energy-saving applications. Other promising applications are in
flexible electronic paper or wearable electrochromic displays.
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68,6 .
As was shown recently,”*®” the use of plasmonic nano-

structured substrates in such applications can significantly
improve the contrast and switching speed of the conjugate
polymer.
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