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ABSTRACT: A dual purpose solid state electrochromic diode has been fabricated
using polythiophene (P3HT) and ethyl Viologen (EV), predoped with multiwalled
carbon nanotubes (MWCNTs) and MoS2. The device has been designed by
considering two important aspects, first, the complementary redox activity of P3HT
and EV and second, the electron holding properties of MoS2 and MWCNTs. The
latter is found to enhance the electrochromic performance of the solid state device.
On the other hand, the complementary redox nature gives the asymmetric diodic I−V
characteristic to the device which has been exploited to use the electrochromic device
for rectification application. The MoS2 nanoflower and MWCNTs are synthesized by
one-step hydrothermal and pyrolysis techniques and well characterized by scanning
electron microscopy (SEM), X-ray analysis (XRD), and Raman spectroscopy.
Electrochromic properties of the device have been studied in detail to reveal an
improvement in device performance in terms of faster speed and high coloration efficiency and color contrast. In situ bias-dependent
Raman spectroscopy has been performed to understand the operation mechanism of the electrochromic diode which reveals (bi-
)polaron formation as a result of dynamic doping eventually leading to color change. A half-wave rectifier has been realized from the
electrochromic diode which rectifies an AC voltage of frequency 1 Hz or less making it suitable for low frequency operation. The
study opens a new possibility to design and fabricate multipurpose frequency selective electrochromic rectifiers.
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1. INTRODUCTION

Electrochromism1,2 is a phenomenon, shown by some material
(known as electrochromic materials), of an electrical bias
induced change in optical properties as can be seen through the
naked eye and/or in terms of modulation in absorption or
transmission spectrum. An electrochromic device (ECD),
fabricated utilizing the electrochromic properties of any
material, is mainly used for applications in electronic curtains,
smart windows, color filters including heat shielding, and so
forth.3−7 However, recently such devices have gotten a lot of
interest due to additional applications in various fields like
storage devices,8−11 sensors,12−14 special displays,15−18 and
other electronic circuits.19 A typical ECD comprises thin films of
electrochromic materials, ion transport material (electrolyte),
and sometimes counterions that help to enhance the perform-
ance of the device. The color modulation in an ECD is achieved
through bias-driven redox activity in materials that not only have
the capabilities to exhibit two distinct redox states, but the two
states should also have appreciably different optical properties.
The redox reactions must occur between the electrodes to
ensure a functioning ECD. For a typical ECD, the electro-
chromic material is the main component, which changes its
color under the external bias.20,21 Various types of materials and
device paradigms, like organic,22 inorganic (metal oxides),23−26

hybrid, herbal,27 and organometallic,28 exist that provide a
variety of options for designing an application specific
ECD.29−32 However, various ways to improve electrochromic
performance, preferably by using counterions and doping
electrochromic layers, have been studied; multifunctional
application especially as an electronic component has been
explored very little.
Well-studied materials used for making ECDs include

conducting polymers like polythiophene (P3HT),20 polypyr-
role, polyaniline,33,34 Prussian blue,12 and viologen.35,36 Ethyl
viologen (EV) and P3HT are very often used in combination
due to their complementary redox behavior. Other than
conducting polymers, the combination of organic and inorganic
materials can also be used in EC devices, which switch in various
colors because of the other ligands attached in the metal
complexes. High specific surface area and unique 2D structure of
the MoS2 layers comprising S−Mo−S trilayers and coupled by
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weak van der Waals force allow facile and effective insertion of
charges at the interface between the film and the electrolyte,
hence promoting a higher electron transfer rate, which is crucial
for increasing the electrochromic properties of the device over
the undoped one. Therefore, to achieve the enhanced charge
transport using 2Dmaterials like molybdenum disulfide (MoS2)
nanosheets and graphene sheets, MWCNTs as a dopant37−39

may prove to be a good choice. Insertion of a charge carrying
layer between EC conducting polymers behaves like a rectifying
diode40 with coloration occurring in the negative (reversed) bias
condition. Additionally, the complementary redox activity of EV
and P3HT makes these devices asymmetric leading to
observation of a diodic I−V characteristic that may be used
for rectification application. This will lead to multifunctional
application from these typical ECDs and will enable their use in
electronics.
The aim of this paper is to fabricate a solid state

electrochromic diode device and demonstrate its multifunc-
tional properties as an electrochromic device as well as a rectifier
in a single solid state device, which can be use in a rectifying the
circuit to rectify lower frequency of sinusoidal signals. In the
device, P3HT and EV layers have been deposited appropriately
with the latter having a doping of MoS2 and MWCNTs
(prepared and duly characterized) for enhancing electrochromic
properties. The device exhibits color switching between two
colors (magenta/blue) under an electrical bias of±1.4 V mainly
due to redox induced optical modulation which is driven by
dynamic doping. In situ bias dependent optical absorption
spectroscopy and Raman spectroscopies have been carried out
to understand the electrochromic properties and the underlying
operation mechanism41 in terms of superior redox response and
coloration efficiency with a very small external bias (1.4 V).
Demonstration reveals that bias-dependent UV−vis spectros-
copy and electrochemical studies show a fast color switching
between magenta and blue states with coloration and bleaching
times of 0.47 and 0.8 s, respectively. The switching time is
defined as the time taken for 90% color modulation. The device
displays an overall improved performance with coloration
efficiency of 642 cm2/C, color contrast (CC) of 46%. The
asymmetric nonlinear I−V characteristic was observed from the
finished device to be exploited for application as a rectifier which
works well for AC voltages of frequencies of 1 Hz or less. For
higher-frequency AC signals the device provides a conducting
path, and the rectifying nature ceases. It is important here to
mention that the present paper deals with the improved
electrochromic performance of a device prepared by incorporat-
ing MWCNT + MoS2, which not only shows a fast switching of
less than half a second but also can be used for rectification. It
makes the prepared device usable for dual application.
Additionally, doping of charge facilitating MWCNTs and
MoS2 improves the overall electrochromic performance of
P3HT-EV based solid state electrochromic device which can be
used for rectification purposes to filter a sinusoidal frequency
signal up to 1 Hz or less. The multifunctional nature of a
prepared P3HT-EV-based all-organic diode as a solid state
liquid electrolyte-less electrochromic device and rectifier has
been successfully demonstrated, paving the way for application
of electrochromic devices in electronics.

2. EXPERIMENTAL DETAILS

2.1. Chemicals Used

Commercial grade chemicals, poly(ethylene oxide) (PEO, Alfa Aesar,
MW = 100,000), ethyl viologen diperchlorate (EV, 98%, Sigma-
Aldrich), poly(3-hexyl thiophene-2,5 diyl) (P3HT, regioregular, Sigma-
Aldrich), 1,2-dichlorobenzene (DCB, anhydrous, 99%, Sigma-Aldrich),
and acetonitrile (ACN, anhydrous, 99%, Sigma-Aldrich) were used for
device fabrication in the present study.

2.2. MoS2 and CNT Synthesis

TheMoS2 nanoflowers andMWCNTs (conductivity = 6 S/cm) used in
the device have been synthesized by a facile one-step hydrothermal
route42−44 and ferrocene−toluene pyrolysis, respectively, using the
recipe discussed earlier.45,46 In a typical synthesis of MoS2 nanoflower,
1.7 g of ammonium heptamolybedate tetrahydrate [(NH4)6Mo7O24·
4H2O] and 3 g of thiourea (CH4N2S) were dissolved in 60 mL
deionized water by continuous stirring for 30 min. A homogeneous
colorless solution was obtained, which was transferred into a 100 mL
Teflon-lined stainless steel autoclave. The autoclave was heated to 220
°C in an oven for a period of 24 h and then cooled to room temperature.
The MoS2 nanoflower sample, in the form of a black colored product,
was collected after centrifugation, and was washed with deionized water
and ethanol several times. At the end, the reaction product was dried
using a freeze−dryer at −80 °C in vacuum.

2.3. Device Fabrication

For fabrication of the device (electrochromic diode), 0.3 wt % P3HT
solution in DCB, 5 wt % PEO in ACN, and 4 wt % EV solution in ACN
were prepared by using vortex mixing. The P3HT film (∼1 μm thick),
having conductivity of∼10−4 S/cm2, was spin coated on an ITO coated
glass substrate at 500 rpm for 120 s and annealed at 80 °C for 1 h,
whereas a layer of EV (premixed mixed with MWCNTs/MoS2) in a
PEO matrix was obtained by a drop-casting method on another ITO
coated glass substrate, and then both were assembled together with the
help of double-sided tape using a simple flip-chip method. A NOVA
Nanosem 450 field emission scanning electron microscope (SEM) and
X-ray diffractometer (XRD) equipped with Cu Kα (Rigaku Miniflex-II)
and Raman spectroscopy measurement were carried out using Horiba-
JobinYovn LABRAMHR spectrometer with a 785 nm excitation source
was employed for structural characterization. Electrochemical measure-
ments have been done using a Keithley-2450 workstation.

3. RESULTS AND DISCUSSION
Prior to making devices, the synthesized MWCNTs and MoS2
nanoflowers have been characterized by scanning electron
microscopy (SEM), Raman spectroscopy, and X-ray diffraction
(XRD) to know the structural and morphological information
(Figure 1). The SEM micrograph (Figure 1a) displays the
several-microns-long and 50−100-nm-thick tubes which can
also been seen in a magnified view (inset, Figure 1a). The
structural phase of the MWCNTs has been confirmed using an
XRD pattern (Figure 1b) which shows the most intense peak at
∼26.2° corresponding to C (002) planes, a signature of highly
graphitic nature. Other XRD peaks (Figure 1b) arise from the
catalytic particles present in the MWCNT sample (e.g., Fe3C
and α-Fe). The observed structural characteristic has been
further confirmed using Raman spectroscopy (Figure 1c) that
shows the three main characteristic D (1328 cm−1, symmetric),
G (1570 cm−1, asymmetric due to D’ hump at 1612 cm−1), and
2D (2650 cm−1, symmetric) bands confirming the formation of
good-quality MWCNTs45,46 to be used in the electrochromic
device. The SEM micrograph from synthesized MoS2 (Figure
1d) shows a nanoflower morphology with petals oriented in
random directions and thickness varying between 15 and 30 nm
with nanoflower dimensions on the order of approximately a
micrometer. Further XRD (Figure 1e) patterning also shows the
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most intense peak around ∼14° which represents a (002) plane
belonging to 2H-MoS2. All other peaks in the XRD profile also
were in good agreement with the 2H-phase of MoS2 (indexed
using JCPDS card no. 37-1492). The Raman spectrum of the
nanoflowers (Figure 1f) also confirms the multilayer nature of
the MoS2 petals, which is in agreement with SEM (Figure 1d).
The Raman spectrum shows in-plane (E1

2g) and out-of-plane
(A1g) vibrational modes of hexagonal MoS2 centered at ∼379
and ∼405 cm−1, respectively. The difference in the vibrational
shifts of these modes is sensitive to the number of layers of
MoS2

42,43 and the value in this case is ∼26 cm−1, indicating the
multilayer form of MoS2 petals. Another vibrational mode

centered at ∼451 cm−1 corresponds to second-order Raman
mode 2LA(M) has also been noticed.47

A device has been fabricated, using the formulation
mentioned in the Experimental Details, which contains two
layers on two ITO coated glass electrodes, which are
complementary to each other. One of the ITO electrodes is
coated with P3HT, an EC material, and the other one is coated
with MWCNT-MoS2 mixture doped ethyl viologen (EV).
Before making the device, these two electrodes are characterized
by atomic force microscopy (AFM) and scanning electron
microscopy (SEM) techniques, as shown in Figure S1 in the
Supporting Information (SI). The two electrodes are connected
by ion-conducting PEO gel-type electrolyte as shown in the
schematic (Figure 2a), which provides the path for ions to move
from one electrode to another electrode under the application of
external bias. The fabricated device shows an asymmetric I−V
curve exhibiting diodic nature (Figure 2b) when measured in
two-terminal geometry with connections made with polarities
shown in the inset. It is important here tomention that the ITO/
P3HT/EV(+MoS2 + CNT)/ITO device is actually an ECD
which shows color modulation betweenmagenta and blue under
appropriate electrical bias where the representative color has
been used in the schematic (inset, Figure 2b). Initially (0 V or no
bias applied), the EC rectifying device is magenta (pristine color
of P3HT) in color as the EV layer is transparent in this state.
When 1.4 V bias across the ECD is applied such that the positive
terminal is connected with the P3HT electrode as shown in the
schematic (inset Figure 2b), the device changes color from
magenta to blue due to the simultaneous oxidation (reduction)
of P3HT (EV) to polaron (EV radical ion). This complementary
redox reaction, taking place at appropriate terminals, provides
the continuous supply of charge which is reflected as the current
(∼0.25 mA at 1.4 V, Figure 2b) in this bias polarity state (say
forward bias). The aforementioned EC rectifying device is
reversible in nature due to the reversible redox activity of P3HT,
and it switches its color back from blue to magenta on reversing
the polarity (−1.4 V). When a negative bias is applied to an as-
prepared device where the (doped-) EV layer receives a positive
voltage and P3HT layer receives a negative voltage, no current
flows because at this polarity (say reverse bias) the EV (P3HT)
layer cannot oxidize (reduce), and hence does not allow current
to flow (0 mA at −1.4 V, Figure 2b). As a consequence of the
above complementary redox nature of EV and P3HT, an

Figure 1. Basic characterizations of MWCNTs using (a) SEM, (b)
XRD, (c) Raman spectroscopy, and (d−f) SEM, XRD, and Raman data,
respectively, for MoS2. Reprinted from ref 38 with the permission of
AIP Publishing (copyright 2021) and ref 44 (copyright 2022).

Figure 2. (a) Schematic illustration of the prepared device (along with constituent layers). (b) I−V characteristic curve at a scan rate of 100 mV/s.
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asymmetric diodic I−V curve is observed which can be used for
rectifying purposes, as will been discussed later.
Before exploiting the diodic I−V behavior of ECD, its color

switching property has been studied using in situ UV−vis
spectroscopy to see bias-induced modulation in absorbance
from the device (Figure 3a) and its ability to switch multiple
times (Figure 3b). Corresponding current response under the
applied pulse train (±1.4 V) is shown in Figure S2 in the
Supporting Information (SI). Other device parameters that
quantify the performance of any ECD are switching kinetics,
coloration efficiency, color contrast, and stability (cycle life)
which have been estimated and presented in the SI as Figure
S3a−c. The bias-dependent optical modulation from the device
can be seen very clearly from the corresponding change in the
absorption spectra recorded from the device (Figure 3a). The
device in its as-prepared state absorbs mostly in the green region
of the visible spectrum, thus appearing magenta, as can be
understood from the complementary color scheme. On the
other hand when forward biased, the optical response changes,
and the device starts absorbing red as well as green light, thus
leaving only blue to be perceived and giving the blue appearance
as can be seen from the actual photograph of the device shown in

the insets. On bias reversal (reverse bias), the optical spectrum
retraces the spectrum obtained from the as-prepared device
which again looks magenta, and it means that the bias-induced
color modulation is reversible. The color of the device in a
different biasing state can also be understood through CIE
diagram as shown in Figure S4 (SI) with color coordinates
(u′,v′), which shift from (0.381, 0.362) to (0.198, 0.262) as the
device switches its color frommagenta to blue on the application
of +1.4 V bias. A short film showing the color modulation and its
cyclability is provided in a short film in the SI. The color
switching dynamics of the device has been recorded by applying
a rectangular bias (1.4 V/−1.4 V) pulse of 6 s duration (3 s each
polarity) as shown in Figure S3 (SI). The device takes 0.47 s
(coloration) and 0.8 s (bleaching) time to achieve an absorption
change of 90% of its maximum value, which is a well-accepted
definition of the switching time of a device. Coloration efficiency
and color contrast (CC) of the device have also been estimated,
which comes out to be 642 cm2/C and 46%, which is one of the
best performances from a P3HT based electrochromic device as
shown in Figure S3 and compared in Table S1 (SI) with similar
devices reported in the literature. The value of CC has been
calculated using the established formula given in the SI (eq S1).

Figure 3. (a) In situ bias dependent absorption spectra of fabricated device along with photographs of the device and (b) stability of absorption cycles
of device.

Figure 4. (a) In situ Raman spectra of the prepared solid state device under different bias conditions and (b) electronmotion during the coloration and
decoloration process.
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Stability, or cycle life, is another very important property of a
device especially when one intends to use it for rectification
purposes. The device has been tested to check its cyclability by
observing cyclic color modulation corresponding to 515 nm
wavelength by applying a constant square pulse function of
(±1.4 V, 3 s duration). The device shows a very good cycle life of
at least 200 cycles (Figure 3b) without much change in the
absorbance values in either of the colored states of the device. A
good cycle life suggests that it is suitable for application as a
rectifier as has been discussed later on.
As mentioned above, the color switching and diodic nature of

the I−V curve (Figure 2b) is a consequence of bias induced
redox change. To ensure that this is the mechanism for the
device working, in situ Raman spectroscopy has been carried out
from the device under different bias conditions. Raman
spectrum of the as-fabricated device shows (0 V, black curve
in Figure 4a) two peaks at 1379 and 1444 cm−1 which are
signatures of the presence of neutral P3HT (magenta
appearance). On increasing the bias to 1.4 V, the Raman
spectrum changes where the above peaks shifted (red curve,
Figure 4a) at 1411 cm−1 and∼146048 cm−1, which indicates the
formation of polaron and bipolaron, which are formed after
oxidation of P3HT as expected. Transparent, blue color of
polarons and bipolarons, respectively, also explains the blue
appearance of the device in this forward bias condition where the
EV also converts to its radical cationic state which is also blue.
On bias reversal, the Raman spectrum from the device (green
curve, Figure 4a) mimics the spectrum obtained from the as-
prepared device (black curve, Figure 4a) confirming the
reinstallation of neutral P3HT phase as can be seen as its
magenta color appearance.
During the bias induced redox switching, the charge transfer

in the aforementioned device is mediated by the presence of
dopants which help in fast switching.39 Initially P3HT, EV, and
the dopants (MoS2/CNT) are randomly distributed within a
device. On the application of +ve(−ve) 1.4 V external bias to
P3HT (EV) electrode, EV2+ starts to receive electrons
(highlighted by red color) from the electrode and is reduced
to (EV+.). Simultaneously P3HT loses its electrons (highlighted

by green color) to the electrode and is oxidized from its neutral
state to the polaronic (ransparent) state. Since the cationic state
of ethyl viologen (EV+.) has a good tendency to absorb all the
visible wavelength excepts blue, the whole device starts to appear
blue in color as shown in Figure 4b. On reversing the polarity,
EV+. (present from EV2+ reduction in the previous step) gets
oxidized by transferring the excess electron to the MWCNTs/
MoS2 composite layered material, known for their electron
holding properties, and the polaronic state of P3HT also comes
back to its neutral state by accepting the necessary electron from
the positive electrode, which is connected to the positive
terminal of the power supply or MoS2/MWCNT composite
layer (Figure 4b), and the device regains its original (magenta)
color. The charge stored on MoS2/MWCNT layer are always
accessible for faster redox activity of P3HT/EV, resulting in
reducing the switching time taken to switch between the two
colored states (magenta and blue) under external bias. In the
absence of an electron accepting layer (MoS2/MWCNT), the
device will always take necessary electrons from the terminal of
the power supply, which requires more time for redox activity,
thus making the device slower. To see the role of MoS2 and
MWCNT mixing in the EV layer, control experiment have been
carried out by comparing the CV curves with and without these
dopants as shown in Figure S5 (SI).
For exploiting the asymmetric I−V characteristic of the

device, the ECD diode has been used in a half-wave rectifier
circuit (Figure 5a) where the typically used semiconductor p−n
junction diode (inset, Figure 5a) has been replaced by the ECD
diode. An equivalent rectifying circuit49 was connected using the
ECD diode with a load of 10Ω resistance, whereas a function
generator was used to give a sinusoidal wave of 1 Hz. A digital
oscilloscope was used to monitor the input (sinusoidal wave)
and the output at the load resistance (rectified signal)
simultaneously in an arrangement shown in Figure 5b. The
half-wave rectification of a 1 Hz sine wave signal was achieved
using the ECD diode as can be seen in Figure 5c, which shows
the AC input voltage (1.4 V, yellow curve) and rectified signal
(violet curve), in which only the positive half of the sinusoidal
wave input is present and the negative half-cycle is almost absent

Figure 5. (a) Schematic illustration of the fabricated electrochromic rectifier with the basic circuit rectifier in the inset, (b) rectification measurement
setup, and (c) input sine signal (yellow curve) and rectified signal (purple curve) using the EC diode at 1 Hz.
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and appears as noise due to poor signal-to-noise filtration in the
circuit. Low frequency negative voltages from sinusoidal signals
can be successfully filtered using the electrochromic diode
fabricated using a 2D material-doped EV/P3HT all-organic
device. The layered 2D-like nanostructures of MoS2, unique 1-
dimensional electronic structure of CNT, and their tendency to
trap the charges between layers and detrap under external bias
lead to enhanced charge carrier mobility in one direction that
eventually improves the rectification of the EC device50,51 and
can allow one to filter frequency up to 1 Hz. In the absence of
these dopants, the device takes up to a few seconds to switch,
thus restricting such diodes to filter only very smaller
frequencies. At higher frequencies the diodic nature is not
present, and thus acts as a short circuit for sinusoidal inputs. An
all-organic electrochromic diode fabricated using P3HT and
(MoS2−CNT doped) EV layers switches faster than the
undoped device and enables one to use these diodes for
rectifying sinusoidal functions of frequencies up to 1 Hz. It is
important here to mention that the color contrast of the device
incorporated with MoS2 and CNT is less than that of the device
without these. Since CNTs/MoS2 incorporation decreases the
contrast, the amount to be incorporated in the device (to
increase the coloration speed and efficiency) is limited by the
desired contrast as decided by the specific application. Since
color contrast is not much of a concern for rectifiers, one can use
the maximum amount of these dopants to achieve the fastest
possible rectifier.

4. CONCLUSION

An asymmetric I−V characteristic, similar to diodic behavior,
observed from a solid state electrochromic diode device can be
used for rectification purposes to filter a sinusoidal voltage of
frequency up to 1 Hz or less. A solid state electrochromic diode,
fabricated using an organic electrochromic conducting polymer
P3HT and EV (doped with MoS2/MWCNTs composites)
shows reversible color modulation between magenta and blue
colors when a bias of ±1.4 V is applied. In situ bias-dependent
UV−vis spectroscopy reveals the aforementioned color
modulation with switching time (0.47 s/0.8 s), 46% color
contrast with excellent coloration efficiency of 642 cm2/C, and a
good cycle life/stability of the electrochromic diode. In situ
Raman spectroscopy establishes that the color modulation is
caused by the bias induced redox switching as a consequence of
dynamic doping in P3HT. It has been observed that doping of
MWCNTs and MoS2 makes the device switch faster as
compared to the basic EV/P3HT device making it suitable for
rectification of AC voltages up to 1 Hz. Its charge holding
property between conducting polymer layers (P3HT and EV)
enhanced the forward-bias current and rectification ratio. This
property of the MoS2/MWCNTs composite reduces the
dependency of the redox activity on the power supply and
switching time of the device between the two colored states
(magenta and blue). To demonstrate the use of the EC device in
rectifier circuits, its frequency response also has been evaluated,
which indicates its low frequency rectifying nature with an input
oscillating voltage of ±1.4 V. The device fabricated by the
doping of 2D layered material or charge holding materials
between the EC-conducting polymer layer can provide
reversibility, electrochromism, and rectifying behaviors in a
single solid state device and thus opens up new possibilities to
fabricate other organic electrochromic and rectifying devices
that operate on a simple oxidation/reduction principle.
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