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loT-enabled dye-sensitized solar cells: an effective
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Herein, we have developed a tool for monitoring the outdoor performance of dye-sensitized solar cells. In
this regard, a new dye consisting of an N-aryl-substituted imidazole with N-alkylated carbazole as the donor
and cyanoacrylic acid as the acceptor has been designed. The overall power conversion efficiency of the
designed dye reached ~50%, with respect to that of the N719-based device (4%) under similar
experimental conditions. Further, the device was interfaced with an loT system, which measured the
voltage and transmitted the device parameters to the user's mobile phone through a cloud channel. The
developed 0T tool provides a resolution of 0.0315 mV and a round-trip delay time of <0.32 s for
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Since the discovery of the first web-connected appliance in 1990,
the Internet of Things (IoT) has received considerable atten-
tion." The IoT is a megatrend in technology that covers the
entire scientific and engineering disciplines besides internet
technology-affiliated communities. The IoT devices are
perceived to be power efficient and small in size making them
portable, and hence capable of operating in battlefields, agri-
cultural fields, healthcare, transportation, roof top monitoring
and even seismic event monitoring.” The mode of communi-
cation can be wired or wireless, based on the need of the user,
but mostly it is wireless in nature. The wireless mode creates
easy mobility to the users and provides data hand to hand. The
IoT devices are equipped with wireless connection facilities
such as IEEE 802.11 (Wireless fidelity), IEEE 802.15.4 (Zigbee)
and IEEE 802.15 (Bluetooth) protocols. These protocols help in
communicating the data to the desired remote location and the
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transmitting the information to the user's mobile phone.

data collection in many cases are cloud-interfaced. The devel-
opment of IoT assures deployment of sensor networks, which
obtain real-time data from the sensor nodes across the on-site
areas. This design has been successfully demonstrated for
water supply and management.** However, numerous chal-
lenges with respect to data collection/communication/storage
and device power exist, and should be overcome to make this
technology suitable for practical applications. Apart from water
supply and management, the IoT concept is all set for chemical
and bio-sensing applications.® For instance, Yao and later Liao
et al. demonstrated a tear fluid detection with wireless trans-
mission using a contact lens-integrated amperometric glucose
biosensor. Very recently, Freitag et al. demonstrated a dye-
sensitized photovoltaic device as a power source for the IoT
and concluded that this concept is set to define technology for
the ensuing decades.”

In this context, our main motivation was to monitor the
outdoor performance of a dye-sensitized photovoltaic device.**?
Consequently, we have interfaced the IoT to a dye-sensitized
device fabricated using the newly synthesized dye molecule.
The dye consists of an N-aryl-substituted imidazole with N-
alkylated carbazole as the donor and cyanoacrylic acid as the
acceptor/anchoring group (Scheme 1). The characterization
results are provided in the ESI (Fig. S1-S5).T The photophysical,
electrochemical and photovoltaic properties were comprehen-
sively investigated and the obtained results are discussed.
Furthermore, the real-time V¢ characteristics of the device with
respect to the input solar luminance were also monitored
through the designed IoT module. The device was connected
with a highly resistive A/D converter for recording the Voc
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Scheme 1 Synthetic pathway of the ICA dye (3).

characteristics. In addition, the round-trip delay of the near
real-time monitoring was also investigated for the firebase
cloud interface.

The efficient light harvesting and charge separation in the
dye-sensitized semiconductor system depends on the proficient
charge transfer from the donor to the acceptor unit of the dye.
Hence, UV-visible absorption spectral measurements have been
carried out to understand the light harvesting and type of
transition type of the ICA dye. The absorption spectrum of the
ICA dye was recorded in the THF solvent and is depicted in
Fig. 1a. The absorption spectrum of the ICA dye consists of two
major absorption peaks (maxima) in the range of 250-500 nm.
Typically, the band located between 250 and 350 nm is assigned
to the m-m* transition, whereas the band situated in the range
of 360-460 nm corresponds to the intramolecular charge
transfer (ICT) transition. Among the two types of transitions in
the ICA dye, the ICT transition is considered the favourable
channel for DSCs. Hence, a detailed investigation on the ICT
transition is necessary before employing the ICA dye for TiO,
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Fig.1 (a) Absorption spectrum of ICA dye, inset shows the optimized
geometry, (b) HOMO, (c) LUMO and (d) MESP of ICA dye.

35788 | RSC Adv, 2020, 10, 35787-35791

View Article Online

Paper

sensitization and photovoltaic measurements. Initially, the ICT
character of the ICA dye was examined through DFT calcula-
tions. The time-dependent density functional theory (TDDFT)
calculations with different functionals (B3LYP, CAM-B3LYP,
MO06, Wb97x, M06-2x and PBEO) were employed to find the
best fit of experimental absorption with the theoretical data
(Table S1t). Among the various functionals, B3LYP revealed the
best fit to the experimental A, value; hence, calculations were
performed using the B3LYP functional. The computed opti-
mized geometry of the ICA dye is displayed in inset of Fig. 1a.
From the figure, it is apparent that the carbazole and cyanoa-
crylic acid units in the ICA dye are planar, while the imidazole
unit is twisted by approximately 147° from the plane. This
twisted structure can be clearly visualized from the side view of
the optimized geometry (Fig. S6f). The twisted structure
generally enables the efficient intramolecular charge transfer
(ICT) within the dye molecule. Thus, it is believed that the ICA
dye has an ICT character during light excitation. This could be
easily reorganized through the frontier molecular orbitals
(FMOs) of the ICA dye. Fig. 1b and c portray the computed FMOs
of the ICA dye and it can be seen that the electron density of the
ICA dye in the HOMO is localized mainly on the donor moiety,
while the LUMO is populated with the acceptor unit. The FMO
picture unambiguously divulges the ICT character of the ICA
dye. Further, the molecular electrostatic potential (MESP) map
has also been computed to understand the ICT nature of the
ICA dye (++). The region around the imidazole unit was found to
be nucleophilic with an electrostatic potential of
—30.00 kcal mol™" and the region in the vicinity of C=0 and
C=N in cyanoacrylic acid exhibited a potential of
—28.35 keal mol™" and —39.53 keal mol ™", respectively. The
only electrophilic site in the molecule was around the -OH
group of carboxylic acid with an electrostatic energy of
+37.65 keal mol ™. Thus, the MESP map also endorsed the ICT
character of the ICA dye.

Generally, the energy levels such as HOMO and LUMO of
a dye are vital to understand the electron transfer characteris-
tics towards the TiO, conduction band. Therefore, cyclic vol-
tammetry (CV) and differential pulse voltammetric (DPV)
techniques were employed to locate the energy levels by
measuring the redox potential of the dye. Fig. S7f shows the CV
and DPV voltammograms of the ICA dye in the THF solvent.
From the CV plot, it can be observed that there is a sharp signal
at the positive potential in the range of +0.5-0.6 V vs. Ag/AgCl
and the precise value of oxidation potential is acquired from
the DPV plot, which shows the value of +0.62 V vs. Ag/AgCl. This
clearly suggests that the ICA dye undergoes a one-electron
oxidation process. Notably, even after three cycles of CV, the
signal was unaltered, which proves the electrochemical stability
of the ICA dye under the applied potential. The energy of HOMO
with respect to the oxidation potential of the ICA dye was
calculated as —5.63 eV and was found to be lower than that of
the redox potential of the iodine/iodide electrolyte (—4.8 eV).
This value facilitates the efficient regeneration of the ICA
molecule after the injection of its electron to the TiO, semi-
conductor. The absorption edge of the ICA dye was used to
calculate the onset energy (Eonsec) and was found to be 2.72 eV.

This journal is © The Royal Society of Chemistry 2020
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Both HOMO and E, ¢ values were used to calculate the energy
of LUMO and it was observed that LUMO (—2.91 eV) of the ICA
dye was more negative than the conduction band of TiO,
(—4.0 eV). This definitely favours the effective electron injection
from the excited ICA dye to the conduction band of TiO,. Thus,
ICA dye can be a promising material for the construction of the
photoanode in the DSC device.

Sensitizing the TiO, semiconductor with a dye was the key
step to develop the photoanode for DSC fabrication. A primary
process in the photoanode upon photoexcitation is the elec-
tron injection and this process entirely depends on the dye
binding as well as light harvesting properties of the material.
In order to understand such properties of ICA on the TiO,
surface, ~4 micron thickness TiO, films were prepared from
a commercially available titania paste (Solaronix SA, Ti-
Nanoxide HT/SC series). The films were sensitized in 0.3 mM
ICA dye in THF solvent at room temperature for 1 h. The
normalized absorption spectrum of ICA-anchored TiO, thin
film is displayed in Fig. 2a. As compared to the solution
absorption spectrum, the ICA dye showed broad absorption
with a bathochromic shift, which is typically due to the J-type
aggregation of the dye.* This would be beneficial to enhance
the light harvesting efficiency of the ICA dye on the TiO,
surface. However, the absorption spectrum of ICA on TiO, got
blue shifted at lower concentration (0.03 mM). The observed
blue shift was perhaps due to the H-aggregation or deproto-
nation of the carboxylic group. To establish whether the blue
shift in the absorption spectrum is due to aggregation or
deprotonation, we have compared the absorption spectra of
0.03 mM ICA/TiO, and ICA in triethylamine (TEA). The main
intention of introducing TEA to the solution of ICA dye was to
deprotonate carboxylic acid,"** and as a result, it would
weaken the electron-pulling strength of the acceptor moiety
(-C=N), which in turn may alter the ICT band of the ICA dye.
Fig. 2a clearly shows that the absorption maxima of 0.03 mM
ICA/TiO, and ICA/TEA are identical, and this confirms that the
blue shift in the absorption spectrum is due to the deproto-
nation of the carboxylic group and not due to aggregation.
Further, the constructed LHE spectra of the ICA-sensitized
TiO, films in two different concentrations are shown in
Fig. 2b. The calculated I values were 3.45 x 10 % and 2.49 x
10~® mol em™> for high and low ICA dye concentrations,
respectively. Based on the results, high concentration of ICA
dye exhibited notable LHE (90%) and I values. Thus, a high
concentration of ICA dye is recommended for photovoltaic
applications.
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Fig. 2 (a) Normalized absorption spectra of ICA in TEA and titania
surface, (b) LHE spectra of ICA-sensitized TiO, films.
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The LHE of ICA in the region from 400 nm to 520 nm,
indicated that the ICA-sensitized TiO, device would generate
the photocurrent. Hence, the photocurrent density-photo-
voltage (J-V) curve measurement was performed under simu-
lated AM 1.5 solar irradiation (100 mW em™>) and is shown in
Fig. 3. The complete device fabrication details are given in the
ESIn.t The photovoltaic parameters of the ICA device are
summarized in Table S2.f The device based on the ICA dye
shows an efficiency of 2.04%, with a short-circuit photocurrent
density (Jsc) of 5.26 mA cm 2, an open-circuit photovoltage
(Voc) of 0.58 V, and a fill factor (FF) of 0.66. For a fair compar-
ison, the N719-sensitized DSC was also fabricated under the
same conditions and yielded an 5 value of 4%. Conspicuously,
the overall conversion efficiency of the ICA dye reached 51%
with respect to the N719 dye. The efficacy of the ICA dye is also
compared with previously reported carbazole derivatives'®*®
(Table S3+t). Further, structural optimization such as expanding
absorption spectra to include more of the visible region and
tuning HOMO/LUMO energy levels are expected to produce
more efficient carbazole dyes and this work has commenced in
our laboratory.

Further, to improve the performance of the ICA device,
chenodeoxycholic acid (CDCA) was considered as a co-
adsorbent. Since CDCA can anchor strongly to the TiO,
surface, it would hinder the dye-dye interaction/aggregation.*
Thus, the performance of the ICA device in the presence of
CDCA was studied. The results are presented in Table S2,T and
the corresponding J-V curve is shown in Fig. 3. Contrarily,
CDCA did not play a vital role in device performance; however,
the J,. of the device decreased. To address the cause of differ-
ence in J., we conducted surface coverage measurements of the
ICA dye with and without CDCA. The I" values were calculated to
be 3.45 x 10~°® and 2.83 x 10~ * mol em™? without and with
CDCA, respectively. These values indicate that the amount of
ICA dye adsorbed on the TiO, surface was reduced with the
presence of CDCA, resulting in the loss of active light harvest-
ing, in-turn suggesting that CDCA was not suitable for
improving the performance. These results hint that the ICA dye
did not aggregate on the TiO, surface.*

To further understand the charge transfer properties of the
ICA device, a typical electrochemical impedance spectroscopy
(EIS) analysis was employed. Fig. 4 shows the EIS Nyquist plot of

——|CA
2{ ——|CA+CDCA

Current density (mA/cm?)
w

0.0 0.2 0.4 0.6
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Fig. 3 J-V characteristics of ICA and ICA + CDCA.
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Fig. 4 (a) Nyquist and (b) Bode plots of ICA and ICA + CDCA devices.

ICA and ICA + CDCA devices. Nyquist plots have two semi-
circles. The first semicircle is generally attributed to the charge
transfer resistance at the counter electrode/electrolyte interface,
while the second semicircle in the middle-frequency range
represents the charge-transfer resistance at the TiO,/dye/
electrolyte interface.”

It can be seen from Fig. 4a that the radius of the larger
semicircle increases a bit in the order of ICA + CDCA > ICA,
indicating that the charge recombination resistance increased
from ICA to ICA + CDCA. This is to some extent consistent with
the order of Voc: ICA + CDCA (0.59 V) > ICA (0.58 V). However,
the difference in Vo is not significant. A Bode phase plot is also
related to the charge transfer resistance at the TiO,/dye/
electrolyte interface. Hence, the EIS Bode plots of the devices
were also investigated (Fig. 4b). It is known that the reciprocal of
electron lifetime is associated with the charge recombination
rate, which in-turn is associated to the lower frequency peak in
the Bode plot. Thus, the electron lifetime (7,) can be estimated
from t = 1/(27tf) where t is the lifetime of electrons in TiO, and f
is the frequency of the peak in the Bode plot. The calculated
values were 98.91 and 97.75 ms for ICA and ICA + CDCA,
respectively. Thus, EIS results indicate that the introduction of
CDCA to ICA dye could not improve the V. These results are in
good agreement with the photovoltaic results.

Further, to understand the outdoor performance of the
developed dye-sensitized solar cells (DSSCs), we have employed
the IoT technology. As is known, exposing the dye-sensitized
photovoltaic device to sun light induces electron flow across
the terminals. The terminals were connected in a very high
resistance circuit (with voltage comparator or analog to digital
circuit). The electron flow from the device pass through a very

Sun Intensity (Lux) / 10°

SIS LHE S S
SRR

Time stamp

Fig.5 (a) loT setup (b) an output plot of Vo vs. timeinh. In (a) A, Band
C indicate the Analog to Digital Converter IC — ADS1115 16 bit,
Raspberry Pi microcomputer and battery power for the microcom-
puter, respectively.
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high resistance digital voltmeter (ADC converter), which has the
capability to measure the voltage drop across the terminals at
the mV level. The ADS1115 IC was connected with the micro-
computer that has cloud connection capability and wireless
fidelity modules. The microcomputer (i.e. Raspberry Pi Zero W
processor) was programmed to measure the voltage across the
terminal every second and update the same in the cloud
repository. The cloud repository we have used is firebase. The
round-trip delay between sensing and reporting to the android
application was observed to be less than 0.33 s. The ADS1115
and the Raspberry Pi W IoT setup was powered with a battery
setup to work indigenously throughout the monitoring session.

Fig. 5a shows the IoT setup for monitoring the open circuit
voltage of the device. The end terminal of the device was con-
nected with the Analog to Digital Converter IC-ADS1115 with
a gain factor of 1. The ADS1115 IC used in this setup was a 16 bit
A/D converter with a resolution of 0.0315 mV. The ADS1115 IC
was connected with the microcomputer (Raspberry Pi device)
for the cloud interface through a Wifi support. The Raspberry Pi
microcomputer was programmed to send the Vo to the cloud
interface and the same was viewed in the android-based appli-
cation. Fig. S87 illustrates the android application window
displaying the live data from the device through cloud interface.
The live streaming was done through the node-red program-
ming language. Fig. 5b shows the Voc monitored through the
10T interface from 09:00 to 17:00 h. The V¢ was observed to be
maximum during peak day time 11.00 am to 02.00 pm.

In summary, we have demonstrated the outdoor DSSC
performance through the IoT technology. The designed IoT
system effectively monitored the device performance through
a cloud interface. The performance of the device was notified to
the user through a mobile android application within 0.32 s.
The round-trip time of the cloud interface shows effective
communication establishment. The system provides a near real-
time data on the performance of DSSCs.
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