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solar cells under outdoor and indoor illumination†
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Harnessing energy from the surrounding light using indoor photovoltaics has gained momentum to address

the carbon footprint resulting fromused and dead batteries. Dye-sensitized solar cells (DSCs) have emerged as

one of themost efficient and sustainable indoor light harvesting alternativeswhich can significantly reduce the

environmental impact of batteries. Energy harvesting and managing circuits in these devices demand higher

open circuit potentials (VOC). Nevertheless, recombination losses frequently lower the open-circuit potential in

DSCs, especially when illuminated indoors. We present an innovative TiO2/ZnO bilayer architecture capable of

delivering higher VOC by carefully controlling the conduction band (CB) position and recombination losses. By

sensitizing this innovative bilayer electrode with MS5 dye and a [Cu(dmp)2]
1+/2+ redox mediator, we achieved

a record VOC of 1.27 V from a single junction device under Air Mass 1.5 Global (AM 1.5G), 100 mW cm−2 solar

irradiation and 1.295 V under higher intensity LED light (200 mW cm−2). These bilayer devices also

demonstrated impressive VOC of 1.025 V under 1000 lux compact fluorescent light (CFL) and light emitting

diode (LED) illumination and could autonomously power a temperature sensor using a single device of

0.24 cm2 active area. This work highlights the potential of modifying the semiconductor and device

architecture to achieve higher VOC in DSCs, which is essential for integrating these photovoltaic devices

with smart IoT devices making them autonomous and sustainable.
1. Introduction

The use of automation and digitization through the integration
of the Internet of Things (IoT), Articial Intelligence (AI), cloud
computing, and Machine Learning (ML) into our everyday
activities is becoming increasingly popular in the smart world of
connected technologies driven by the fourth industrial revolu-
tion (industry 4.0).1,2 A large number of battery-operated elec-
tronic sensors and actuator nodes are required to realize
uninterrupted communication between these various devices to
ensure their efficient utilization in this intelligent connected
ecosystem. The batteries in billions of these communication
devices may eventually threaten the environment, with their
frequent replacements adding an extra burden to the carbon
economy and sustainability. This urges the need for battery-less
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energy-harvesting IoTs.3–5 State-of-the-art indoor/ambient light
harvesting Dye-sensitized Solar Cells (DSCs) can be successfully
utilized to supplement the energy demands of these low-power
electronic devices, which are primarily deployed in indoor
spaces, enabling them to become self-powered.6–10 In addition,
the use of environmentally friendly materials, less energy-
intensive manufacturing process, possibilities of fabricating
these devices on exible substrates like metal and plastics and
the compliance for recycling and reusing further enhance the
application possibilities and market penetration of DSCs.11–15

Electronic communication devices in the IoT ecosystem require
only low current (in the mA to mA range) but a higher threshold
voltage (>1 V) for continuous operation.16–18 This demands
developing DSCs that deliver higher voltage, preferentially
above 1 V under ambient/indoor illumination, from single
junction devices, which will ultimately reduce the need for
interconnection, thereby reducing the device's footprint and
ownership cost. Of the various strategies employed, using
alternate redox shuttles based on cobalt and copper metal
complexes proved to be an efficient and successful
method.8–10,19–24 Cobalt complexes, being bulky and mass
transport limited, suffer from recombination and regeneration
issues resulting in lower open circuit voltage (VOC) and short
circuit current (ISC) values.25 Recently, by using copper redox
mediators ([Cu(tmby)2]

1+/2+) in combination with a custom-
This journal is © The Royal Society of Chemistry 2023
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designed organic dye (MS5), Zhang et al. were successful in
achieving a VOC of 1.24 V under one sun (100 mW cm−2) and
0.98 V under 1000 lux uorescent light (CFL) illumination.26 In
the present work, an innovative material and device engineering
strategy is being explored to further enhance the VOC under full
sun and indoor illumination.

The semiconductor layer is critical in determining the VOC in
DSCs, as it controls the charge transport and recombination at
the interfaces formed with the dye and redox mediator. Nano-
porous lms made of titania (TiO2) are widely used owing to
their favourable band gap, conduction band (CB) edge, high
surface area, minimal defects, chemical stability, low cost and
ease of availability.12,27 Compared to other alternative metal
oxides (SnO2, Nb2O5, WO3, In2O3), zinc oxide (ZnO) with supe-
rior electron mobility and comparable band edges with TiO2 is
used as a promising candidate for developing efficient
DSCs.27–29 Hierarchical ZnO aggregates and 3D structures were
used to improve dye loading and scattering, contributing to
enhanced JSC.30–32 Compact ZnO blocking/buffer layers were also
utilized to suppress recombination at the FTO/electrolyte and
TiO2/dye/electrolyte interfaces.33,34 Nevertheless, ZnO-based
DSCs suffer from performance losses owing to poor chemical
stability, lower dye adsorption, faster dye degradation and
higher recombination that retards charge separation at the
ZnO/dye/electrolyte interface.35–37 Herein, we introduced
a complementary device engineering strategy utilizing ZnO
microstructures as overlayers above the TiO2 nanoporous layer,
taking advantage of both materials that can deliver higher VOC
by carefully controlling the conduction band (CB) position and
reducing recombination losses. Using the standard Y123
organic sensitizer along with [Cu(dmp)2]

1+/2+ electrolyte,
a higher VOC of 1.13 V was achieved employing this new archi-
tecture compared to 1.02 V for the control device having a TiO2

layer alone. The effect was more pronounced at indoor illumi-
nation using CFL and LED light sources, where we could
accomplish a VOC of 1.0 V at 1000 lux illumination using the
newly introduced TiO2/ZnO bilayer stacked architecture.
Stability issues due to the degradation of ZnO in the presence of
electrolytes could also be resolved by introducing an ultrathin
TiO2 blocking layer (BL) over the TiO2/ZnO bilayer.38 By sensi-
tizing the new TiO2/ZnO bilayer photoanodes with MS5 dye
instead of Y123, we succeeded in realizing a record VOC of 1.27 V
under full sun (100 mW cm−2) irradiation, 1.295 V under higher
intensity LED light (200 mW cm−2) and 1.025 V under 1000 lux
CFL as well as LED illumination. Remarkably, this stands as the
highest reported VOC under standard 1000 lux indoor lighting
conditions to date. We have demonstrated the practical appli-
cation of these high VOC DSCs by developing a battery-free, self-
powered temperature sensor using a single device with 0.24 cm2

active area under indoor illumination, reducing reliance on
batteries, thereby minimizing the carbon footprint.

2. Results and discussion

Conventional TiO2 photoanodes (T) and bilayer TiO2/ZnO
stacked photoanodes (denoted as T + Z1, T + Z2 and T + Z3) were
fabricated as detailed in the experimental procedures, ESI.† The
This journal is © The Royal Society of Chemistry 2023
TiO2/ZnO bilayer photoanode stacks employ the synthesized
ZnO hierarchical structures (Z1, Z2 and Z3) as an overlayer
above the conventional TiO2 layer. The fabrication scheme for
the bilayer TiO2/ZnO devices is provided in Fig. 1(A), and the
chemical structures of organic sensitizers and the copper redox
mediator are given in Fig. 1(B). Fig. 1(C) depicts the alignment
of energy levels of the semiconductor layer and electrolyte
investigated in the present study. ZnO microstructures were
synthesized following a facile wet chemical route using zinc
nitrate hexahydrate and urea.39 Synthesis details are provided in
the Experimental section, ESI.† The hierarchical microstruc-
tures of different morphologies were synthesized by changing
the urea concentration in the reaction mixture. Three different
concentrations of urea, viz. 0.03 M, 0.08 M and 0.8 M, were used
to control the growth of hierarchical microstructures of three
different morphologies, viz. mimosa ower-like (Z1), dandelion
ower-like (Z2) and rose ower-like (Z3) morphologies, respec-
tively. SEM images of Z1, Z2 and Z3 are provided in Fig. 2(A) and
the particle size, crystallite size and BET surface area are
detailed in Table S1, ESI.† HRTEM images of Z1, Z2 and Z3
microstructures (Fig. S1(A), ESI†) show that they are formed by
the aggregation of oval-shaped nanoparticles having average
sizes of 33.9 nm, 33.9 nm, and 32.9 nm, respectively. It is also
seen that the nanocrystallites with different crystallographic
alignments are randomly oriented, suggesting a heterogenous
nucleation and coalescence mechanism for particle growth
followed by a diffusion-limited cluster–cluster aggregation to
form hierarchical structures.40 At a lower concentration of urea
(0.03 M) in the reaction mixture, the nano-sized crystallites
undergo coalescence to give nanobers, and these nanobers
then aggregate together to form the mimosa ower-like hier-
archical structure. With the increase in urea concentration (0.08
M), the coalescence of nanoparticles occurs in such a way that
the length of the nanober is reduced while its width is
increased to obtain 2D nanoribbons, which cluster together to
form dandelion ower-like microstructures. A ten times
increase in urea concentration (0.8 M) further reduces the
length while increasing the nanoribbon's width, forming 2D
nanoakes, which assemble to form rose ower-like
morphology. The selected area electron diffraction (SAED)
patterns shown in the inset of Fig. S1(A), ESI† conrm the
crystalline nature of the annealed samples of Z1, Z2 and Z3. The
XRD patterns of ZnO samples obtained aer annealing at 500 °C
(Fig. S1(B), ESI†) show that all of them are crystalline, exhibiting
a wurtzite phase with a hexagonal crystal structure (JCPDS no.
01-080-0074). Along the [100], [002] and [101] directions, Z1, Z2
and Z3 exhibited average crystallite sizes of 34.7 nm, 35.5 nm
and 31.8 nm. The SEM images of the top and cross-sectional
views of T, T + Z1, T + Z2 and T + Z3 electrodes are provided
in Fig. 2(B). The approximate thickness of each layer was
determined from the cross-sectional SEM (Table 1). The TiO2

layer thickness was ca. 6 mm, whereas the ZnO overlayers were
seen to be slightly distorted aer the blade coating (Fig. 2(B)),
resulting in an average thickness of ca. 15 mm. The XRD pattern
of the TiO2/ZnO bilayer stacks (Fig. 2(C)) shows peaks corre-
sponding to anatase TiO2 and wurtzite ZnO (JCPDS no. 21-1272
and 01-075-1526). The dye loading for the different
J. Mater. Chem. A, 2023, 11, 14748–14759 | 14749
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Fig. 1 (A) Fabrication scheme and device architecture of DSCs employing bilayer TiO2/ZnO photoanodes. (B) Chemical structure of the organic
sensitizers (Y123 and MS5) and the redoxmediator ([Cu(dmp)2]

1+/2+). (C) Alignment of energy levels of the semiconductor layer and electrolyte. A
negative shift in the conduction band edge (ECB) of TiO2/ZnO electrodes results in reduced overlapping between the oxidized energy states of
the electrolyte with the conduction band states (shaded in green) and the gap states (shaded in blue).
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photoanodes (T, T + Z1, T + Z2, and T + Z3), determined as
described in the Experimental section, ESI,† is listed in Table 1.
The slightly better dye loading for the bilayer photoanodes may
be attributed to the higher lm thickness when compared to the
T electrode. DSCs were initially fabricated employing standard
organic dye (Y123) and a copper redox mediator ([Cu(dmp)2]

1+/

2+) using TiO2 and TiO2/ZnO bilayer electrodes. The device
fabrication and characterization procedures are provided in
detail in the Experimental section, ESI.†

The current density versus voltage (J–V) curves for the stan-
dard device (T) along with the TiO2/ZnO bilayer devices (T + Z1,
14750 | J. Mater. Chem. A, 2023, 11, 14748–14759
T + Z2 and T + Z3), measured under AM 1.5G simulated solar
irradiation (100 mW cm−2), are given in Fig. 3(A), and the cor-
responding photovoltaic parameters are summarized in Table
1. The control device T with one layer of TiO2 exhibited a VOC of
1.02 V. With the introduction of a ZnO layer on top of TiO2, the
VOC increased to 1.13 V, 1.11 V and 1.09 V for the T + Z1, T + Z2
and T + Z3 devices, respectively. Among the three bilayer
devices, T + Z1 delivered the best photovoltaic performance of
7.61%, with a better VOC (1.13 V), JSC (9.88 mA cm−2) and FF
(0.68). The IPCE spectra of the devices followed similar JSC
trends (Fig. 3(B)) with matching values inside the permitted
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) SEM images of the as-synthesized samples of (a and b) mimosa flower-like microstructures (Z1); (c and d) dandelion flower-like
microstructures (Z2); (e and f) rose flower-like microstructures (Z3). (B) SEM images of the top view of the photoanodes: (a) T, (b) T + Z1, (c) T +
Z2, (d) T + Z3; and cross-sectional view of the photoanodes: (e) T, (f) T + Z1, (g) T + Z2, (h) T + Z3; and (C) XRD patterns of T, T + Z1, T + Z2 and T +
Z3 layers coated over an FTO substrate.

Table 1 Photovoltaic parameters of TiO2 (T) and TiO2/ZnO bilayer DSCs (T + Z1, T + Z2 and T + Z3) employing the Y123 sensitizer and
[Cu(dmp)2]

1+/2+ redox electrolyte under AM 1.5G one sun (100 mW cm−2) irradiation along with average semiconductor layer thickness, dye
loading, trap state distribution parameter (a), ideality factor (n) and flat band potential (Vfb)

Device code
Average layer
thicknessa (mm)

Dye loading
(mol cm−2) VOC

b (V)
JSC

b

(mA cm−2) FFb PCEb (%)
Integrated JSC

c

(mA cm−2) ad ne V
f (V)

T 6.3 0.94 × 10−7 1.02 (1.03) 12.24 (12.01) 0.64 (0.64) 8.00 (7.92) 11.60 0.11 2.51 0.69
T + Z1 20.3 1.48 × 10−7 1.13 (1.13) 9.88 (9.74) 0.68 (0.68) 7.61 (7.48) 9.90 0.14 1.34 0.87
T + Z2 21.5 1.43 × 10−7 1.11 (1.11) 8.91 (9.04) 0.67 (0.65) 6.67 (6.60) 9.60 0.13 1.50 0.81
T + Z3 20.3 1.36 × 10−7 1.09 (1.09) 8.63 (8.58) 0.63 (0.62) 5.96 (5.85) 8.60 0.11 2.01 0.77

a Average semiconductor layer thickness obtained from cross-sectional SEM analysis. b J–V parameters of champion cells and averages taken over
ve sets of samples (in parentheses) with a maximum mean deviation of ±0.01, ±0.31, ±0.02 and ±0.14 in VOC, JSC, FF and PCE respectively. c JSC
obtained by integrating the IPCE spectra. d Obtained from the log Cm versus VOC plot. e Obtained from the VOC versus f plot. f Obtained from Mott–
Schottky analysis.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

ju
ni

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
1.

06
.2

02
4 

21
.5

7.
44

. 
View Article Online
error limits for integrated JSC from IPCE, and JSC obtained from
J–Vmeasurements (Table 1). The observed blue shi in the IPCE
spectra of T + Z devices, compared to the T device, can be
ascribed to dye aggregation within the bilayer devices. On the
other hand, the difference in onset of IPCE spectra between the
different bilayer devices may be attributed to the difference in
scattering effects caused by the utilization of various ZnO
microstructure (Z1, Z2, and Z3) overlayers with varying particle
size and layer thickness.

The at band potentials (V) of the semiconductor utilized
in different devices were determined by extrapolating the linear
region of the Mott–Schottky (MS) plots, as depicted in Fig. 3(C),
to intersect the voltage axis.41–44 The obtained V values for T +
Z1, T + Z2, and T + Z3 are observed to be shied towards more
negative potentials compared to the standard T device (Table 1).
This shi indicates that in the bilayer devices, specically with
the inclusion of a ZnO layer on top of the TiO2, the conduction
band (CB) is shied towards more negative potentials. It is well
established that ZnO possesses a more negatively positioned CB
edge relative to TiO2. Moreover, S.-S. Kim et al. have reported,
based on cyclic voltametric studies, that the addition of ZnO to
This journal is © The Royal Society of Chemistry 2023
TiO2 results in a negative shi in the CB edge of TiO2.45 This
upward shi in the CB can be attributed to the apparent
charging of the ZnO layer due to the band alignment at the TiO2/
ZnO interface.46,47 The negative shi in the CB for the TiO2/ZnO
bilayer devices was further veried through charge extraction
(CE) plots (Fig. 3(D)), which demonstrate an approximate 50–
100 mV negative shi upon the introduction of ZnO layers. This
negatively shied CB may further contribute to the enhanced
VOC in the TiO2/ZnO bilayer devices.

Electrochemical Impedance Spectroscopy (EIS) measure-
ments were carried out to further investigate the charge carrier
concentration in the bilayer devices and to probe recombina-
tion losses. The obtained Nyquist plots were tted using
a modied Randles circuit (Fig. S2(A), ESI†).48 The corre-
sponding tted parameters obtained at a bias of 1 V are listed in
Table S2, ESI.† The chemical capacitance (Cm) determined from
EIS analysis plotted as a function of VOC, given in Fig. S2(B),
ESI,† also shows a negative shi in the CB position for bilayer
devices as observed previously from the MS and CE analysis. Cm

has an exponential dependence on VOC, as given by the
relation,46,49
J. Mater. Chem. A, 2023, 11, 14748–14759 | 14751
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Fig. 3 (A) The J–V curves measured under AM 1.5G 1 sun illumination (100 mW cm−2), (B) IPCE of the DSCs (the dotted line represents the
integrated photocurrent density calculated from the IPCE and the standard solar emission spectrum), (C) Mott–Schottky (MS) plots, (D) charge
extraction (CE) plots, (E) J–V curves measured in the dark, (F) charge transfer resistance (Rct) measured from EIS analysis under dark conditions
plotted against corrected potential, (G) lifetime (sn) as a function of VOC obtained from transient photovoltage decay measurements, (H) intensity
dependence plot of VOC, the solid line represents linear fits of the data and (I) diffusion coefficient (Dn) as a function of JSC.
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Cm ¼ Co exp

�
aqVOC

kBT

�
(1)

where a is the trap state distribution parameter in the semi-
conductor layer, q is the electronic charge, kB is Boltzmann's
constant, T is the absolute temperature, andCo is a parameter that
depends explicitly on a, the CB edge (ECB), the trap state density
(nt) in the semiconductor and the redox potential of the electrolyte
(Eredox). The a values for different devices were estimated from the
slope of the logCm versus VOC plot (Fig. S2(B), ESI†), and the ob-
tained values (Table 1) showed a minimal difference between the
standard and the bilayer devices. Hence, the variation inCm can be
directly correlated with the shi in CB edges as per the relation,

Co ¼ q2nta

kBT
exp

�
� aðECB � EredoxÞ

kBT

�
(2)

Empirically, the lower Cm values for the bilayer devices
(Fig. S2(B) and Table S2, ESI†) further substantiate the negative
shi in CB.
14752 | J. Mater. Chem. A, 2023, 11, 14748–14759
The negative shi in CB for the bilayer devices concomitantly
reduces the overlap of the CB states and the sub-bandgap states/
trap states of the semiconductor with the redox mediator's
oxidized states, thereby suppressing electron transfer from the
semiconducting layer to the electrolyte (Fig. 1(C)).50,51 This is
evident from the lower dark current (Fig. 3(E)) and higher
recombination resistance, Rct (Fig. 3(F) and Table S2, ESI†) for
the TiO2/ZnO bilayer devices. The increased Rct in the bilayer
devices can also be attributed to the formation of an energy
barrier at the TiO2/ZnO interface, owing to the higher CB energy
of ZnO.52 Altogether, these ndings highlight the superior
ability of the TiO2/ZnO bilayer devices to suppress charge
recombination at the semiconductor/electrolyte interface
compared to the standard TiO2 device. The charge carrier
recombination losses were further studied by performing the
transient photovoltage decay measurements, and the lifetime
(sn) obtained as a function of VOC is provided in Fig. 3(G).
Compared to the TiO2 alone device, the bilayer devices exhibi-
ted improved lifetime, again indicating efficient suppression of
recombination. Notably, we observed the same trend in the
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta02698a


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

ju
ni

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
1.

06
.2

02
4 

21
.5

7.
44

. 
View Article Online
lifetime for these devices by performing intensity modulated
photovoltage spectroscopy (IMVS) measurements as well
(Fig. S3(A), ESI†). Further, the role of trap states in the recom-
bination was explored using intensity-dependent VOC
measurements (Fig. 3(H)). The slope of the semi-logarithmic
plot of VOC versus illumination intensity (f) is used to esti-
mate the ideality factor (n) of the devices using the equation,25,53

d VOC

d log f
¼ 2:3nkB T

q
(3)

The trap state-mediated recombination leads to non-linear
recombination kinetics, which results in a deviation of n from
the ideal value of unity. From the obtained values of n provided
in Table 1, it is quite obvious that the trap state-assisted
recombination is less for the bilayer devices; in particular, the
T + Z1 device possesses an n value which is closer to unity. This
explains our aforementioned notion that the negatively shied
CB in bilayer devices diminishes the electron transfer from the
trap states to the electrolyte. Thus, the observed increase in VOC
for the TiO2/ZnO bilayer devices can be predominantly associ-
ated with the collective effect of CB shi and suppressed
recombination.

From Table S2, ESI,† it is observed that the resistance to the
diffusion of redox species in the bulk of the electrolyte (Rd-bulk)
is similar for all the devices, while that within the mesoporous
layer (Rd-WE) is increased by more than three times for the TiO2/
ZnO devices, owing to the higher layer thicknesses. In addition,
the copper complex based electrolyte systems are reported to be
mass transport limited. However, the similar current transient
(CT) curves for T and T + Z devices under an illumination
Fig. 4 (A) Comparison of photovoltaic parameters (JSC, VOC, FF and PC
a function of extracted charge and (C) diffusion coefficient (Dn) as a f
thicknesses.

This journal is © The Royal Society of Chemistry 2023
intensity of 100 mW cm−2 (Fig. S3(B), ESI†), and the linear
nature of the JSC versus f plots (Fig. S3(C), ESI†) for the T + Z
devices indicates minimal inuence of mass transport in these
systems, despite the higher layer thickness. This may be
attributed to the highly porous nature of the ZnO overlayer.
Moreover, ZnO, being endowed with appreciable electron
mobility, can act as an excellent electron transport layer in the
DSC. Resultantly, the T + Z devices having ZnO overlayers
exhibit better diffusion coefficients (Dn), when compared to the
T device (as shown in Fig. 3(I)). Nonetheless, the JSC of T + Z
devices is lower than that of T devices, which may be explained
by the lower injection driving force associated with the upward-
shied CB edges in the bilayer devices. Further, the presence of
Zn2+/dye aggregates within the ZnO layer, due to degradation of
ZnO under acidic conditions, may also play a role in the injec-
tion challenges observed in the TiO2/ZnO bilayer devices.54,58,59

The comprehensive investigation mentioned above, encom-
passing diverse interfacial charge transfer studies in both
standard and bilayer devices, establishes a clear correlation
with the disparities observed in photovoltaic parameters
between the two device congurations.

Among the bilayer devices, T + Z1 delivered the best perfor-
mance with a ca. 15 mm thick ZnO (Z1) layer over TiO2

(Fig. 2B(f)). The effect of ZnO layer thickness on device perfor-
mance was further investigated by fabricating T + Z1 devices
with an average Z1 layer thickness of 5 mm, 15 mm and 25 mm
(Fig. S4, ESI†). The obtained J–V curves under AM 1.5G 100 mW
cm−2 illumination are shown in Fig. S5, ESI† and the photo-
voltaic parameters are summarized in Table S3, ESI.† The
variation of ZnO layer thickness did not bring much difference
in the photovoltaic parameters (Fig. 4(A)); however, a thickness
E) of T + Z1 devices with different ZnO layer thicknesses. (B) VOC as
unction of JSC obtained for T + Z1 devices with different ZnO layer

J. Mater. Chem. A, 2023, 11, 14748–14759 | 14753
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of 15 mm was found to be optimal, giving the highest VOC and
optimum PCE. A more negatively shied CB edge (Fig. 4(B)) and
higher Dn (Fig. 4(C)) contributed to the better performance of T
+ Z1 devices with a 15 mm thick Z1 layer.

Compact blocking layers (BLs) play a critical role in inhibit-
ing leakage/recombination in DSCs, particularly employing
bulky alternate metal complex redox mediators.55,56 The
conventional method of depositing TiO2 BLs by TiCl4 treatment
causes damage to the ZnO overlayers. Therefore, an ultrathin
TiO2 BL was introduced over the bilayer architecture using
commercial BL solution as described in the Experimental
section, ESI.† Under AM 1.5G 100 mW cm−2 illumination, the
bilayer devices with BL (T + Z1 + BL) fabricated using the Y123
sensitizer and [Cu(dmp)2]

1+/2+ redox electrolyte delivered a PCE
of 8.16% with VOC of 1.12 V, JSC of 10.29 mA cm−2 and FF of 0.70
(Fig. 5(A) and Table 2). Slightly improved JSC and FF were real-
ized for the T + Z1 + BL device compared to T + Z1 (without BL)
with a minor drop in VOC. Introduction of BLs resulted in
a positive shi in CB, as evident from the CE plot (Fig. 5(B)),
Fig. 5 (A) J–V curvesmeasured under AM 1.5G 1 sun illumination (100mW
VOC obtained from transient photovoltage decay measurements, (D) J–V
(Dn) as a function of JSC obtained from transient photocurrent decaymeas
a blocking layer (T + Z1 + BL) and without the blocking layer (T + Z1), em
curves measured under AM 1.5G 1 sun illumination (100mW cm−2) for TiO
and [Cu(dmp)2]

1+/2+ redox electrolyte. (H) Charge extraction (CE) and (I) l
BL) employing Y123 and MS5 sensitizers and the [Cu(dmp)2]

1+/2+ redox e
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leading to a lower VOC. Additionally, this increases the overlap of
CB states with the oxidized states in the redox system, which
results in more recombination as observed from transient
photovoltage decay (Fig. 5(C)), OCVD (Fig. S6(A), ESI†) and IMVS
(Fig. S6(B), ESI†) measurements. On the other hand, the intro-
duction of BL successfully inhibited electron leakage at the
FTO/electrolyte interface, as reected in the dark J–V plot
(Fig. 5(D)), leading to better FF. It is already known that multiple
trapping–detrapping events slow down the diffusion of charge
carriers in semiconducting lms.57 The TiO2 BL could efficiently
passivate these traps in the TiO2/ZnO bilayer devices, reducing
the transport time (sd) (Fig. S6(C), ESI†). This in turn contrib-
utes to enhanced Dn (Fig. 5(E)), leading to improved JSC, which
is reected in the IPCE plot (Fig. S6(D), ESI†) and integrated JSC
values (Table 2), resulting in improved PCE for the T + Z1 + BL
device.

As emphasized in the introduction section, ZnO possesses
advantages such as wider bandgap and higher electron
mobility. However, its lower electrochemical stability under the
cm−2), (B) charge extraction (CE) plots, (C) lifetime (sn) as a function of
characteristics obtained under dark conditions, (E) diffusion coefficient
urements and (F) stability data obtained for TiO2/ZnO bilayer DSCswith
ploying the Y123 sensitizer and [Cu(dmp)2]

1+/2+ redox shuttle. (G) J–V

2/ZnO bilayer DSCs with BL (T + Z1 + BL) employing the MS5 sensitizer
ifetime (sn) plots, obtained for TiO2/ZnO bilayer DSCs with BL (T + Z1 +
lectrolyte.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Photovoltaic parameters of DSCs employing TiO2/ZnO bilayer photoanodes with the TiO2 blocking layer (T + Z1 + BL) sensitized with
Y123 and MS5 sensitizer along with [Cu(dmp)2]

1+/2+ redox electrolyte measured under AM 1.5G one sun (100 mW cm−2) irradiation

Device code VOC
a (V) JSC

a (mA cm−2) FFa PCEa (%) Integrated JSC
b (mA cm−2)

T + Z1 + BL + Y123 1.12 (1.12) 10.29 (10.33) 0.70 (0.70) 8.16 (8.12) 10.20
T + Z1 + BL + MS5 1.27 (1.26) 6.75 (6.70) 0.73 (0.72) 6.23 (6.08) 7.30

a J–V parameters of champion cells and averages taken over ve sets of samples (in parentheses) with a maximummean deviation of ±0.01, ±0.30,
±0.02 and ±0.15 in VOC, JSC, FF and PCE, respectively. b JSC obtained by integrating the IPCE spectra.
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working conditions of the solar cell, along with the presence of
defects and trap states, contributes to more recombination and
reduces the long-term stability of the ZnO based devices. Two
major degradation mechanisms contribute to the reduction in
performance of ZnO based DSCs. Firstly, when ZnO electrodes
are immersed in the acidic dye solution for dye adsorption, the
Zn2+ ions from the ZnO surface dissolve, forming Zn2+/dye
aggregates that become trapped within the pores of the ZnO
matrix. This limits electron injection and reduces the JSC of the
device.58 Secondly, ZnO undergoes chemical degradation under
illumination in the presence of electrolyte, releasing Zn2+ and
O2− ions along with desorbed dye molecules into the electro-
lyte.59 This leads to a reduced number of adsorbed dye mole-
cules, formation of defects on the ZnO surface, and aggregation
of the dye, thereby affecting the JSC and PCE of the device. In our
study, we successfully addressed the rst degradation process
by introducing the TiO2 BL over the ZnO lm. This is evident
from the improved JSC observed for the T + Z1 + BL device
compared to the T + Z1 device, despite the reduced dye loading
in the T + Z1 + BL lm (1.2 × 10−7 mol cm−2), indicating
reduced dye aggregation. Additionally, the introduction of the
BL slowed down the rate of the second degradation process, as
observed in the stability measurements (Fig. 5(F)). While the
bare T + Z1 device experienced a drop in both the VOC and PCE
aer 200 hours, the T + Z1 + BL device retained approximately
98% of the initial VOC even aer 1000 hours. However, the PCE
of the devices began to decrease aer 400 hours.

SEM and XRD analysis were carried out to identify the
changes in the bilayer photoanode lms during the stability
test. The SEM images of T + Z1 and T + Z1 + BL electrodes aer
exposure to the electrolyte for over 1000 hours are presented in
Fig. S7(A).† These images reveal an increased presence of cracks
compared to the fresh electrode. Additionally, aer prolonged
contact with the electrolyte, both lms exhibited a smoother
surface compared to the fresh T + Z1 lms. This can be attrib-
uted to the selective dissolution of ZnO from the lm surface.60

XRD patterns of the Y123 dye adsorbed T + Z1 and T + Z1 + BL
electrodes aer 1000 hours of electrolyte soaking are shown in
Fig. S7(B).† The corroded ZnO lms still exhibited a crystalline
nature, although some peak intensities, such as [100], [101], and
[110], were reduced compared to the fresh T + Z1 lms
(Fig. 2(C)). However, no shi in peak positions or appearance of
new peaks was observed in the XRD spectra of the degraded
lms. Hence, prolonged exposure to the electrolyte does not
affect the crystallinity of the ZnO lms but induces changes in
the lm surface due to the degradation of ZnO in both the
This journal is © The Royal Society of Chemistry 2023
bilayer electrodes with and without the BL.61 In conclusion, the
exposure of the bilayer lms to the electrolyte system for a long
time, coupled with frequent illumination, likely resulted in the
dissolution of ZnO and dye into the electrolyte, which might
have led to a decrease in JSC and hence PCE of the T + Z1 + BL
devices aer 400 hours (as seen in Fig. 5(F)).

Eventually, by sensitizing our best-optimized bilayer archi-
tecture (T + Z1 + BL) with MS5 dye, we could realize a record VOC
of 1.27 V (previous best – 1.24 V)26 under AM 1.5G solar illu-
mination with a JSC of 6.75 mA cm−2, FF of 0.73 and PCE of
6.23% (Fig. 5(G) and Table 2). The JSC obtained by integrating
the corresponding IPCE spectrum (Fig. S8(A), ESI†) matches the
observed JSC within the permitted error limits. Switching the dye
from the conventional Y123 to MS5 contributed to the negative
shi in CB (Fig. 5(H)) and couple of orders of magnitude
improvement in lifetime (Fig. 5(I)) owing to the retardation of
recombination by the long alkyl chains present in the MS5
sensitizer. The MS5 sensitized T + Z1 + BL bilayer device could
also achieve a VOC of 1.295 V under a higher-intensity LED
illumination of 200 mW cm−2 (Fig. S8(B), ESI†).

DSCs proved to be among the most efficient indoor/ambient
light harvesting PV technologies. The potential of the newly
designed bilayer devices was tested under warm white CFL, and
daylight LED illumination. Fig. S10, ESI† shows the custom-
designed indoor PV characterization set-up and Fig. S11, ESI†
shows the spectral irradiance and integrated power under 1000
lux and 500 lux CFL/LED illumination. The energy harvesting
and management circuits in most IoT smart device applications
demand higher open circuit potentials. By using the TiO2/ZnO
bilayer architecture along with Y123 dye and [Cu(dmp)2]

1+/2+, we
were able to realize an improvement in VOC both under CFL and
LED illumination (Fig. 6(A, B) and Table 3). Under 1000 lux CFL
illumination, the T + Z1 device exhibited a VOC of 1.0 V (with
a JSC of 78.7 mA cm−2, FF of 0.75, PCE of 20.9% and a maximum
power output (Pmax) of 59.3 mW cm−2) compared to a VOC of
0.82 V for the standard T device (with a JSC of 103.9 mA cm−2, FF
of 0.70, PCE of 21.2% and Pmax of 60.1 mW cm−2). Careful use of
BLs further increased the current density without compro-
mising the FF. Thus T + Z1 + BL devices delivered similar PCE
(21.3%) and Pmax (60.3 mW cm−2) to those of the control T
device, with a 20.7% improvement in VOC (0.99 V). Similar
trends were observed under lower illumination intensity of 500
lux, where VOC improved from 0.79 V for T to 0.96 V for T + Z1 +
BL devices, along with improvement in FF, PCE and Pmax.

Under 1000 lux LED illumination, the T + Z1 device delivered
a VOC of 1.0 V (JSC = 77.1 mA cm−2, FF = 0.76, PCE = 18.8% and
J. Mater. Chem. A, 2023, 11, 14748–14759 | 14755
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Fig. 6 (A) J–V curves measured for T, T + Z1 and T + Z1 + BL DSCs employing the Y123 sensitizer and [Cu(dmp)2]
1+/2+ redox electrolyte under

1000 lux and 500 lux CFL illumination. (B) J–V curves measured for T, T + Z1 and T + Z1 + BL DSCs employing the Y123 sensitizer and
[Cu(dmp)2]

1+/2+ redox electrolyte under 1000 lux and 500 lux LED illumination. (C) J–V curvesmeasured for T + Z1 + BL DSCs employing theMS5
sensitizer and [Cu(dmp)2]

1+/2+ redox electrolyte under 1000 lux CFL and LED illumination (obtained PV parameters are shown in the inset), and
(D) representation of the highest VOC values reported in the literature yearly (since 2017) for DSCs using organic dyes and copper electrolyte
under outdoor and indoor illumination.

Table 3 Indoor photovoltaic parameters of TiO2/ZnO bilayer DSCs sensitized with Y123 dye and [Cu(dmp)2]
1+/2+ redox electrolyte measured

under varying intensities (1000 lux and 500 lux) using CFL and LED illumination

Illumination source Intensity Pin (mW cm−2) Device code VOC
a (V) JSC

a (mA cm−2) FFa PCEa (%) Pmax
a (mW cm−2)

CFL 1000 lux 283 T 0.82 (0.81) 103.9 (102.5) 0.70 (0.70) 21.2 (21.0) 60.1 (59.6)
T + Z1 1.00 (0.99) 78.7 (82.6) 0.75 (0.73) 20.9 (20.5) 59.3 (58.1)
T + Z1 + BL 0.99 (0.98) 87.4 (86.4) 0.70 (0.70) 21.3 (21.1) 60.3 (59.7)

500 lux 143 T 0.79 (0.78) 46.0 (45.4) 0.60 (0.60) 15.2 (14.8) 21.9 (21.1)
T + Z1 0.97 (0.97) 36.6 (35.8) 0.65 (0.64) 16.2 (15.8) 23.2 (22.5)
T + Z1 + BL 0.96 (0.95) 40.8 (40.6) 0.63 (0.63) 17.5 (17.0) 25.8 (24.3)

LED 1000 lux 313 T 0.83 (0.83) 106.7 (107.2) 0.70 (0.70) 19.9 (19.8) 62.2 (61.9)
T + Z1 1.00 (1.00) 77.1 (76.4) 0.76 (0.76) 18.8 (18.6) 58.9 (58.2)
T + Z1 + BL 0.99 (0.99) 84.6 (84.1) 0.73 (0.72) 19.7 (19.3) 61.6 (60.3)

500 lux 156 T 0.76 (0.76) 46.3 (45.6) 0.60 (0.60) 13.6 (13.4) 21.2 (21.1)
T + Z1 0.98 (0.97) 33.5 (33.3) 0.67 (0.65) 14.0 (13.6) 21.8 (21.2)
T + Z1 + BL 0.95 (0.95) 36.9 (37.3) 0.66 (0.63) 14.9 (14.4) 23.3 (22.4)

a J–V parameters of champion cells and averages taken over ve sets of samples (in parentheses) with a maximum mean deviation of ±0.01, ±3.2,
±0.02, ±0.5 and ±1.5 in VOC, JSC, FF, PCE and Pmax respectively.
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Pmax = 58.9 mW cm−2) compared to a VOC of 0.83 V for the
standard T device (JSC = 106.7 mA cm−2, FF= 0.70, PCE= 19.9%
and Pmax = 62.2 mW cm−2). Using T + Z1 + BL, the current
14756 | J. Mater. Chem. A, 2023, 11, 14748–14759
density was further improved to achieve a Pmax (61.6 mW cm−2)
similar to that of T, but with 19.3% increased VOC (0.99 V).
Under 500 lux LED illumination, VOC increased from 0.76 V for T
This journal is © The Royal Society of Chemistry 2023
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to 0.98 V for T + Z1. The T + Z1 + BL device could further improve
the JSC and PCE, leading to improved power output, without
compromising much on the VOC. The performance of T + Z1 +
BL devices employing MS5 dye and [Cu(dmp)2]

1+/2+ electrolyte
was also evaluated under indoor light, and they delivered
a record VOC of 1.025 V under both 1000 lux LED and 1000 lux
CFL illumination (Fig. 6(C) and Table S4†). However, the PCE
was lower than for the devices fabricated using the Y123
sensitizer due to the loss in JSC, which could be attributed to the
narrower absorption window of MS5 dye. Fig. 6(D) and Table
S5† represent the highest VOC values reported in the literature
yearly (since 2017) for DSCs using organic dyes and copper
electrolyte under outdoor and indoor illumination. The cham-
pion VOC of 1.27 V under one sun, 1.295 V under higher intensity
(200 mW cm−2) LED light and 1.025 V under 1000 lux CFL and
LED illumination are the best open circuit potentials in DSCs
reported to date. Ultimately, we could highlight the signicance
of this work by powering a temperature sensor (ACETEQ DC-2)
completely autonomously using a single DSC (of active area 0.24
cm2) employing a TiO2/ZnO bilayer photoanode sensitized with
MS5 dye (eliminating the need for co-sensitization) and
[Cu(dmp)2]

1+/2+ electrolyte, under CFL (Video S1†) as well as
LED lighting conditions (Video S2 and Fig. S12, ESI†). The
present design approach has been successful in developing
indoor DSCs with smaller footprints contributing to reduced
costs and higher open circuit potentials that enable better
integration possibilities to realize self-powered IoT devices.

3. Conclusions

In summary, we present a novel architecture for dye-sensitized
solar cells (DSCs), which involves the implementation of a layer
of ZnO hierarchical microstructures over the conventional TiO2

active layer, resulting in a TiO2/ZnO bilayer photoanode. Our
design aims to enhance the open-circuit voltage (VOC) of DSCs
under one sun and indoor lighting conditions. Using an opti-
mized bilayer electrode with a blocking layer (T + Z1 + BL) in
combination with an MS5 sensitizer and [Cu(dmp)2]

1+/2+ redox
electrolyte, we have achieved a remarkable VOC of 1.27 V under
AM 1.5G one sun illumination and 1.295 V under a higher
intensity LED light of 200 mW cm−2, which are the highest VOC
reported to date for a single junction DSC. Detailed interfacial
charge transfer studies have revealed that the bilayer structure
leads to a negatively shied conduction band and improved
electron lifetime, contributing signicantly to the enhanced
VOC. We have also succeeded in achieving a VOC of 1.025 V under
both 1000 lux CFL and LED illumination using the MS5 sensi-
tizer and [Cu(dmp)2]

1+/2+ redox electrolyte employing the TiO2/
ZnO bilayer photoanode (T + Z1 + BL). These promising results
have inspired us to develop a battery-free temperature sensor
that can be powered autonomously by a single DSC of 0.24 cm2

active area under indoor illumination. Overall, this work
provides valuable material and device engineering strategies
that can be used to realize higher VOC in conjunction with the
appropriate combination of dyes and electrolytes. Achieving
higher VOC is essential for operating innovative self-powered
electronic applications. The majority of the energy harvesting
This journal is © The Royal Society of Chemistry 2023
and management circuits used in these smart devices require
lower current (in mA) but demand higher voltage (above 1 V) for
continuous operation, highlighting the fact that more than
current and efficiency, VOC needs to be taken into consideration
while designing DSCs for indoor photovoltaic applications.
Furthermore, reducing the device's footprint without compro-
mising the voltage opens up creative and imaginative possibil-
ities for integrating indoor DSCs as a replacement for batteries
contributing to carbon neutrality and sustainability.
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