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a b s t r a c t

Surfactant-free, ultrasound assisted modified successive ionic layer adsorption and reaction (M-SILAR)
method and home-made microcontroller based low-cost potentiostat system are employed to prepare
zinc oxide (ZnO) nanostructure based thin films. The comparison between physicochemical as well as
photoelectrochemical (PEC) properties of the nanostructures prepared via two different template free,
simplistic and cost-effective green routes have been discussed in detail. X-ray diffraction and Raman
analysis confirm the formation of phase pure ZnO with the hexagonal crystal structure. Surface
morphology significantly affects the physicochemical as well as PEC properties of ZnO thin films.
Nanorods (NRs) and nanosheets (NSs) based ZnO thin films sensitized with N3 dye have been directly
used as photoelectrodes in the dye-sensitized solar cell (DSSC). The power conversion efficiency (PCE) of
0.59% is achieved with Jsc of 4.04mA/cm2 and Voc of 0.44 V for the DSSC in which the M-SILAR deposited
1-D ZnO NRs based thin film is used as the photoanode. While relatively less PCE of 0.29% with Jsc of
2.53mA/cm2 and Voc of 0.36 V is obtained for DSSC prepared using electrodeposited 2-D ZnO NSs. In the
NSs like 2-D surface morphology, the presence of multiple grain boundaries are acted as traps for the
diffusing electrons, which reduces the electron mobility through it.

© 2018 Published by Elsevier B.V.
1. Introduction

To get rid of chemically hazardous and rare earth ingredients,
third generation solar cells have been designed. They possess a
great potential using nanomaterials and have gained a great
breakthrough since Gratzel put forward the concept of a dye-
sensitized solar cell (DSSC) [1]. In the past two decades, a large
number of binary metal oxides such as TiO2, ZnO, SnO2, WO3 and
Nb2O5 have been tested as photoelectrode materials in the DSSCs
[2e6]. Until now using TiO2 as the DSSC photoanode, the power
conversion efficiency (PCE) of more than 9% has been achievedwith
ruthenium-based N3 sensitizer [7]. Moreover, the 13% PCE has been
achieved with porphyrin sensitizers using TiO2 as a photoanode [8].
Up to now record PCE of 8.03% have been achieved with ZnO based
DSSCs [9], which is much lower than that of TiO2-based DSSC, still
ZnO is regarded as a potential substitute for TiO2 photoelectrode
oholkar).
because of its similar electron affinity, wide band gap of 3.4 eV and
exciting binding energy level (60meV) with stable wurtzite struc-
ture [4]. Also, it possesses higher bulk mobility (100 cm2/V�1s�1)
indicating lower charge recombination [10]. Numerous kinds of
ZnO nanostructures, particularly, one-dimensional (1-D) nanowires
(NWs) or nanorods (NRs), and two-dimensional (2-D) nanosheets
(NSs) or nanoplates (NPs) have been synthesized using the various
physical and chemical methods including pulsed laser deposition
(PLD), spray pyrolysis technique (SPT), hydrothermal method,
chemical bath deposition (CBD), successive ionic layer adsorption
and reaction (SILAR) and electrodeposition (ED) method [11e16]. In
comparison, the PLD and SPT methods require high temperature
with rigorous and complex conditions for the operation. From the
technological point of view, SILAR and ED method offers much
more inexpensive experimental setup, a rapid and economical
method for preparation of large-area ZnO nanostructures with low-
temperature processing, arbitrary substrate shapes, and offer pre-
cise control of film parameters [17,18]. Using the SILAR method, the
thickness, composition and phase purity of thin films can be easily
controlled just by regulating the growth parameters such as
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adsorption and reaction time, deposition cycles and precursor
concentration [19e21]. Additionally, the deposition electrolyte of
ED method can be reused, while the deposition solutions for other
methods could be used only once.

In the DSSC, photoelectrode made up of wide band gap semi-
conducting material acts as the heart of the DSSC. Researchers are
trying to improve the electron transport properties of the material
by changing the morphology of the samples, such as 1 dimensional
(1-D) nanowires (NWs), NRs or nanotubes (NTs), as every possible
point of electron injection is directly connected to the substrate
with a minimum number of interfaces and grain boundaries in
between, which further improves the charge transport in the de-
vice [19]. 1-D ZnO nanostructures afford a direct conduction
pathway for the photogenerated electrons, which is favorable for
rapid electron transport in photoelectrode with reduced recombi-
nation loss [20]. The 2-D nanostructure of ZnO like NSs has also
attractedmuch interest because of their unique advantages, such as
the large surface area for the adsorption of sensitizers and
enhanced light scattering capacity, which especially beneficial for
applications in photoelectrochemical (PEC) cells [22].

Çakar et al. synthesized the ZnO plates, rods and nanoparticles
using microwave assisted hydrothermal method and achieved 1,
0.83 and 0.41% power conversion efficiency for the respective
samples with Fe-tannic acid complex dye as photosensitizer [23].
Marimuthu et al. prepared seed layer assisted ZnO nanorods as
photoelectrode by ED method and obtained 3.75% PCE with Ru
based N719 dye [24]. Using hydrothermal and dip-coatingmethods,
Feng et al. prepared the ZnO/TiO2 composite NRs for DSSC appli-
cation. The top ZnO NRs facilitated large surface area for dye
adsorption and TiO2 NRs provided a direct pathway to the photo-
generated electrons which results in a PCE of 4.36% [25]. Patil et al.
have achieved the PCE of 2.9% by photonic sintering of a ZnO
nanosheet based photoanode prepared by using solid-state syn-
thesis with flash white light combined with deep UV irradiation
[26]. Hedgehog-like hierarchical ZnO needle-clusters developed by
Qu et al. by hydrothermal synthesis provides the high surface area
for dye adsorption and also avoids extensive grain boundary for-
mation which results in 2.2% PCE of the DSSC [27].

The limiting and time-consuming factor for traditional SILAR
method is the slow growth rate. With the use of ultrasound-
assisted M-SILAR method, nanostructured photo-electrodes can
be directly prepared with less deposition time. The ultrasound
works on the principle of the acoustic cavitation effect. The depo-
sition rate and the film quality are expected to increase with the
modification in the deposition process of ZnO nanostructure by the
cavitation effect. Therefore, M-SILAR method has been used for the
deposition of the nanostructured ZnO photo-electrodes to be used
in DSSC's [28]. For ED, the microcontroller based low-cost poten-
tiostat has been designed and developed. In the extensive literature
survey, there are fewer reports on the synthesis of DSSC photo-
electrodes by employing the simplistic M-SILAR and Electrodepo-
sition green routes. So, in the present investigation, surfactant-free
1-D ZnONRs have been grownwithout prior seed layer by changing
the M-SILAR cycles and 2-D ZnO NSs have been deposited by
employing ED method with variation in the deposition time. The
probable growth mechanism processes of these nanostructures are
also discussed. The comparison between physicochemical as well
as PEC performance of ZnO nanostructures prepared by two
different green routes is also debated in the present study.

2. Experimental

2.1. Preparation of ZnO thin films by M-SILAR method

ZnO thin films have been deposited using zinc-ammonia
complexed precursor (Zn(NH3)n2þ) as cationic source and 1% diluted
hydrogen peroxide (H2O2) kept at 353 K temperature as an anionic
sourcewith slight modifications as discussed in our previous report
[29]. The schematic setup used for M-SILAR deposition of ZnO thin
films is as shown in Fig. 1 (A). The M-SILAR cycles have been
repeated successively for 50, 100, 150 and 200 times and the as-
deposited films were annealed at 673 K in an air for 1 h to
remove the hydroxide phase and to increase the crystallinity. The
films are denoted as SZ-5, SZ-10, SZ-15 and SZ-20 samples for 50,
100, 150 and 200 deposition cycles, respectively and these samples
were further used for their structural and morphological studies.
2.2. Preparation of ZnO thin films by ED method

In this study, Atmel AT89C51microcontroller is used to generate
basic electrical output such as constant current, constant voltage,
and forward and reverse pulse with pulse width modulation
(PWM) capabilities. The total cost of the system nearly equals to 50
USD. A typical block diagram of the proposed system is shown in
Fig. 1 (B). The microcontroller can produce 0e5000mV voltage
with the help of 8 bit digital to analog converter DAC0808 (Texas
Instruments). The operational amplifier (Op-Amp) circuits are
responsible for the precise control of constant voltage, constant
current, and forward and reverse pulse with pulse width modula-
tion (PWM). The constant current is generated using Op-Amp and
Zener diode circuit, whereas the PWM is achieved by conventional
triangle-wave generator circuits. The software code of the present
system is written in the Keil integrated development environment
(IDE). ED of ZnO thin films was performed with the microcontroller
based potentiostat in a standard three electrodes system. The block
diagram of microcontroller based potentiostat used for the ED of
ZnO NSs is as shown in Fig. 1 (B). Graphite and saturated calomel
electrode (SCE) are used as the counter electrode and the reference
electrode, respectively. The flexible stainless steel (SS) and fluorine
doped tin oxide (FTO) substrates were used as working electrode.
The electrolyte was 0.05M Zn (NO3)2 aqueous solution and 0.1M
KCl was introduced into it as a supporting electrolyte. ZnO thin
films were obtained by potentiostatic electrodeposition at �1.0 V
(versus SCE) at the constant temperature of 80 �C by varying
deposition time for 5, 10, 20 and 30min. The as-deposited films
were annealed at 673 K in an air for 1 h to remove the hydroxide
phase included if any. The films are denoted as EZ-5, EZ-10, EZ-20
and EZ-30 samples for 5, 10, 20 and 30min deposition time,
respectively.
2.3. Assembly of ZnO-based DSSCs

The optimized M-SILAR and electrodeposited ZnO samples have
been soaked in ethanolic 0.3mM cis-Bis (isothiocyanato) bis(2,20-
bipyridyl-4,40-dicarboxylato ruthenium) (II) i.e. N3 dye solution at
room temperature for 12 h and then washed cautiously in ethanol,
afterward the dye-loaded films have been dipped in acetonitrile
and dried up in an air. Compact DSSCs have been fabricated using a
typical two electrode configuration with an active area of 0.25 cm2.
Dye-loaded ZnO samples have been used as photoelectrode and
platinum (Pt) coated FTO as the counter electrode. The predrilled
FTO substrates were ultrasonically washed and the Pt counter
electrode is prepared by drop cast method using the 10mM hex-
achloroplatinic acid (H2PtCl6$6H2O) in 2-propanol solution with
annealing at 450 �C for 10min. The two electrodes have been
assembled using the thermoplastic (1mm). The space between the
electrodes is filled with an electrolyte comprising of 0.1M lithium
iodide and 0.05M iodine in acetonitrile through the predrilled hole
in the counter electrode.



Fig. 1. Schematic setup of (A) M-SILAR method and (B) Block diagram of microcontroller based potentiostat used for electrodeposition of ZnO thin films.
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2.4. Characterization techniques

The structural properties of M-SILAR and electrodeposited ZnO
samples have been studied using X-ray diffractometer (XRD) (Phi-
lips, PW 3710, Holland) operated at 40 kV, 30mA with Cu Ka radi-
ation (l¼ 1.54 Å). The thickness measurement is accomplished
with the help of XP-I stylus surface profiler (AMBIOS, USA). Raman
spectra are recorded using the Raman microscope (LabRam, HR800
UV-Raman microscope (Horiba Jobin-Yvon, France), KBSI,
Gwangju-center, South Korea) with the excitation wavelength of
514 nm using diode laser. The surface morphology is observed by
means of scanning electron microscopy (SEM) (JEOL JSM -6360,
Japan). The elemental composition of the deposited material is
examined by energy dispersive X-ray spectrometer (EDAX) (Bruker,
nano GmbH, Germany, attached to the FE-SEM). UVevisible
absorbance spectra of the samples have been obtained by means
of a UVevisible spectrophotometer (UV1800, Shimadzu, Japan). J-V
curves have been recorded on the solar simulator (model CT- 150
AAA, photoemission tech, USA) under an Air Mass 1.5 G solar irra-
diation. Electrochemical impedance study is carried out with the
electrochemical workstation (AUT85804, Netherlands) using the
frequency range of 1MHz to 0.1 Hz in AC mode (100mV). The same
devices assembled for checking PEC performance have been used
for electrochemical impedance study.
3. Results and discussion

3.1. X-ray diffraction study

Fig. 2 (A) shows the XRD patterns of SZ-5, SZ-10, SZ-15 and SZ-
20 samples prepared with different M-SILAR deposition cycles. All
the diffraction peaks are indexed to a hexagonal wurtzite structure
of ZnO, which agrees well with the standard JCPDS Card No. 00-
003-0888. The XRD patterns of all the samples are dominated by
strong (002) diffraction peak, which suggests that the ZnO nano-
structure is favorably oriented along c axis [30]. The intensity of
(002) peak increases with increasing deposition cycles i.e. thickness
of the sample. Initially, for SZ-5 sample, the film thickness is found
to be 1.10 mmwhich further increased to 1.22 mm for SZ-10 sample.
The intensity of (002) plane is observed highest for the SZ-15
sample which has a thickness of 1.92 mm. The growth of the c-
axis direction suppressed and intensity of (002) peak decreases for
SZ-20 sample, due to the overgrowth and peel off process of the
film, which leads to decrease in thickness to 1.45 mm [15]. Fig. 2 (B)
displays the XRD patterns of the ZnO samples deposited with the
ED method. Since the samples have been deposited on the SS
substrate, several characteristic signals of the substrate denoted by
asterisks (*) have been appeared in all the spectra [31]. Other
observed peaks are attributed to the diffractions from (100), (002)
and (101) planes respectively, which can be indexed to the



Fig. 2. XRD patterns of (A) M-SILAR deposited SZ-5, SZ-10, SZ-15, SZ-20 samples prepared with varying M-SILAR cycles and (B) electrodeposited EZ-5, EZ-10, EZ-20 and EZ-30
samples prepared with varying deposition time.
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hexagonal wurtzite structure of ZnO in agreement with the data
obtained from JCPD card No. 00-005-0664, indicating the good
crystallization of electrodeposited ZnO. From the thickness mea-
surement study, the sample EZ-5 has a thickness of 0.35 mm, which
increases further to 0.42 mm for EZ-10 sample, with the increase in
deposition time. The maximum peak intensity (002) is observed for
the sample EZ-20 which has thickness 0.67 mm. Further, increase in
the deposition time for sample EZ-30 results in the overgrowth and
peel off of the film with a reduced thickness of 0.58 mm, which is
responsible for the decrease in peak intensity as shown in Fig. 2 (B).

3.2. Morphological study

3.2.1. Scanning electron microscopy (SEM)
Fig. 3(aed) shows the SEM images of M-SILAR deposited SZ-5,

SZ-10, SZ-15 and SZ-20 samples. The significant effect of variation
of M-SILAR cycles on the nanostructure and thickness of the
Fig. 3. SEM images of M-SILAR deposited (a) SZ-5, (b) SZ-10, (c) SZ-15, (d) SZ-20 prepared wi
30 samples prepared with varying deposition time, respectively.
samples is clearly observed. The growth of the nuclei on the sub-
strate occurs by diffusion of clusters and coalescence of these
clusters gives rise to the formation of a uniform thin film [32]. In
sample SZ-5, several voids are seen with the heterogeneous dis-
tribution of unevenly shaped grains. The grains are not well inter-
connected to each other (Fig. 3 a). For 100 cycles, bigger grains are
obtained with more compactness and having an almost same
diameter. The black spots represent the voids, means nucleation
centers are absent. Relatively fewer voids are observed for SZ-10
sample (Fig. 3 b). Well growth of compact and unique structure is
observed for SZ-15 sample (Fig. 3 c). The surface of the substrate is
well covered by resultant uniform NRs like structure. The diameter
of rod increases as M-SILAR cycles increases. For SZ-15 sample, the
resultant NRs are observed to be grown perpendicular to the sub-
strate surface and are densely covered over the substrate. For the
SZ-20 sample, the disorder increases and randomly oriented NRs
are observed. This supports well to the XRD results as discussed in
th varying M-SILAR cycles and electrodeposited (e) EZ-5, (f) EZ-10, (g) EZ-20 and (h) EZ-
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earlier section.
Fig. 3(eeh) depicts the SEM images of the electrodeposited ZnO

samples. In Fig. 3(e), for 5min deposition time, randomly oriented
NSs are developed, however, for the reaction time, 10min, the
improved surface morphology of NSs have been observed. For EZ-
20 sample, the arrangement of fine interconnected vertical free-
standing NSs with triangular geometry is clearly seen. Width and
thickness of the sheets are in the ranges of 4e5 mm and 50e70 nm,
respectively. Further for EZ-30 sample, NSs seems to be damaging
may be due to the overgrowth of the sample, which correlates well
with the XRD study.

From the structural and surface morphological analysis, it is
considered that the M-SILAR deposited SZ-15 and electrodeposited
EZ-20 samples are found to be optimum as they show better
crystallinity and well-defined nanostructures than any other sam-
ples. Thus, these SZ-15 and EZ-20 samples have been further
characterized for their compositional, optical, surface wettability,
PEC and EIS studies.
3.2.2. Possible growth mechanism of ZnO NRs via M-SILAR and NSs
via ED method

On the basis of the observed SEM results, one can predict the
growth mechanism of highly c-axis-oriented and arbitrarily grown
ZnO NRs and NSs as shown in Fig. 4 (A and B). Basically, the evo-
lution of obtained NRs depends on the nucleation and growth
processes. In the M-SILAR method, the forces responsible for
making the desired ZnO films may be cohesive forces or Van-der-
Waals forces or chemical attractive forces [33]. With the increase
in M-SILAR cycles, the growth of the particles occurs on earlier
grown nuclei. The possible growth mechanism of ZnO NRs is
depicted in Fig. 4 (A). The ZnO thin film grow along (002) plane
because, ZnO has positively charged (0001) and negatively charged
(000-1) polar surfaces, thus, the nature of the ZnO crystals becomes
polar, and the Zn-rich positive (0001) surface being more reactive
and more stable due to relatively low surface energy than the
oxygen-rich negative (000-1) facet [34]. According to the lowest
energy principle, hexagonal ZnO crystals grow along the [0001]
direction to achieve the surface energy minimization by attracting
new opposite ionic species to its surface to promote anisotropic
Fig. 4. Schematics showing the growth mechanisms of (A) M-SILAR d
growth along the [0001] direction. Thus along the c-axis direction,
the growth rate is far faster than along any other crystallographic
directions, which lead to the formation of 1-D NRs like structure of
ZnO [35].

During the ED process, Zn (NO3)2 firstly changes into Zn2þ with
the acid solution, according to Eq. (1). The reaction of ions NO3

�,
H2O, and 2e� gives rise to the formation of OH� in Eq. (2). Under the
influence of electrostatic interactions, the formed Zn2þ ions have a
tendency to adsorb on the SS/FTO substrate and the active nucle-
ation sites are almost generated on the surface of a substrate, which
is beneficial to the subsequent growth of ZnO on the substrates.
Then, hydroxylation reaction between OH� ions and Zn2þ ions
would rapidly occur on the surface of the electrode to form Zn(OH)2
(Eq. (3)). Then, Zn(OH)2 would readily decompose into ZnO if the
solution temperature is 80 �C (Eq. (4)) [36].

Zn ðNO3Þ2 / Zn2þ þ  2NO�
3 (1)

NO�
3 þ H2Oþ 2e�/ NO�

2 þ  2OH� (2)

Zn2þ þ 2OH�/ZnðOHÞ2  (3)

ZnðOHÞ2/ZnOþ  H2O (4)

In the growth progression, firstly, ZnO seed layer as the lattice-
matched template is formed during the above controlled nucle-
ation and growth process and the growth rate ratio of c-axis di-
rection to other crystallographic directions reduces greatly due to
the shielding effect of OH� ions on the (0001) surface which results
in the formation of ZnO nanosheets [37]. On the other hand, the
presence of appropriate capping agents like Cl�, tend to preferen-
tially adsorb onto the positively charged (0001) planes, subse-
quently, to hamper the crystal growth along the c-axis, resulting in
the development of ZnO NSs [38].

3.3. Raman spectroscopy

Fig. 5 shows the Raman spectra of the optimized SZ-15 and EZ-
20 samples. Foremost peaks at 100 cm�1 and 438 cm�1 are
eposited ZnO nanorods and (B) electrodeposited ZnO nanosheets.



Fig. 5. Raman spectra of typically optimized SZ-15 and EZ-20 samples, deposited by
M-SILAR and ED methods, respectively.
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identified which are related to the vibrations of the heavy Zn sub-
lattice and the oxygen atom, respectively and these peaks are
assigned to Raman active low-E2 and high-E2 mode of nonpolar
optical phonons. The peak at 277 cm�1 (B1 low) belongs to the si-
lent mode of w-ZnO. The weaker peak at 332 cm�1 has been
attributed to a second-order nonpolar E2 mode, arising from zone
boundary phonons [39]. The peak observed at 582 cm�1 is associ-
ated with the defects such as oxygen vacancy or interstitial zinc in
ZnO. Thus, the observed peaks strongly support the XRD analysis
concerning the formation of w-ZnO [40].
3.4. EDAX study

Fig. 6 shows the EDAX spectra of (a) optimized SZ-15 and (b) EZ-
20 samples, respectively. The Zn and O signals have been detected,
which indicated that the nanostructures are made up of Zn and O.
The atomic percentage ratio of Zn to O is found to be 1.12 and 0.75
for the SZ-20 and EZ-20 samples, respectively, which confirms the
samples are nearly stoichiometric in the composition. Slightly
increased oxygen content is observed for EZ-20 sample may be due
to the chemisorption of oxygen during the annealing process of the
sample.
Fig. 6. EDAX spectra of typically optimized SZ-15 and EZ-20 sam
3.5. Optical study

Fig. 7 (A) shows the absorbance versus wavelength spectra of
SZ-15 and EZ-20 samples, without dye loading. The spectra
revealed that the ZnO samples have a low absorbance in the visible
region, due to its wide band gap energy. The absorption data is
analyzed and the band gap values (Eg) are estimated using classical
relationship amongst the absorption coefficient (a) and the photon
energy (hn) using the relation (ahn)2¼ hn e Eg Ref. [41]. The Eg
values are found to be 3.11 eV and 3.19 eV for SZ-15 and EZ-20
samples, respectively (Fig. 7 B). The difference between these
values is due to the variation in the thickness of the samples pre-
pared by two different methods [42].

To study the effect of dye loading on the absorption of the ZnO
samples, optical absorption spectra have been recorded. Fig. 7 (C)
shows the absorption spectra of N3 dye-loaded SZ-15 and EZ-20
samples. The maximum absorption peak around 500 nm is seen
with broader coverage in the visible region of the solar spectrum
after dye-loading which is corresponding to the visible t2/p*
metal-to-ligand charge transfer (MLCT) in N3 dye, which is in good
agreement with the previous report [43]. SZ-15 sample shows
stronger absorption than that of EZ-20 sample, which can be
attributed to better dye loading due towell-aligned NRs as depicted
in SEM studies (Fig. 3 c).

3.6. Surface wettability study

Surface wettability involves the interaction between a liquid
and a solid in contact which is an important parameter in surface
science and its measurement provides a simple and reliable
method for the understanding of surface engineering. The surface
wettability study is used as a diagnostic method to determine the
quality of deposited metal chalcogenide/oxide thin film absorbers
without performing actual application [44]. As the surface tension
reflects the surface energy, which is directly associated with the
chemical nature of the surface. From Fig. 8, the electrolyte contact
angles for samples SZ-15 and EZ-20 are observed as 280 and 150,
respectively. EZ-20 sample shows less contact angle than that of SZ-
15 may be due to the more rough surface morphology of the
sample. These values indicate hydrophilic nature of ZnO samples as
contact angle is less than 900. The hydrophilic nature supports the
percolation of the electrolyte through the pores of the material
facilitating the ionic conduction for improving the performance of
thin film solar cells [45].
ples prepared via M-SILAR and ED methods, respectively.



Fig. 7. (A) Absorbance Vs. wavelength spectra of bare optimized SZ-15 and EZ-20 samples, (B) Variation of (ahn)2 versus photon energy for the estimation of optical band gap energy
of the optimized SZ-15 and EZ-20 samples without dye-loading and (C) Absorbance Vs. wavelength spectra of N3 dye-loaded SZ-15 and EZ-20 samples deposited via M-SILAR and
ED method, respectively.
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3.7. J-V measurement

Fig. 9 (A) shows the ideal diode behavior due to the formation of
a junction between the ZnO photoelectrodes and electrolyte. Fig. 9
Fig. 8. Electrolyte contact angle images of the SZ-15 and EZ-20 samples deposited via
M-SILAR and ED method, respectively.
(B) shows the photocurrent density versus voltage (J-V) curves
under illumination of DSSCs prepared using optimized SZ-15 and
EZ-20 samples, respectively. Table 1 shows the several solar cell
parameters for the DSSCs, where Jsc is the short circuit current
density, Voc is the open-circuit voltage, FF is the fill factor, h is the
PCE, Rs is the series resistance and Rsh is the shunt resistance. DSSC
prepared using SZ-15 sample exhibited the highest PCE of 0.59%,
with its maximum Jsc of 4.04mA/cm2 and Voc of 0.44 V. This device
contributes highest PCE due to well-defined 1-D nanostructure
(Fig. 3 (c)), which allows enhanced internal surface area for dye
adsorption and facilitates direct pathway for faster electron trans-
port by reducing charge recombination rate through it [46]. The
chemical stability is found to be the main issue for ZnO photo-
electrode. The low PCE of ZnO-based DSSC is a consequence of dye
aggregation effect. The longer dye adsorption time gives rise to
Zn2þ -dye aggregates on the surface of the photoelectrode due to
acidic nature of the dye. This result in an etching of the ZnO surface
due to which the nanostructure of ZnO gets totally damaged. The
highly gathered dye aggregates are mainly responsible for low FF
and reduction in the potential between ZnO photoelectrode and
counter electrode [47]. DSSC based on EZ-20 sample showed rela-
tively less PCE of 0.29% with Jsc of 2.53mA/cm2 and Voc of 0.36 V
compared to that of DSSC based on SZ-15 sample. This could be due



Fig. 9. Photocurrent density-voltage (JeV) curves (A) under dark (B) upon illumination for DSSCs prepared using SZ-15 and EZ-20 samples deposited via M-SILAR and ED method,
respectively.

Table 1
Photoelectrochemical performance and electron transport properties of the DSSCs prepared using M-SILAR deposited optimized SZ-15 and electrodeposited EZ-20 samples
determined by photocurrent density-voltage (J-V) characteristics and electrochemical impedance spectroscopy (EIS) analysis, respectively.

DSSC Thickness
(mm)

Solar cell parameters EIS parameters

Jsc (mA/cm2) Voc

(V)
FF h

(%)
Rs

(U)
Rsh

(U)
Rs

(U)
R1

(U)
R2

(U)
te
(ms)

SZ-15 1.92 4.04 0.44 0.33 0.59 260 980 33.2 66.8 97.1 150
EZ-20 0.67 2.53 0.36 0.32 0.29 320 435 36.8 150 178 42
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to the presence of multiple grain boundaries which acts as traps for
the diffusing photogenerated electrons in the NSs like 2-D surface
morphology, which reduces the electron mobility through it.

Liu et al. [48] reported the synthesis of ZnO NWs by microwave
heating method with prior seed layer using pulsed laser deposition
(PLD) technique. They achieved the maximum PCE of 1.25% with Jsc
of 6mA/cm2, Voc of 0.58 V and FF of 0.36 for ZnO NWs based DSSC.
Fig. 10. (A) Nyquist plots, measured in the dark under 100mV applied bias, inset shows equ
using SZ-15 and EZ-20 samples deposited via M-SILAR and ED method, respectively.
Singh et al. [49] have deposited silver doped ZnO films by the spin
coating method and used as photoelectrode in DSSC with N719 dye
and achieved 0.44% PCEwith Jsc of 1.55mA/cm2, Voc of 0.60 V and FF
of 0.48. Jimenez-Cadena et al. have synthesized different ZnO
nanostructures by physical vapor deposition (PVD) and attained
highest power conversion efficiency of 0.51% with Jsc of 0.52mA/
cm2, Voc of 0.68 V and FF of 0.34 by using ZnO NWs based DSSC [50].
ivalent circuit model used to analyze the EIS data and (B) Bode plots of DSSCs prepared



M.A. Gaikwad et al. / Optical Materials 78 (2018) 325e334 333
However, above mentioned photoelectrode synthesis methods
require sophisticated equipment, vacuum-based complicated
experimental conditions, high working temperature and costly
substrates. In present study, though the relatively less PCE is ach-
ieved but, the employed green chemical routes are facile and cost-
effective. Also, no vacuum is needed at any stage of the experiment.

3.8. EIS study

The parameters related to charge recombination and electron
transport properties of the respective ZnO photoelectrodes have
been calculated by using the EIS study. The experimental imped-
ance data, given by Nyquist plots in Fig. 10 (A) has been fitted to the
equivalent circuit (inset of Fig. 10 (A)), where, R1 and C1 represent
charge transfer behavior at counter electrode (Pt- FTO)/electrolyte
interface, R2 and C2 assigned to charge transfer resistance at pho-
toelectrode/electrolyte interface. Rs is the solution resistance [51].
From Table 1, it is seen that sample SZ-15 has R1¼66.8U/cm2 and
R2¼ 97.1U/cm2, which are relativelymuch lower than that of EZ-20
sample. The likely reason for this lower charge transport resistance
is the well-aligned 1D-NRs like structure of M-SILAR deposited ZnO
sample which easily permits the axial charge transport with the
low recombination [52]. This means, for SZ-15 sample more elec-
trons are injected into the ZnO photoanode and undergo forward
transport in the photoanode, which is in accordance with the in-
crease in Jsc value [53]. In addition, electron life time (te) is calcu-
lated using Bode plots (Fig. 10 (B)) by the formula, te¼ 1/2pFmax

[54], where, Fmax is the characteristic frequency at the top of the arc.
The SZ-15 sample has highest te¼ 150 ms, as it possesses relatively
superior 1-D nanostructure which provides the effective pathway
to the photogenerated electrons with low recombination rate, leads
to achieving the high PCE. Thus, the EIS analysis shows that ZnO
NRs provide a direct pathway for accelerating electron transport,
extending the electron lifetime, suppressing electron recombina-
tion and improving electron collection efficiency [55,56]. The
sample EZ-20 shows inferior electron lifetime of 42 ms, may be due
to the more recombination losses and nanostructure with large
grain boundaries. Thus, the observed results are in good agreement
with the J-V results.

4. Conclusions

A simplistic methodology to prepare ZnO NRs via M-SILAR
method and ZnO NSs via microcontroller based low-cost poten-
tiostat by means of ED method and their use as a photoelectrode in
DSSCs has been demonstrated. The results by M-SILAR and ED
method are compared on the basis of their morphology. The M-
SILAR deposition gives rise to thin films composed of ZnO NRs,
while ED results in the formation of ZnO NSs. The surface
morphology of ZnO samples has a significant impact on their DSSC
performance. DSSC prepared using ZnO NRs exhibited the highest
PCE of 0.59%, with its maximum Jsc of 4.04mA/cm2 and Voc of 0.44 V
than that of NSs based DSSCwhich showed the relatively less PCE of
0.29% with Jsc of 2.53mA/cm2 and Voc of 0.36 V. Enhanced PCE for
the DSSCs composed of ZnO NRs can be straightly associated with
the faster electron transport mechanismwith longer photoinduced
electron lifetime. The 2-D NSs allows the large surface area for N3
dye adsorption, but it reduces the electron mobility through it, due
to the presence of multiple grain boundaries. M-SILAR deposited
films are superior to electrodeposited films in terms of their
physicochemical as well as PEC properties.
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