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Summary: This paper compares the photoelectrochemical performances of nickel oxide (NiO) thin
films processed using two different sintering procedures: rapid discharge sintering (RDS) and
conventional furnace sintering (CS). Prior to sintering, NiO nanoparticles were sprayed onto
substrates to form loosely adherent nanoparticulate coatings. After RDS and furnace sintering the
resultant NiO coatings were sensitized with erythrosine B dye and corresponding p-type dye-
sensitized solar cells were fabricated and characterized. NiO electrodes fabricated using the RDS
technique exhibited a fourfold enhancement in electroactivity compared to CS electrodes. A possible
explanation is the smaller sintered grain size and more open mesoporous structure achieved using the

microwave plasma treatments.
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Introduction

Man-made climate change is becoming one
of the most important threats to humanity. This is
highlighted by the fact that only recently CO,
concentrations in the atmosphere have reached values
around 400 ppm. There is therefore a need for the
development of novel energy technologies that are
carbon neutral rather than based on fossil fuels. The
sun constitutes an important renewable energy as the
total power from sunlight striking the ground is
enormous about 10° TW per year. Even if not all this
energy can be harvested sufficient energy from
sunlight can be generated in order to meet the
growing energy demands of the world’s population,
which is presently of the order of 15 TW per year [1].
Historically the first photovoltaic cell created by a
team at Bell Laboratories in 1954 [2] opened a new
dimension in the exploitation of solar energy for the
production of electricity through the use of p-n
junctions of crystalline Si. The successive generation
of photovoltaic devices consisted of thin film solar
cells including amorphous silicon (a-Si), cadmium
telluride (CdTe) and copper indium gallium
diselenide (CIGS) as photoactive materials [3]. Dye-
sensitized solar cells (DSCs) appeared in relatively
newer [4] as a low-cost photoelectrochemical
alternative to the photovoltaic devices based on p-n
junctions. The use of nanoporous titanium oxide TiO,
in the anatase crystalline form with a roughness
factor of ca. 1000, dramatically increased the light
harvesting efficiency of the TiO,-based electrode and
resulting solar cells with an efficiency as high as 7 %
were reported by O'Regan and Gritzel [4]. For the

last twenty year or more there was a limited increase
in the efficiency of DSCs (also known as the Grétzel
cells), [5]. Recently with the advent of perovskite-
sensitized solar cells the efficiency of these types of
cells has gone beyond 20 % [6-11]. However, this top
value is somehow limited when compared to the
performance of Si-based photovoltaic devices.

A method of exploiting the solar spectrum
more effectively was introduced by He et al [12] who
placed dye-sensitized p-type semiconductor, giving
photoelectrochemical response, as a substitute of a
non photoactive cathode of a conventional DSC [13].
By joining anode and cathode that are both
photoactive, the resulting DSC will assume a tandem
configuration [12]. The latter device has the capacity
to harvest an increased segment of the solar spectrum
when compared to a normal DSC provided that the
dyes sensitizing the two different electrodes have
complementary absorption spectra. It is expected that
a tandem DSC’s efficiency (hypothetical higher
value) is approximately 13 % more when compared
with DSC having only one photoactive electrode
[12].

For the conversion of the solar radiation
into electrical energy with a cathodic DSC (or p-
DSC) that works through the photoactivation of a
reduction process [12,14], the main prerequisite is
the preparation of a p-type semiconductor with
mesoporous morphology that chemisorb high
amounts of dye sensitizers and create an extended
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electrochemical interface with the electrolyte (vide
infra) [15]. There is a potential application of p-type
semiconductor also as a doping agent for the hole
transport medium (HTM) in perovskite-sensitized
solar cells [6, 7, 16]. Nickel oxide (NiO) was chosen
as cathodic semiconducting material because of its p-
type nature [17], high chemical stability, and well
defined optical/electrical properties [18]. NiO
possesses broad band-gap energy ranging from 3.4 to
4.0 eV according to the presence of defects in the
lattice, chemical composition and crystalline phase
[17]. NiO coatings can be deposited with various
techniques like plasma enhanced chemical vapor
deposition [19, 20], spray pyrolysis [21, 22], pulsed
laser deposition [23, 24], electrodeposition [25],
chemical bath deposition [21, 26], sol-gel [12, 14, 15,
27-29], sputtering [30, 31], and hydrothermal
synthesis [25, 32]. Exempting electrochemical
techniques [33], the chemical methods of deposition
generally need post thermal treatments for increasing
the density and the viscosity of the coatings through
the removal of the reaction medium, and to define the
crystal phase(s) of the NiO coating [34]. Typical the
NiO thermal sintering temperatures are in the range
350-550°C [27, 33, 35, 36] with sintering times of
30-60 min.

The objective of this study is to prepare p-
type NiO coatings with the help of plasma supported
microwave sintering for use in p-DSCs as
photocathodes. The advantages of microwave plasma
sintering include the significant reduction of the cycle
times [37], and the decrease of electrical power used
during the sintering treatment. In addition,
microwave plasma sintering treatments have been
applied as it can facilitate more homogenous heating
[38] with nanoporous textures, which enjoin
increased interconnectivity between nanoparticles
keeping a consistent contact at the NiO
coating/substrate interface. These characteristics
diminish the inherent confrontation of the metal
oxide structure and permit proficient alliances of
charge carriers at substrate and NiO contact of the
photocathode. Moreover, the nanoporous
morphology of the p-type electrode permits the
adsorption of greater amounts of dye per unit area
regarding a compact layer, and favors injection of the
charge from the sensitizer to the photocathode in the
whole film. This should results into the increase of
the photocurrent as a result of oxide film thickness
[39]. In the present study NiO surfaces prepared by a
novel rapid discharge sintering (RDS) method are
judged against conventional furnace sintering
techniques (CS). The electrode surfaces are
investigated by both electrochemical and surface
techniques and their ability to act as solar cathodes
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using erythrosine B (ERY) as a dye-sensitizer are
compared.

Experimental
NiO Coating Deposition

The NiO layer was deposited using spraying
technique with fluorine doped tin oxide (FTO) glass
substrates (12 Q/sq, 3 mm thick) procured from
Solaronix. Prior to spray of NiO particulate layer, the
substrates (2 x 2 cm) were cleaned using
ultrasonication in methanol followed by acetone.
Each cleaning step of the substrate was 5 min long.
The NiO nanoparticles 50 nm in size (99.8 % grade
from Sigma-Aldrich) were mixed in 2-propanol in
order to prepare a suspension with the mass
concentration of 20 mg mL"". The particulate layer of
NiO was deposited via to and fro spraying technique
[40]. The microwave assisted plasma sintering
technique also called as rapid discharge sintering
(RDS) was performed with the help of a
circumferential antenna plasma (CAP) microwave
system as detailed elsewhere [41]. The plasma was
obtained at a pressure of 5 mbar in an Ar and O,
(10:1) ambiance. For the development of plasma,
input powers of 2.4 kW were formed by a Mugge
microwave power supply working at a frequency of
2.45 GHz. The temperature of the working specimens
were measured in-situ during the heat treatment with
a LASCON QP003 two-color pyrometer made by Dr
Merganthaler GmbH & Co. The conventional
sintering (CS) were performed in air with a Carbolite
Furnace (RHF 1200). Three NiO samples were
sintered concurrently at ~450 °C temperature for both
furnace and microwave plasma sintering processes,
for durations of 60 and 5 min, respectively [39]. The
thickness of NiO coatings were controlled with the
help of spraying passes [39]. NiO coatings having
minimum thickness of 0.6 um are acquired using one
pass while thicker samples were prepared using
numerous back and forth passes of nanoparticles (in
suspension) spraying. The NiO samples attained with

several passes generally exhibited a non
homogeneous thickness.
Characterization Studies

The thickness of NiO coatings was

estimated using step height measurement technique
with the help of an optical profilometer (WYKO
NT1100) in the vertical scanning interferometry
(VSI) mode. For carrying out the morphological
analysis and cross sectional examinations, the
samples were inspected with FEI Quanta 3D FEG
DaulBeam system (FEI Ltd, Hillsboro, USA). BET
isotherms were performed with the help of ASAP
2420 from Micromeritics, Norcross, GA, USA under
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krypton (Kr) atmosphere. NiO particles were
deposited and sintered onto ca. 0.5 cm x 1 cm FTO
glass substrates using methods described above.
Three number of samples prepared under same
cnditions were inserted into glass sample tubes. In
order to remove moisture and other adsorbed gases
the samples were degassed under vacuum at 25 °C
for 3 hours. Krypton isotherms were obtained at
relative pressure (p/p”) of 0.07-0.2 at —195.85 °C in
liquid nitrogen (N,). The glass samples were then
weighed and reweighed following the removal of the
NiO in order to give an accurate sample weight. BET
isotherms  were  fitted using  Microactive
(Micrometrics Instrument Corporation). NiO coatings
were immersed in a mixture of 0.3 mM erythrosine B
(ERY) sensitizer [12,33], in an ethanol (99.8 %)
solution overnight. To assemble p-type DSCs, the
coatings with sensitizer were joined with a platinum
coated FTO counter electrode in the face-to-face
arrangement, with the help of customized shapes
Surlyn® tape. The prepared structure was packed
with 0.5M I, 0.05M Lil in acetonitrile as electrolyte
from a pre-drilled hole in the counter electrode under
low pressure. The hole was later packed with
Surlyn® and a glass slide. For J-V characteristics
calculations the coatings were veiled using a 4 x 4
mm opaque frame and during all measurements front
illumination mode were observed using a solar
simulator with AM1.5G spectral distribution. The
simulator was calibrated using a certified reference
cell with an intensity of 87 mW cm™. The redox
properties of NiO electrodes were investigated using
a special cell with a three-electrode arrangement:
bare NiO (deposited onto FTO) and dye-sensitized
NiO were the working electrodes, whereas two Li
rods (Sigma-Aldrich) were utilized as reference and
counter electrode, respectively. More details of this
cell are reported elsewhere [42].

Results and Discussion

Fig. 1 shows the type of glass slides onto
which the loosely adherent NiO particulate layers
were deposited. A slurry made of metal oxide
nanoparticles in 2-propanol (20 mg mL™") was used
for spraying. The coating thicknesses were
maintained in the range 0.6-3.0 xm by controlling the
number of spraying runs. The NiO coating thickness
was evaluated with an optical profilometer that
measured the step height (Fig. 2). In order to enhance
the electrical connectivity between the loosely
adherent NiO nanoparticles, two different sintering
methods were adopted: Rapid discharge sintering
(RDS samples) [39, 43], and conventional furnace
treatment (CS samples) [43]. Previous studies have
demonstrated that for the RDS procedure the
optimum sintering time is 5 min [43] because it
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affords the percolation of the oxide nanoparticles all
the way through the coating structure while
preserving mesoporosity. Moreover, it provides a
homogeneous electrical connection at the FTO/NiO
boundary. It was also proved previously[43] that
smaller crystallite size calculated from XRD
examinations resulted into increased dye-absorption
for the case of RDs treated NiO coatings. The BET
isotherms analysis of these thin film electrodes gave
a surface area of about 20 and 8 m”* g for RDS and
CS samples, respectively. The morphological features
obtained allow for a homogeneous sensitization of
the entire oxide layer and high overall photocurrent
efficiencies () [39]. Fig. 3 shows the time profile of
the temperature of the NiO coating during the RDS
treatment. In the RDS procedure the extent of
mesoporosity can be controlled by changing the
duration of sintering. NiO coatings which are
optimally sintered would facilitate diffusion of the
electrolyte right through the entire coating and
photactivated charge injection is thus realized for the
entire electrode surface. NiO coating samples treated
using RDS for periods up to 10-60 min produce
lower grade for the photovoltaic performance in
comparison to the coatings sintered for 5 min as show
below [43]. It is due to prolonged sintering time
induces the steady closure of the pores with the grain
size enlargement and reduction in surface area that
consequently reduces the amount of dye adsorbed on
its surface. In order to compare RDS treated coatings
with those obtained from conventional furnace
treatments, also the NiO coatings of the CS type (vide
supra) were sintered at 450 °C with the same
sintering time of 5 min inside the furnace. The
heating and cooling rate were 10 °C min". A total
cycle time of ~120 min was required for the furnace
sintering CS, in contrast using the RDS technique the
entire processing time including pump down, thermal
treatment and cooling, took only 15 min.

Fig. 1: NiO layers (thickness of 2 to 3 um, area: 1 x
1 cm?), directly after spray deposition onto
the FTO-coated glass substrates prior to

microwave plasma sintering (shown).
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Fig.2: Optical profilometer image of a 2.5 um
thick NiO film obtained via step height

measurement.
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Fig. 3: Temperature profile obtained using optical
profilometry during RDS treatment of the
NiO layer.
Electrochemical Properties of RDS and CS Samples
The electrochemical properties of the

sintered NiO samples were analyzed with cyclic
voltammetry when NiO was in the bare (Fig. 4) and
ERY-sensitized (Fig. 5) state. These electrochemical
characterizations were conducted in a three-electrode
cell [42]. The purpose of these experiments was to
investigate the electrochemical properties of the NiO
coatings. Moreover, the electrochemical properties of
bare and dye-sensitized NiO coatings, sintered using
the two treatments, were compared [44]. From the
integration of the anodic currents observed in the
cyclic voltammograms in Fig. 4, a 7.86 mC cm”
anodic charge was measured for RDS treated bare
NiO coatings.[42] In contrast the values for the
furnace sintered coatings were only 3.96 mC cm™.
The resulting ratio of the charge exchanged for the
RDS treated NiO to that of furnace sintered NiO was
therefore approximately 2:1. The NiO oxidation was
found to be fully reversible for both NiO coatings
sintered using both techniques (Fig. 4). The twofold
increase in the electrochemical activity for NiO
coatings prepared using the RDS technique,
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compared with that for the furnace sintered coatings
is likely to be associated with the smaller grain size
and more porous structure of the RDS sintered oxide
coating compared to those that were furnace sintered.
This is demonstrated based on the SEM images
shown in Fig.s 6 and 7 for the RDS and CS sintered
oxides respectively. Despite having the same starting
NiO powders with mean particle size of 50 nm, the
average grain size (15 measurements) obtain for the
RDS NiO is ~25 nm while that for the CS is ~45 nm.
The FEG-SEM images also demonstrate the denser
more closed porosity for the latter coatings. This
combined with the smaller surface area due to the
larger NiO particle agglomerates obtained using
furnace sintering would explain their reduction in
performance. It has previously been highlighted that
the higher level of particle interconnectivity and
enhanced adhesion of the NiO film to the substrate
achieved using the RDS treatment vs the CS
procedure also helps the former to yield enhanced
conductivity [43]. It is found that the type of sintering
affects mainly the current density for the both types
of NiO coatings with equal thickness (Fig. 4),
however does not change the characteristics of the
redox processes based on Ni*" as main electroactive
species [39,43]. For both RDS, and CS samples the
main reversible oxidation peak of NiO is located at
3.3 V vs Li"/Li, and the current wave with shoulder
appearance falls in the range 2.5-3.0 V vs Li'/Li in
the voltammograms of both bare NiO samples (Fig.
4). These common electrochemical features indicate
the presence of Ni*" in two different coordination
environments in NiO samples, [39] and reveal

analogous chemical composition for the two
differently sintered NiO films[43].
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Fig. 4: Cyclic voltammograms of (black trace) RDS

and (red trace) furnace sintered NiO
coatings (thickness: 2.5 pm) in the potential
range of NiO oxidation. Electrolyte
composition: 0.5 M LiClO4 in anhydrous
propylene carbonate; scan rate: 6 mV s™.
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Fig. 5: Dark cyclic voltammograms of (black trace)

RDS and (red trace) furnace sintered NiO
coatings sensitized with ERY (thickness: 2.5
pum). The selected range of applied potential
brings about the oxidation of NiO.
Electrolyte composition: 0.5 M LiCIO,4 in
anhydrous propylene carbonate; scan rate: 5
mVs’.

Fig. 6:

SEM images of RDS sintered NiO coating
with thickness 2-3 mm: (top) surface and
(bottom) cross-sectional view obtained using
a FEG-SEM.
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SEM images of CS sintered NiO coating
with thickness 2-3 mm: (top) surface and
(bottom) cross-sectional view obtained using
a FEG-SEM.

The electrochemical oxidation processes of
ERY-sensitized NiO coatings are presented in Fig. 5.
The integration of the current observed from anodic
process related to the oxidation of dye-sensitized NiO
coatings treated using RDS technique gave a charge
of 2.53 mC cm™ [42]. Whereas, ERY-sensitized NiO
coatings sintered using the furnace gave a 0.58 mC
em™ anodic charge. The resulting ratio of the charge
exchanged by ERY-sensitized RDS treated NiO to
that of furnace sintered NiO was approximately 4:1.
However, the anodic charges exchanged by the
sensitized coating were normally lesser than bare
NiO coatings. This reduction of the exchanged
charge could be due to a passivation effect of the
ERY film towards the process of NiO oxidation. No
change is evidenced in the voltage value for NiO
oxidization in its transition from the uncovered (Fig.
4) to the sensitized state (Fig. 5). Therefore, it is
concluded that sensitization of NiO coatings with
ERY does not modify the state of the redox processes
of bare NiO coatings. Moreover, the existence of the
ERY dye results in a general decrease of the amount
of charge associated with the redox process(es) of
NiO. No additional redox peaks derived from the
eventual electroactivity of the chemisorbed dye were
detected within the examined range of potential
applied [12, 45-47]. It defines that ERY performs a
shielding effect on the oxidation of the supporting
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NiO under dark conditions. In analogy with the trend
observed for the bare oxide, the ERY-sensitized
version of the RDS sample affords the largest current
density (Fig. 5) and indicates that the sensitization of
NiO with ERY has no effect on the extent of
mesoporous structure of the as prepared samples.

Table-1: List of the parameters derived from the J-V
characteristic curves of the p-DSCs with NiO
photocathodes (RDS) 1 and (CS) 2 at different
thickness values. Whereas ERY-1 stands for 5 min
RDS treated NiO coatings used in p-DSCs; ERY-1%*:
30 min RDS treated NiO coatings used in p-DSCs;
ERY-2: Furnace Sintered (CS-treated) NiO coatings
used in p-DSCs; electrolyte composition: 0.1M I,
1.0M Lil in acetonitrile; /: thickness; #: overall
efficiency; V,.: open circuit voltage; J;.: short circuit
current density and FF for fill factor.

Sample um !l % V,/!V -J./mAem? FF
ERY-1 0.6 0.008 0.102 0.169 0.464
ERY-1 (test 2) 0.6 0.014 0.130 0.290 0.370
ERY-1 (test 3) 0.6 0.015 0.130 0.330 0.360
ERY-1 2-3 0.045 0.120 1.050 0.360
ERY-1" 2-3 0.011 0.126 0.260 0.290
ERY-2 0.6 0.008 0.083 0.200 0.270
ERY-2 2-3 0.005 0.084 0.220 0.250

Characterization of p-DSCs

RDS and CS samples have been utilized as
photocathodes in p-DSC solar cell employing ERY
[12] as dye. The information of the corresponding p-
DSCs is shown in Table-1. The p-DSCs produced
using RDS treated NiO coatings show increased
photovoltaic performance through the increase of
both short-circuit current density (Jy.), and overall
efficiency (7) with increasing thickness of the NiO
layer up to an optimum value of / =2-3 um (Table 1).
The JV characteristic curve of the p-DSC resulting
from RDS treated NiO coating sensitized with ERY
dye with 30 min sintering time has also been included
for comparison purposes (Table 1) [43]. It is evident
that for longer sintering times the RDS technique
caused a vivid reduction in cathodic photocurrent,
however does not affect considerably the
photopotential (Table 1). The 5 min RDS-treated
coatings clearly show a much better performance and
indicate that the optimized RDS procedure here
reported offers significant advantages in terms of
saving energy for the fabrication of efficient p-DSCs.
It should be noticed that the photovoltaic
performance of the cell derived from the samples
sintered for 30 min (2-3 um thick) is rather alike with
the cell constructed after 5 min sintering having a
thickness of 0.6 um. It advocates that for the case of
sintered samples the real operative region showing
photo-activity is opposite to the sintering time and
that extended sintering diminishes mesoporosity with
a resulting decrease of the electrode area accessible
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for sensitization. The CS samples sensitized with
ERY generate p-DSCs with performances that are
weakly dependent on NiO electrode thickness as
shown by V,., J, and n values that are practically
unchanged when / passes from 0.6 to 2-3 um (Table
1). Such a behavior shows the lack of direct
proportionality between electrode thickness and the
area of the electroactive surface. In fact, in passing
from RDS to CS oxide we observe a general decrease
of the open circuit voltage, V., in the corresponding
p-DSC (Table 1). Moreover, the value of V. is
insensitive to the change of thickness for CS type
samples. The combination of these features indicates
that CS samples have a surface area which is not
strongly dependent on film thickness. This could be a
consequence of the minor porosity of CS NiO with
respect to RDS NiO as partly confirmed by the
comparison of the SEM pictures of NiO cross-
sections (Fig.s 6 and 7) and BET analyses. In this
context we should also analyze the mechanism of
sintering for the two different modalities of heating
of the NiO nanparticles in the deposited slurry. The
mechanism of sintering differs for the two different
modalities CS and RDS of sample heating. In the CS
procedure the heat wave produced by the furnace
proceeds from the surface of the sprayed deposit to
the bulk of the NiO film. In the RDS procedure the
heat wave has a verse of propagation that goes from
inside the bulk to the external surface of NiO slurry
due to the fine focalization of the microwave
radiation inside the bulk of the deposit when this is
immersed in a plasma atmosphere. Such a difference
warrants the nanoporosity of the RDS sample
throughout the whole film of NiO whereas the CS
procedure is effective in imparting the feature of
mesoporosity mostly in the external part of the film.
Thicker films of CS NiO might suffer of the lack of
mesoporosity and become too compact in their bulk
for being very effective for the application of p-DSC.
It is therefore concluded that the CS samples do not
possess mesoporous features throughout the whole
layer when / exceeds 1 um. When the performances
of the p-DSCs assembled with both sintered samples
of equal thickness is compared the higher values of
Jy. and 7 of the devices based on RDS treatment
reflect the larger surface area of RDS samples with
respect to CS samples. Although the best performing
cell in this study is similar to what has already been
reported previously [43], however in this work this
trend is consistent with the results presented in Fig.s
4 and 5, which refer directly to the redox activity of
the NiO film itself, and are explainable in terms of
larger electroactive area of the RDS samples in
comparison to CS samples (vide supra).

Conclusions

This work continues to explain the
application of microwave plasma sintering (or rapid
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discharge sintering, RDS) on the processing of NiO
cotings to be used as photocathodes in p-type dye-
sensitized solar cells having erythrosine B as dye-
sensitizer. The photoelectrochemical and
photovoltaic performances of the coatings obtained
via RDS treatments were compared with that of the
NiO coatings obtained through the sintering with a
conventional furnace (CS treatment). A twofold
increase in the electroactivity of bare NiO coatings
was observed for RDS treated coatings to that of
furnace sintered coatings. In addition the RDS treated
ERY sensitized NiO coatings have shown four times
more electroactivity in comparison with furnace
sintered NiO coatings. By comparing photovoltaic
performance of different p-DSCs that using NiO
coatings with diverse thicknesses and sintering
conditions, it was observed that RDS samples give a
considerably better photovoltaic performance than
CS samples of equal thickness. A possible
explanation is the smaller grain size and more open
mesoporous structure (giving larger surface area) of
the RDS NiO with respect to CS NiO with beneficial
effects on the overall efficiency, short-circuit current
density and fill factor.
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