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Abstract: Layers of titania are the critical components in sensitized photovoltaics. The transfer of
electrons occurs from the dye molecule to the external circuit through a transparent conducting
oxide, namely fluorine-doped tin oxide (FTO). Porosity, interparticle connectivity, and the titania
films’ defects play a vital role in assessing the dye-sensitized solar cells’ (DSSCs) performance.
The conventional methods typically take several hours to fabricate these layers. This is a significant
impediment for the large-scale manufacture of DSSCs. This step can be reduced to a few hours by a
microwave sintering process and may facilitate the rapid fabrication of the critical layers for sensitized
photovoltaics, thus, boosting the prospects for the commercialization of these devices. In the present
study, we aimed to perform different heat treatments (conventional and microwave) on the titania films
with different temperatures to understand the phase formation, transmittance, and porosity without
losing the titania’s interparticle connectivity. The solar cell performance of microwave-sintered titania
films is comparatively higher than that of conventionally sintered titania films.

Keywords: photoanode; commercialization; microwave sintering; energy conversion; dye-sensitized
solar cells (DSSCs)

1. Introduction

In 1991, Gratzel first reported the 11% efficiency of dye-sensitized solar cells assembled
with Ru complex-based sensitizer at the EPFL (École Polytechnique Federale de Lausanne) [1].
When porphyrin-based sensitizers are used, the maximum efficiency of DSSC achieved is 13% [2].
Typical DSSCs consist of three parts, namely, a photoanode comprising nanocrystalline titanium
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dioxide fabricated on a transparent conducting oxide (FTO) substrate with dye molecules adsorbed on a
mesoporous titania (TiO2) surface, a platinum counter electrode, and an electrolyte solution containing
redox couple with iodide ion/tri-iodide ions between the electrodes. In DSSCs, dye molecules that are
adsorbed onto the exterior of the TiO2 are responsible for the light harvesting. When the dye molecule
captures the incident photons, it generates excitons, which split at the nanocrystallite TiO2 surface.
Further, when electrons are injected into the TiO2 film, holes pass towards the liquid electrolyte solution
containing redox couple [3–8]. Electrons are transported into the mesoporous titania film by diffusion
and get trapped in the sites that are already present [9]. As the electrons’ injection into the conduction
band of titania is faster than the electrons’ diffusion in the mesoporous titania film, which is a slower
process (milliseconds), this employs a critical role in determining the current generated by a DSSC [10].

A good quality photoanode is necessary to achieve high efficiency for DSSCs. Factors such as phase
composition, porosity, thickness, crystallinity, and interparticle connectivity of titania film over FTO
are crucial for effective dye adsorption and the effective diffusion of electrons through the film. But it is
somewhat difficult to prepare a photoanode with good porosity and a proper interparticle connection
of the film’s titania particles. When the titania film’s heat treatment is taking place, an interparticle neck
is formed, which establishes connectivity between titania particles. Most of the research community is
concentrated on the conventional sintering procedure to obtain titania’s porous films. The traditional
sintering procedures result in a poor interconnection between the titania particles in the photoanode
and non-uniformity in the porosity, which may vary from one device to another [11–16].

A microwave sintering procedure is adopted to achieve the titania particles’ uniform porosity
with good interconnectivity in the photoanode and high consistency among all the substrates. In the
present investigation, we determined that the microwave sintering process is more advantageous
than conventional sintering for titania films in attaining uniform porosity, good interconnectivity, and
effective dye adsorption, which enabled us to prepare a DSSC with a low mean deviation of already-
obtained efficiency.

2. Experimental Details

2.1. Materials

The chemicals, such as polyethelene glycol (PEG 600), ethanol, and triton X-100 are of Merck AR
grade. TiO2 powder (P 25, Degussa), LiI (99.9%), I2 (99.99%), acetonitrile (99.8%), LiClO4 (99.99%),
4-tert-butylpyridine (4-tbp, 96%), and 1-methyl-3-propylimidazolium iodide (98%) were purchased
from Sigma-Aldrich. A conductive transparent electrode, Surlyn spacer, dye (N3), and fluorine-doped
tin oxide (FTO) on glass (sheet resistance ~8 Ω cm−2) were obtained from Dyesol, Australia. The redox
electrolyte solution for the DSSC application was prepared by using 0.5 M 4-tbp, 0.05 M I2, 0.6 M
1-methyl-3-propylimidazolium iodide, and 0.5 M LiI in acetonitrile.

2.2. Mesoporous Titania Films (Photoanode)

To prepare a photoanode, we initially needed to prepare the TiO2 slurry. The details of the
preparation of the TiO2 slurry can be found elsewhere [17]. In brief, TiO2 powder (Degussa P25)
was mixed with PEG 600 and ethanol in appropriate amounts in a polypropylene bottle having
grinding media. The mixer was kept on the pot mill for 48 h to get a homogeneous TiO2 slurry. The
prepared slurry was coated on the pre-cleaned transparent conducting oxide (TCO) substrate (FTO in
our case) using the doctor blade technique. After coating, the substrates were dried under air for 1 h
and sintered in two different heat treatments. One was a conventional heat treatment, meaning the
films were sintered using a muffle furnace, and the second was microwave heat treatment, meaning
the films were sintered using a microwave furnace. The films were sintered at various temperatures to
better understand the interconnecting particle mechanism of titania films. The sintering temperatures
were kept at 350 ◦C, 400 ◦C, and 450 ◦C in each case of the heat treatments, and the samples were
referred to as C350, C400, and C450, respectively, in the case of conventional sintering. In contrast,
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the samples were referred to as M350, M400, and M450, respectively, for the microwave sintering.
These sintered films have an active area of 0.25 cm2, with thickness of approximately 4–5 micron. The
TiO2 films were immersed in the prepared dye (N3 of 0.3 mM in ethanol) solution for 24 h under
room temperature and dark conditions to obtain sensitized films, and later named “photoanode”. The
electrolyte consisted of 0.5 M 4-tbp, 0.5 M LiI, 0.5 M 1-butyl-3-methylimidazolium iodide (ionic liquid)
and 0.05 M I2 in acetonitrile solution.

2.3. Counter Electrode Preparation

The Pt counter electrode was prepared by Radio frequency (RF) sputtering (Nordiko, TFR16272;
Power: 150 W; working pressure: 2.3 × 10−3 mbar of Ar gas, Hampshire PO9 5TL, UK) at room
temperature on FTO substrates, and the thickness was found to be 30 nm.

2.4. DSSC Fabrication

The DSSC device was fabricated by sandwiching the photoanode and the counter electrodes
by placing a spacer (Soloronix 25 µm, Aubonne, Switzerland) in between them. A drop of redox
electrolyte iodide/triiodide (I−/I3

−) was slowly injected into the electrodes’ gap without any air bubbles.
The electrolyte consisted of 0.5 M LiI, 0.05 M I2, 0.5 M 4-tbp, and 0.5 M 1-butyl-3-methylimidazolium
iodide (ionic liquid) in acetonitrile solution. The final device was used for the parent characterization
in order to investigate the photovoltaic performance.

2.5. Physical Characterizations

Crystallinity and the phase distribution of sintered films were analyzed by an X-ray diffractometer
(PANalytical X-ray diffractometer) with Cu Kα source at 1.54 Å. The thickness of the prepared films
was measured. The microstructure and the elemental analysis of the sintered films were investigated
using field emission scanning electron microscopy (FEGSEM) of JEOL, JSM 7600F with energy
dispersive X-Ray (EDX), and high-resolution transmission electron microscopy (HR-TEM) of model
JEOL, JEM 2100F. The transmission, dye adsorption, and desorption studies of the films were made
using the UV−Vis spectrophotometer of Jasco, V-650 model, comprising an integrating sphere. The
current density and voltage (J−V) measurements were elucidated by the solar simulator, containing a
xenon arc lamp (150 W) and were capable of one sun (AM 1.5, 100 mW cm−2) output. The voltage
sweep during the J−V measurements was monitored by a Keithley 2420 source meter.

3. Results and Discussion

3.1. Crystal Structure and Domain Analysis

The X-rays diffraction (XRD) patterns of sintered titania films are shown in Figure 1. There is
an intense peak noted at 2θ = 25.3◦ for (101) plane (JCPDS 21-1272) pertaining to anatase phase,
and a small peak was recorded at 2θ = 27.5 ◦ for (110) plane (JCPDS 21-1276), related to rutile phase
in all samples [18]. Figure 1a,b show the XRD patterns of conventionally and microwave sintered
films, respectively. The average crystallite size (D) was evaluated from Scherrer’s expression, and the
percentage of anatase phase (f ) was calculated using the formula given below.

D = Kλ / βCosθ (1)

where β is the full width at half maximum (FWHM) of the corresponding XRD peak at radiant.
K = 0.89 is the correction factor, which is correlated to the shape of nanoparticles, λ is X-ray wavelength
(kα = 0.15406 nm), and θ is the Bragg diffraction angle [19–21].

ƒ = [1 + 1.26(IR/IA)]−1 (2)

where IR is the intensity of the rutile peak of (110) and IA is the intensity of the anatase peak of (101).
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Figure 1. XRD patterns of (a) Conventional, (b) Microwave sintered titania films, (c) Conventional and
microwave sintered films at 450 ◦C, and (d) Percentage of anatase phase.

The DSSC is fabricated with a mesoporous titania film that is sintered at 450 ◦C for better
performance. To understand this, XRD patterns of conventionally and microwave sintered titania
films at 450 ◦C are separately plotted, as shown in Figure 1c. All samples’ detailed anatase phase
distributions and contributions were calculated using the above equations and plotted in Figure 1d.
The sample M450 has the highest value of the anatase phase of approximately 68.3%, influencing the
device’s performance. The corresponding XRD parameters are tabulated in Table 1.

Table 1. XRD parameters of the titania films

System Crystallite Size (nm) Anatase Phase (%)

C350 19.23 63.2
C400 19.06 64.0
C450 19.04 63.5
M350 18.32 66.6
M400 18.16 66.5
M450 18.17 68.3

3.2. Transmittance Studies

It is necessary to analyze the transmittance behavior of the films with and without dye loading
to better understand the influence of film quality on the cells’ performance. Figure 2 shows that the
various titania films’ transmittance spectra through microwave and conventional sintering processes
with and without dye loading are noted. Figure 2a indicates the transmittance spectra of conventionally
sintered films at different temperatures; bare FTO transmittance data was also included for reference.
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Primarily, it is observed that there is not much change in the transmittance for the C350, C400, and C450
samples. Figure 2b shows the transmittance spectra of the corresponding Figure 2a with dye loading.
Figure 2c shows the transmittance spectra of microwave sintered films at different temperatures,
with bare FTO reference. It is observed that there is a minute change in the transmittance for the
M450 as compared to the M400 and M350 samples. Figure 2d indicates the corresponding Figure 2c
transmittance spectra with dye loading. An exact understanding of samples C450 and M450 with
and without dye adsorption is plotted separately and shown in Figure 2e. It is clearly understood
that the transmittance of both C450 and M450 is the same without dye loading. However, there is
a considerable change in the transmittance of C450 and M450 with dye loading, which is a crucial
factor for more incident light to be able to pass through the film; thus, more electrons can be generated.
This transmittance change may be due to the higher anatase phase existence in the M450 sample as
compared to C450.

3.3. Dye Adsorb–Desorb Studies

The loading of the dye (light-absorbing material) into the TiO2 porous structure is one of the critical
parameters in DSSC performance. The conventional and microwave sintered samples that are discussed
above are subjected to the dye loading by dipping into the N3 dye solution (0.3 mmol in ethanol) and
left soaking for 24 h. During the soaking process, the organic N3 dye is adsorbed onto the porous
TiO2 structures by filling pores. The amount of loaded dye is quantified by conducting dye-desorbing
studies. These studies were carried out for both conventional and microwave sintered samples by
dipping them in 5 mL of 1N NaOH solution in water. The desorbed dye dissolved in 5 mL NaOH
solution was subjected to UV-Vis spectrophotometer studies at a particular wavelength of 500 nm by
taking 1 mL of dye solution in the cuvette for concentration evolution [11]. Evaluated concentrations
are tabulated below and plotted, as shown in Figure 2f. The conventional sintered samples C350,
C400, and C450, have concentrations of 49.25, 54.53, and 63.33 nmol cm−2, respectively. C450 has a
comparatively higher dye-loading capacity than the other two conventional sintering samples due
to high porosity, making them adsorb more due to the high volume of surface area. The microwave
sintered samples M350 and M400 have even higher dye content than C450 due to the even higher
porosity described in the subsequent section with the help of FEGSEM images. The M450 sample has
comparatively low dye-loading capacity, which is expected due to the better interconnectivity of the
sintered TiO2, which makes less porosity available to dye to adsorb on. The effective electron transfer
counterbalances the effect of sacrificed loaded-dye content due to the better interconnectivity of TiO2

in M450, which is shown in the form of device performance discussed in the subsequent section.

3.4. Thickness Measurement

Thickness measurements for the prepared titania films with various sintering profiles in both
methods (conventional and microwave) were carried out using a stylus-based profilometer and
tabulated below. It is observed that the thickness of all the samples is the same, approximately 5 µm.
These thickness profiles were also confirmed from the scanning electron microscopy image (SEM)
cross-section analysis in Figure 3. The thickness and the corresponding dye loading of the prepared
films are tabulated in Table 2.
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Table 2. The thickness and dye loading of the prepared films

System Thickness (µm) Dye Loading (n mol cm−2)

C350 4.698 49.25

C400 4.910 54.53

C450 4.910 63.33

M350 4.447 68.65

M400 4.509 64.47

M450 4.209 62.10

Figure 2. Transmittance spectra of (a,c) Conventionally and microwave sintered titania films without
dye, (b,d) Conventionally and microwave sintered titania films with dye, (e) Transmittance spectra
of conventional and microwave sintered films at 450 ◦C with and without dye, and (f) Dye-loading
profile of various samples.
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3.5. High-Resolution Surface, Cross-Section, and Fractography Analysis

The FEGSEM images for all the samples are shown below in Figures 3–5. On observation, it is
understood that microwave sintered samples have shown higher porosity and better film quality than
the conventionally sintered samples. In the conventional sintering process, samples are subjected to
high temperatures to create porosity by burning out the organics. If the thickness is high, samples should
be exposed for more time to remove the organics from the bottom layers. Therefore, conventional
sintering leads to more densification instead of providing porosity if the thickness is high. This is
precisely observed in the cross-section images of conventional sintered samples Figure 3a–c.

Figure 3. Scanning electron microscopy cross-sectional images of (a–c) Conventionally sintered titania
films, and (d–f) Microwave sintered titania films.

Figure 4. High-resolution fractography images of (a–c) Conventionally sintered titania films and (d–f)
Microwave sintered titania films.
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Figure 5. Scanning electron microscopy surface (top) view images of (a–c) Conventionally sintered
titania films and (d–f) Microwave sintered titania films.

Several titania-coated films were prepared on the FTO substrate to evaluate the optimum sintering
conditions to obtain the desired porous titania layers, and were subjected to conventional and microwave
sintering for 30 min. All the resultant sintered titania films had a thickness of approximately 5 µm.
Figure 3 shows the cross-sectional images of both the conventional and microwave sintered samples.
On meticulous observation of these microstructures, it is understood that Figure 3a–c are densely
packed, which is from conventional sintering at 350 ◦C, 400 ◦C, and 450 ◦C. Figure 3d–f are more
porous in nature, which resulted from microwave sintering. The expected reason for more densely
packed titania in conventional sintering is that there is no local heating of the films and the temperature
rise is not instantaneous due to the limited heating rate. In contrast, microwave sintering material can
be locally heated due to the exposed material (TiO2 in this case), and the temperature rises to high
values due to the high-power input. This rapid temperature rise can effectively burn off the films’
organics, leaving high volumes of porosity.

Fractography high-resolution images are presented in Figure 4. Careful observation leads us to
conclude that the conventional sintered samples at 350 ◦C and 400 ◦C were still left with some organics
present (Figure 4a,b respectively), and the sample sintered at 450 ◦C has only sintered TiO2 with
dense packing (Figure 4c). The fractography images for the microwave sintered samples at the same
temperatures as that of the conventional, at 350 ◦C and 400 ◦C, show the organic materials are entirely
burnt out, leaving high porosity but low connectivity (Figure 4d,e). At 450 ◦C, microwave sintering the
titania films has a little less porosity than M350 and M400, but better interconnectivity among TiO2

nanoparticles due to proper densification (Figure 4f). All microwave sintered samples at 350 ◦C, 400 ◦C,
and 450 ◦C have better porosity than their counterparts in conventional sintering. These observations
are also supported by the top view of the FEGSEM images presented in Figure 5a–f. This is because
microwave sintering provides an instant heating effect locally in the samples, irrespective of materials
thickness; microwaves can penetrate easily and produce a local heating effect. Thus, organics present
in the coated film burn out faster, within minutes, and obtain uniform films with high porosity.

3.6. Internal Microstructure and Elemental Analysis

Titania films were subjected to transmission electron microscopy analysis (TEM) to verify the
influence of different heating processes on the interparticle connectivity of titania, which leads to the
appropriate porosity and its impact on the performance of DSSCs. For this purpose, the sintered titania
films were separated gently from the FTO substrates, sonicated in ethanol for 10 min, and given for the
TEM analysis. Figure 6 indicates the TEM images of the samples C450 and M450 with selected area
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electron diffraction (SAED) patterns inset. It is well-observed from Figure 6 that the titania nanoparticles
were well connected in the C450 and M450 cases. However, in the case of the conventionally sintered
sample (C450), the particles were densely packed, leading to lost porosity.

Figure 6. Transmission electron microscopy images of (a) Conventionally sintered titania, (b) Microwave
sintered titania and their corresponding SAED patterns are in the inset.

In contrast, microwave sintered samples (M450) were loosely packed without losing interparticle
connectivity, leading to good porosity. This is because microwave sintering provides a fast heating
effect locally in the samples, as described in the previous section. The SAED patterns of both samples
show the samples’ polycrystalline nature; this is a good agreement with the XRD results. To confirm
the samples’ present elements, an energy-dispersive X-ray spectroscopy (EDS) study was carried out,
and the corresponding spectra, as shown in Figure 7. It is clear from the figure that both samples (C450
and M450) have pure titania and oxygen alone. No other element traces were found, which indicates
the complete burning of the organics present in the titania slurry during the heat treatment process.
However, there is a small change in the titania percentage in the microwave sintered sample (M450),
which may be due to the high anatase phase existence of titania and is a good agreement with the
XRD data.

Figure 7. Energy-dispersive X-ray spectroscopy (EDS) of (a) Conventionally sintered titania,
(b) Microwave sintered titania and their corresponding elemental atomic percentage is in the inset table.

3.7. DSSC Device Performance

To understand the effect of microwave sintering in terms of device performance, the conventional
and microwave sintered samples, as discussed above, are used for the photoanode preparation and
respective fabricated DSSCs. To check these devices’ performance, J-V (current density vs. voltage)
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measurements were obtained with a solar simulator’s help. The recorded J-V curves for C350, C400,
C450, M350, M400, and M450 are shown below in Figure 8a–e. Three cells are fabricated for each batch
to check the repeatability, and the corresponding J-V curves are plotted in Figure 8. The observed
cell parameters are expressed in Table 3. Figure 9a shows the J-V curves of the champion cells of the
conventionally sintered titania-based DSSCs.

Similarly, Figure 9b shows the J-V curves of the champion cells of the microwave sintered
titania-based DSSCs. The performance comparison for the conventional and microwave sintered
titania-based DSSC is shown in Figure 9c. In contrast, it is observed that the DSSCs fabricated through
the microwave-based photoanode show higher current densities than their respective counterparts,
the DSSCs with conventional sintered titania films. The probable reason is the uniform interconnected
porosity, which provides effective charge transport without hindrance. In some cases, a low open-circuit
voltage was found due to the dye’s direct contact with the FTO due to the titania porosity on the FTO.
The maximum photo-conversion efficiency (PCE) of C450-based DSSC is 4.33%, and MW DSSC is
5.42%, which is reasonably higher (a 20% improvement) to emphasize the microwave sintering of
TiO2 for the fabrication of better-performing DSSC. A graphical representation of the overall devices is
shown in Figure 9d for better understanding.

Figure 8. J-V curves of (a–c) Conventionally sintered titania-based DSSCs, (d–f) Microwave sintered
titania-based DSSCs.

Table 3. J-V parameters of the DSSC

System
(DSSC Devices)

Cell
(#)

VMax
(mV)

JMax
(mA cm−2)

Voc
(mV)

Jsc
(mA cm−2)

Fill
Factor (%)

Efficiency
(%)

C350
1 510 6.74 721 7.55 63.0 3.86

2 555 6.74 736 7.72 65.8 3.91

3 525 6.31 699 7.30 64.9 3.72

C400
1 465 7.69 744 9.57 50.0 4.01

2 518 8.06 721 9.38 61.7 4.09

3 518 7.80 699 9.07 63.7 4.04



Energies 2020, 13, 6208 11 of 13

Table 3. Cont.

System
(DSSC Devices)

Cell
(#)

VMax
(mV)

JMax
(mA cm−2)

Voc
(mV)

Jsc
(mA cm−2)

Fill
Factor (%)

Efficiency
(%)

C450
1 502 7.67 668 8.77 65.7 4.33

2 480 7.73 661 8.74 64.2 4.17

3 467 7.74 638 8.83 64.1 4.14

M350
1 495 7.51 661 8.93 62.9 4.17

2 502 7.65 653 8.85 66.4 4.12

3 465 7.54 638 8.83 62.2 3.94

M400
1 510 8.97 691 10.5 63.0 4.84

2 487 8.57 683 10.3 59.3 4.69

3 495 8.36 661 10.0 62.6 4.65

M450
1 518 9.31 699 10.8 63.8 5.42

2 502 9.29 683 10.9 62.6 5.25

3 480 9.47 668 10.9 62.4 5.17

Figure 9. J-V curves of (a) Conventionally sintered titania-based DSSCs, (b) Microwave sintered
titania-based DSSCs, (c) Comparison of J-V characteristics of DSSCs fabricated by conventional and
microwave sintering of titania, (d) Graphical representation of the overall devices.

4. Conclusions

In summary, microwave sintered titania films showed better anatase phase and good transmittance
observed from XRD and UV analysis. Better interparticle connectivity of the titania and porosity
was observed in microwave sintered films compared to conventionally sintered films and confirmed
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by SEM analysis. DSSCs fabricated with microwave sintered films as a photoanode showed better
performance than the DSSCs fabricated with conventionally sintered samples. The photoconversion
efficiency of microwave sintered titania-based DSSC was 5.42% with a current density of 10.09 mA
cm−2, which is higher than the conventionally sintered titania-based DSSC of efficiency 4.33% with a
current density of 8.77 mA cm−2. These higher values could be ascribed to better interconnectivity of
TiO2 particles with good porosity.
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