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Abstract: In this study, nickel oxide (NiO) nanoparticles were added to a titanium dioxide (TiO,)
nanoparticle paste to fabricate a dye-sensitized solar cell (DSSC) working electrode by using a
screen-printing method. The effects of the NiO proportion in the TiO, paste on the TiO, working
electrode, DSSC devices, and electron transport characteristics were comprehensively investigated.
The results showed that adding NiO nanoparticles to the TiO, working electrode both inhibited
electron transport (a negative effect) and prevented electron recombination with the electrolyte (a
positive effect). The electron transit time was extended following an increase in the amount of NiO
nanoparticles added, confirming that NiO inhibited electron transport. Furthermore, the energy level
difference between TiO; and NiO generated a potential barrier that prevented the recombination of
the electrons in the TiO, conduction band with the I3™ ions in the electrolyte. When the TiO,—NiO
ratio was 99:1, the positive effects outweighed the negative effects. Therefore, this ratio was the
optimal TiO,—NiO ratio in the electrode for electron transport. The DSSCs with a TiO,-NiO (99:1)
working electrode exhibited an optimal power conversion efficiency of 8.39%, which was higher than
the DSSCs with a TiO, working electrode.
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1. Introduction

The advancement of science and technology has increased the demand for energy over the years,
resulting in a continuous reduction in oil reserves. Carbon dioxide produced by burning fossil fuels
has caused global warming and has induced various anomalies in the global climate. Therefore, the
development of green energy has attracted scientists” attention. Gratzel and colleagues introduced
dye-sensitized solar cells (DSSCs) in 1991 [1]. Research related to solar cells immediately caught the
public’s attention because DSSCs have many advantages such as high efficiency, low cost, and simple
fabrication [2-6]. Typical components of a DSSC include a titanium dioxide (TiO,) working electrode,
a dye, a platinum (Pt) counter electrode (CE), and an electrolyte [7-10]. The TiO, working electrode,
which is used for transporting photoelectrons and exhibits a large surface area for dye adsorption and
holes for injecting electrolytes, is a key component of a DSSC [11-13]. Although other types of wide
bandgap oxides can achieve the same effects (e.g., ZnO [14], SnO; [15], Fe; O3 [16], and Nb,Os [17]),
TiO; is presently the optimal material for fabricating working electrodes. Previously, DSSCs contained
planar TiO, working electrodes, which exhibit an efficiency of less than 1% because they rely on
dye molecules adsorbed on the electrode surface for effective photocurrent generation [18]. Grétzel
proposed porous electrodes comprising TiO, nanoparticles; each micrometer of thickness increases the
surface area 100-fold, and the photocurrent generation efficiency can exceed 7% when dye molecules
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are adsorbed on the electrode surface. Accordingly, the fabrication of TiO,, working electrodes is
crucial in manufacturing high-efficiency DSSCs. Arakawa et al. designed six types of electrodes using
three types of TiO, particles (23, 50, and 100 nm) and different mix proportions of TiO, particles,
thereby revealing that a multilayered electrode achieved the optimal performance in photoelectron
transport [19]. Kim et al. fabricated TiO; nanorods and mixed 10% of the nanorods with 90% of the
TiO, nanoparticles; the authors reported that the photocurrent of DSSCs improved considerably when
nanorods were added [20]. Recently, novel TiO, structures, such as nanowires and nanotubes, have
been implemented to enhance the performance of TiO; working electrodes [21-24]. Various studies
have been conducted to improve the design of TiO, working electrodes [25-27].

When light is irradiated on a DSSC, the dye converts from the ground state to the excited state
and injects electrons into the conduction band of the TiO, working electrode, which then transports the
electrons to the Pt counter electrode through the fluorine-doped tin oxide (FTO) conductive glass and
external circuit. However, the transport does not thoroughly abide by scientific theory; reactions may
occur during this procedure to affect the photocurrent and device efficiency. Studies have reported that
the following cause a decreased photocurrent: (1) the reverse current caused by the reverse reaction
between the dye and the electrolyte, (2) the recombination of electrons in the TiO, conduction band
with the dye molecules, (3) the recombination of electrons in the TiO, conduction band with the
electrolyte, and (4) the spontaneous recombination caused by a decline in the energy of the excited dye
molecules [28]. Studies have indicated that barriers can be used to prevent the reverse current and
recombination of electrons in the TiO, conduction band with the dye and electrolyte. Moreover, metal
oxides can be applied as electron barriers to improve the transport efficiency of photoelectrons [29-31].

Nickel oxide (NiO), a transition metal oxide with a cubic lattice structure, can be
synthesized through the solvothermal synthesis, precipitation calcination, chemical precipitation,
microwave-assisted hydrothermal method, thermal decomposition, or sol-gel process. NiO is a p-type
semiconductor material that is capable of electrocatalysis, high chemical stability, superconductivity,
and electron transport. NiO has been widely researched and applied in catalysts, battery cathodes,
gas detectors, electrochromic elements, magnetic materials, and photocathodes or counter electrodes
in DSSCs [32-36]. Furthermore, the energy-level difference between p-type NiO and n-type TiO,
may generate a potential barrier, which can prevent the recombination of the electrons in the TiO,
conduction band with the I3™ ions in the electrolyte, thus enhancing the efficiency of the DSSCs [37]. In
this study, NiO nanoparticles were added to the TiO, nanoparticle solution to create a DSSC working
electrode through screen printing, and the effects of the proportion of NiO in the TiO, solution on the
TiO, working electrode, DSSC devices, and electron transport were investigated.

2. Experiments

2.1. Preparing the Materials

To prepare the ethyl cellulose (EC) solution, 5 g of EC (5-15 mPa-s, Sigma-Aldrich, St. Louis, MO,
USA), 5 g of EC (30-60 mPa-s, Sigma-Aldrich), and 100 g of absolute alcohol (99.5%) were placed in a
serum bottle, evenly mixed with a stir bar at 200 rpm, maintained at 40 °C for 3 days, and cooled to
room temperature. To prepare the TiO, paste, 1.15 g of TiO, nanoparticles (particle size: 15-20 nm,
Aeroxide TiO, P90), 3.4 g of terpineol (Merck, Darmstadt, Germany), and 4.5 g of the EC solution were
placed in a container, combined with an appropriate amount of absolute alcohol, evenly mixed with
a stir bar at 200 rpm, maintained at 40 °C for 3 days, and cooled to room temperature. To prepare
the TiO,—-NiO combined paste, TiO, and NiO nanoparticles (particle size: 10-20 nm, US Research
Nanomaterials, Inc., Houston, TX, USA) were added in proportions of 99:1 (1.1385 g, 0.0115 g), 98:2
(1.127 g, 0.023 g), and 97:3 (1.1155 g, 0.0345 g), respectively, to containers with 3.4 g of terpineol and
4.5 g of the EC solution. Subsequently, an appropriate amount of absolute alcohol was added to the
solutions, which were then evenly mixed using stir bars at 200 rpm, maintained at 40 °C for 3 days,
and later cooled to room temperature, thus yielding three TiO,—NiO combined pastes in the following
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proportions: 99:1, 98:2, and 97:3. To prepare a 0.5-mM N719 dye solution, 11.87 mg of N719 dye, 3.92
mg of chenodeoxycholic acid (CDCA), 10 mL of acetonitrile (ACN), and 10 mL of tert-butanol were
placed in a sample bottle and subjected to ultrasonic oscillation for 5 min.

2.2. Preparing the DCCS Devices

The FTO conductive glass substrate was cleaned and ultrasonically oscillated in acetone, deionized
water, and alcohol (anhydrous ethanol, 99.5%, Echo Chemical Co., Ltd., Taiwan) for 5 min each and
dried using nitrogen gas. The working electrode was then prepared by using the screen-printing
method. The dried substrate was placed on the screen printer and the TiO, or TiO,—-NiO paste was
printed evenly on the screen. A scraper was used to print from top to bottom so that the nanoparticle
paste could pass through the screen and could reach the substrate. The printed substrate was placed in
a culture dish, covered with another culture dish, sprayed with alcohol (anhydrous ethanol, 99.5%,
Echo Chemical Co., Ltd., Taiwan), and rested for 10 min. The substrate was then heated at 100 °C
for 10 min and cooled down to room temperature, thus completing the first screen-printing process.
A second screen-printing process was then conducted through the repetition of the aforementioned
steps on the same substrate. After the substrate was printed with the TiO, paste twice and cooled to
room temperature, the substrate was placed on the screen printer and printed with a TiO, paste with a
200-nm particle diameter twice to fabricate a scattering layer. The working electrode was placed into a
high-temperature furnace and thermal annealed at 500 °C for 30 min, cooled to room temperature, and
immersed in the N719 dye solution for 24 h to adsorb the dye. The surface of the working electrode
was then cleansed of excess dye with alcohol, thus completing the production of the working electrode
(active area: 0.16 cm?).

To prepare the counter electrode, two holes for electrolyte injection with 0.9-mm diameters were
created in the FTO conductive glass substrate with a drill. The upper and lower surfaces of the substrate,
excluding the 1.65-cm? area at the center, were then covered with 3M tape. An appropriate amount of
the Pt nanoparticle paste was printed evenly onto the substrate with a scraper. After the 3M tape was
removed, the substrate was thermal annealed at 450 °C for 30 min and cooled to room temperature, thus
completing the production of the counter electrode. Finally, the DSSC devices were packaged. A 60-um
sealing film was cut into a 2 cm X 2 cm square, and a circular hole with a 0.9-cm diameter was cut in the
center. The sealing film was placed between the working electrode and the counter electrode, and the two
electrodes were adhered by pressing them at 3 kg/cm? and at 130 °C in a hot-press for 90 s and cooled
to room temperature. Subsequently, 7 uL of electrolyte solution (0.6 M 1-buty-3-methylimidazolium
iodide, 0.05 M Lil, 0.03 M I, 0.5 M 4-tert-butylpyridine, 0.1 M guanidine thiocyanate, and 5:1 of an
ACN-valeronitrile solution) was injected into the electrolyte injection holes. Finally, the sealing film and
glasses were used to cover the injection holes, followed by pressing at 130 °C and at 3 kg/cm? for 15 s to
prevent electrolyte leakage, thus completing the fabrication of the DSSC devices.

2.3. Characteristics of the Working Electrode and the DSSC Devices

In this study, the characteristics of the working electrode, DSSC devices, and electron transport
were analyzed. A scanning electron microscope (SEM) was employed to examine the surface of
the working electrode. An energy dispersive spectrometer (EDS) was incorporated to observe the
elemental compositions and proportions of the electrode. An X-ray diffractometer (XRD) was applied
to analyze the lattice structure of the electrode. An X-ray photoelectron spectrometer (XPS) was used
to determine the elemental compositions and chemical bonds on the surface of the electrode. The
characteristics of the DSSC devices were investigated using current density—voltage (J-V), incident
photon-to-electron conversion efficiency (IPCE), and electrochemical impedance spectroscopy (EIS). A
simulated AM 1.5 G solar light emitted by a 550-W Xenon lamp solar simulator was used to measure
the current density—voltage (J-V) characteristics of the DSSCs. The intensity of the incident light
was calibrated to 100 mW/cm? by employing a reference cell. The reference cell had been given
certification Bunkoh-Keiki Co Ltd, Tokyo, Japan. An external bias voltage was applied to the cell, and
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the photocurrent resulting was measured to obtain the photocurrent-voltage curves. The open-circuit
voltage (Vc), short-circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE)
for the DSSCs were extracted from the J-V characteristics. The electron transport within the DSSC
was examined using intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated
photovoltage spectroscopy (IMVS).

3. Results and Discussion

3.1. Characteristics of the Working Electrode

Figure 1a shows the surface morphology of the TiO, working electrode as observed through the
SEM. The TiO; nanoparticles formed an even, thin film on the FTO conductive glass. The mesoporous
structure of the thin film exhibited a high surface area and enhanced the N719 dye adsorption and
photocurrent generation, thereby reinforcing the photoelectron conversion efficiency. The diameters
of the TiO; nanoparticles were 15-20 nm. Figure 1b—d shows the surfaces of the TiO,-NiO (99:1),
TiO,-NiO (98:2), and TiO,-NiO (97:3) working electrodes, respectively. All the working electrodes
exhibited the same mesoporous TiO; structure regardless of whether or not they were mixed with
NiO. However, some parts of the electrodes differed from others in their compositions and were
relatively aggregated; this may have been caused by the NiO mixture and the surface characteristics of
TiO, and NiO nanoparticles. Overall, NiO nanoparticles were evenly distributed on the TiO,—NiO
working electrodes. Previous studies have indicated that the thickness of a working electrode affects
its photoelectron conversion efficiency, and an approximate thickness of 13 um yields the optimal
conversion efficiency. Therefore, this study investigated the effects of the NiO nanoparticles on the
photoelectron conversion efficiency of the electrodes at the optimal thickness. Figure 2 shows the
cross-sectional image of the working electrode as observed through the SEM. The lower layer was the
TiO; active layer with a 7.125-pum thickness, and the upper layer was the large-particle TiO, scattering
layer with a 6.563-pm thickness. The total thickness was 13.688 um, satisfying the expectations of a
working electrode. This study also investigated the adsorbed dye amounts on the working electrodes.
The adsorbed N719 dye amounts on the TiO,, TiO,-NiO (99:1), TiO,-NiO (98:2), and TiO,-NiO (97:3)
working electrodes were 126.2, 124.8, 123.6, and 122.3 nmol/cm?, respectively. The adsorbed dye
amounts decreased slightly following an increase in the proportion of NiO.

@ (b)

Figure 1. The SEM images of the (a) TiO,, (b) TiO»—NiO (99:1), (c) TiO,-NiO (98:2), and (d) TiO,-NiO
(97:3) working electrodes.



Coatings 2020, 10, 195 50f13

NDHU SEI 15.0kV X5000 WD

Figure 2. The SEM cross-sectional image of the working electrode.

Figure 3 shows the EDS analysis of the elemental compositions and proportions of the working
electrode. As shown in Figure 3a, Ni did not exist on the electrode. Figure 3b—d shows the EDS
analysis results of the TiO,—NiO (99:1), TiO,-NiO (98:2), and TiO,—-NiO (97:3) working electrodes,
respectively. A rise in the proportion of NiO increased the amount of Ni on the electrode in both its
weight (from 0.05% to 0.90%) and atomic ratios (from 0.02% to 0.40%), confirming the presence of
NiO in the electrodes. The EDS results showed that the Ti to Ni ratio is different from the predicted
proportions (i.e., 99:1, 98:2, and 97:3). This is because EDS cannot be considered a quantitative method
of analysis; it can only be used as a qualitative analysis for various elements in an electrode. Figure 4
shows the XRD analysis results of the lattice structures of the TiO,, TiO,—NiO (99:1), TiO,-NiO (98:2),
and TiO,-NiO (97:3) working electrodes. The characteristic peaks of the FTO were at 26.5°, 33.7°, 37.8°,
51.6°,61.7°, and 65.6°. The characteristic peaks of the anatase TiO, were at 25.3° and 48.2°, and their
respective corresponding lattice planes were (101) and (200). The characteristic peak of the rutile TiO,
was at 54.7°, and its corresponding lattice plane was (211). The characteristic peak of NiO was at
43.3°, and its corresponding lattice plane was (200) [38-41]; an increase in the proportion of NiO raised
the value of the characteristic peak. According to the XRD analysis, the diffraction peak of NiO was
at 43.3°, and the NiO lattice structures were observed in the TiO,—NiO (99:1), TiO,-NiO (98:2), and
TiO,-NiO (97:3) working electrodes.

(2) (b)
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Figure 3. The EDS results of the (a) TiO,, (b) TiO,-NiO (99:1), (c) TiO,-NiO (98:2), and (d) TiO,-NiO
(97:3) working electrodes.
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Figure 4. The XRD analysis results of various working electrodes.

Regarding the XPS analysis results of the elemental compositions and chemical bonds on the
surfaces of the working electrodes, Figure 5a shows the O1s XPS analysis results of TiO, in the TiO,—-NiO
(99:1), TiO,-NiO (98:2), and TiO,—NiO (97:3) electrodes. Figure 5b shows the Ti2p XPS analysis results.
According to Figure 5a, no significant difference was observed among the electrodes regarding their
O1s binding energy characteristic peak. However, the peak intensities of the electrodes with NiO were
lower than those of the TiO, electrodes without NiO. The binding energy characteristic peak was at
529.8 eV, indicating the formation of an O>~ bond [42]. According to the Ti2p XPS analysis (Figure 5b),
no significant difference was observed among the electrodes regarding their Ti2p binding-energy
characteristic peaks; however, the peak intensity decreased following an increase in the proportion of
NiO. This was because adding NiO led to a decrease in the proportion of TiO; and, subsequently, the Ti
bond. The Ti bond energy could be divided into Ti 2py/, and Ti 2p3/, which exhibited the characteristic
peaks at 464.2 and 458.5 eV and which were both Ti** bonds [43]. Accordingly, the strength of the
Ti binding-energy peak signals decreased following an increase in the proportion of NiO. Figure 6
displays the full spectrum XPS results of the TiO,, TiO,—NiO (99:1), TiO,-NiO (98:2), and TiO,—NiO
(97:3) working electrodes. The signals at 285, 458.5, 529.8, and 566.4 eV correspond to the Cls, Ti2p,
O1s, and Ti2s peaks, respectively. Because the amount of NiO added in the TiO,-NiO electrode was
nonsignificant, no Ni bonds were detected on the surfaces of the electrodes.

(a) (b)

— 6x10°'f i, O1s 5x10°F —Tio, Tizp,, Ti2p

% ——TiO,-NiO (99:1) @ ——TiO,-NiO (99:1)

t 5x10°F ——TiO,NiO (98:2) & ax10°} —TiONiO(98:2)

3 ——TiO,-NiO (97:3) S ——TiO,-NiO (97:3)
4

Qo 4x10 8 ax10‘k

g —

- 4

£ 3x10 2 510t Tizp,,

g g 2x10

< 2x10° ] )

= e 1x10

1X104 a I A A A A A A 0 N i A 1
536 534 532 530 528 526 472 468 464 460 456
Binding Energy (eV) Binding Energy (eV)

Figure 5. The (a) Ols and (b) Ti2p XPS analysis results of various working electrodes.
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Figure 6. The full spectrum XPS analysis results of various working electrodes.

3.2. Characteristics of the DSSC Devices

In this study, the J-V curves, IPCE, and EIS of the DSSC devices were further analyzed. Figure 7
shows the |-V curves of the DSSCs. The DSSC’s photoelectric characteristics, including the short-circuit
current density (Jsc), open circuit voltage (Voc), fill factor (FF), and power conversion efficiency
(PCE) are listed in Table 1. The reproducibility of the device performances based on various working
electrodes was investigated. For each condition, four DSSC devices were fabricated and analyzed. The
values shown in Table 1 are averaged values and standard deviations of four devices made under
identical conditions.

20

o~

£ 18}

5 16

£ 14

> 12

% 10 -a-TiO,

S ol —e—TiO,-NiO (99:1)

S —&—TiO,-NiO (98:2)

c T —v—TiO,-NiO (97:3)

O 4%

=

5 2}

o 0 ' 'l 'l 2 2 2 2
00 01 02 03 04 05 06 0.7 08

Voltage (V)
Figure 7. The |-V curves of the dye-sensitized solar cells (DSSCs) based on various working electrodes.

Table 1. Characteristics of DSSCs fabricated using various working electrodes.

Working Electrode Jsc (mA/cm?) Voc (V) Fill Factor PCE (%)
TiO, 16.49 + 0.05 0.73 £ 0.01 0.64 7.70 + 0.13
TiO,—-NiO (99:1) 17.15 + 0.05 0.73 £ 0.01 0.67 8.39 £0.14
TiO,—-NiO (98:2) 15.69 + 0.04 0.73 £ 0.01 0.67 7.67 +0.13
TiO,—-NiO (97:3) 15.34 + 0.05 0.73 £ 0.01 0.66 7.39 +0.12

According to the experimental results, the Jsc of the TiO, working electrode was 16.49 mA/cm?
without NiO, which was increased to 17.15 mA/cm? when NiO was added to TiO,-NiO (99:1) and
dropped to 15.69 mA/cm? and 15.34 mA/cm? at the respective ratios of 98:2 and 97:3. However, the Voc
was consistently 0.73 V throughout. The FFs of the working electrode were 0.64, 0.67, 0.67, and 0.66
when the TiO,-NiO ratios were 100:0, 99:1, 98:2, and 97:3, respectively; an increase in the proportion of
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NiO led to a rise in the FF until the TiO,-NiO ratio was 97:3, at which point the FF started to decrease.
The PCEs were 7.70%, 8.39%, 7.67%, and 7.39% at the TiO,—NiO ratios of 100:0, 99:1, 98:2, and 97:3,
respectively. According to the J—V curve analysis, adding an appropriate amount of NiO increased the
PCE of the DSSC by 8.96%. In a DSSC, the electrons in the conduction band of TiO, might recombine
with the dye and electrolyte. The p-type semiconductor material of NiO exhibits an energy level (-2.36
eV vs. the normal hydrogen electrode) higher than that of TiO, (-0.25 eV vs. the normal hydrogen
electrode) [44]. The energy-level difference between NiO and TiO, formed a potential barrier that
prevented the recombination of the electrons in the TiO, conduction band with the I3” ions in the
electrolyte. This also enabled the electrons to move to the external circuit, thus improving the PCE and
Jsc. However, when an excessive amount of NiO was added, potential barriers prevented the electrons
from moving to the external circuit, thus inhibiting the PCE and Jsc.

According to the IPCE analysis, the range of wavelengths was 300-800 nm (Figure 8). The IPCE
peak value (88.3%) of the TiO,—NiO (99:1) working electrode was identified at 540 nm, the highest
IPCE value, followed by the peak values of pure TiO,, TiO,-NiO (98:2), and TiO,-NiO (97:3). The
IPCE value was positively correlated to Jsc. Therefore, the overall IPCE analysis result was consistent
with the changes in the Jgc in the -V curve analysis. The IPCE value was highest at the wavelength
range of 400-650 nm, which was the range for N719 dye absorption. At 340 nm, each of the devices
mixed with NiO exhibited an absorption peak and those without NiO did not. This was because the 3.6
eV [45] bandgap of NiO corresponded to the absorption wavelength of 344 nm in the photon energy
equation, which was consistent with the IPCE analysis results.

-a-TiO,
—e—TiO,-NiO (99:1)
—&—TiO,-NiO (98:2)
—v-TiO,-NiO (97:3)

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 8. The incident photon-to-electron conversion efficiency (IPCE) results of the DSSCs based on
various working electrodes.

The EIS analysis results of the DSSCs are shown in Figure 9. The range of measurement frequencies
was 0.1 Hz to 100 kHz, and the AC amplitude was 0.01 V. EIS assesses the charge transfer processes in
DSSCs, such as electron transport at the Pt/electrolyte interface (Rcg), electron transport and charge
recombination at the TiO,/dye/electrolyte interface (Rt), I3~ transport in the electrolyte (Wp), and series
resistance associated with the contribution from the FTO and counter electrodes (Rs). To extract the
quantitative impedance characteristics of the devices, an equivalent circuit model (in Figure 9) was used
to analyze the internal impedance of the devices. The extracted quantitative impedance parameters are
listed in Table 2. The EIS results showed that the charge transfer resistance at the TiO,/dye/electrolyte
interface (Rct) was minimal when no NiO was added and increased marginally following an increase
in the proportion of NiO. Accordingly, NiO inhibited the electron transport more effectively than
TiO,, and adding NiO in the TiO, working electrode slightly increased the resistance of the electron
transport. Furthermore, the energy-level difference between NiO and TiO, formed a potential barrier
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that prevented the recombination of the electrons in the TiO, conduction band with the I3™ ions in the
electrolyte, thereby increasing the charge transfer impedance at the TiO,/dye/electrolyte interface.

25
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Figure 9. The electrochemical impedance spectroscopy (EIS) results of the DSSCs based on various
working electrodes.

Table 2. The extracted quantitative impedance parameters from the EIS Nyquist plots of the DSSCs
based on various working electrodes.

Working Electrode Rg (ohm) Rcg (ohm) Rt (ohm) Wp (ohm)

TiO, 16.12 10.74 29.94 13.28
TiO,—-NiO (99:1) 18.32 11.04 30.44 13.73
TiO,-NiO (98:2) 19.61 11.26 31.48 14.14
TiO,-NiO (97:3) 17.15 11.78 32.50 14.39

3.3. Characteristics of the Electron Transport

Figure 10 and Table 3 show the results of the IMPS and IMVS analyses, which were conducted
to further clarify the characteristics of the electron transport in the DSSC. The measured data were
presented on a complex plane, and the frequency corresponding to the imaginary minimal value was
applied to calculate the electron transit time (t4) and the electron lifetime (t,) by the formulas T4 =
1/27tf iy IMPS) and t, = 1/27tf i (IMVS). After obtaining the electron transit time (t4) and lifetime (ty),
the diffusion coefficient (D) can be calculated by the formula D = L%/t4, where L is the film thickness of
the working electrode. The charge collection efficiency (ncc) can be calculated by the formula nec =
1-14/tn [46]. According to the IMPS analysis, the electron transit times of the working electrode were
14.67,15.84, 23.25, and 54.09 ms at the TiO,-NiO ratios of 100:0, 99:1, 98:2, and 97:3, respectively. This
revealed that adding NiO to the electrode caused a decrease in the amount of TiO, (which facilitated
electron transport) and an increase in the transport distance, thus extending the electron transit time.
The mechanism of electron transport in TiO, and TiO,-NiO working electrodes is shown in Figure 11.
According to the IMVS analysis, the electron lifetimes of the working electrode were 116.53, 135.86,
100.42, and 92.56 ms at the TiO,—NiO ratios of 100:0, 99:1, 98:2, and 97:3, respectively. At the 99:1 ratio,
a small amount of NiO generated a potential barrier through its energy-level difference with TiO, and
thereby reduced the electron recombination, thus maximizing the electron lifetime in the process. An
excessive amount of NiO caused an increase in the electron transport resistance and transport distance,
thereby leading to a reduction in the electron lifetime.
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Figure 10. The (a) intensity-modulated photocurrent spectroscopy (IMPS) and (b) intensity-modulated
photovoltage spectroscopy (IMVS) results of the DSSCs based on various working electrodes.

Table 3. Characteristics of the electron transit time (tq), lifetime (ty), diffusion coefficient (D), and
collection efficiency (ec) of DSSCs with various working electrodes measured by IMPS and IMVS.

Working Electrode Tq (ms) Tp (ms) D (m?/s) Nee
TiO, 14.67 116.53 3.19 x107° 0.87
TiO,-NiO (99:1) 15.84 135.86 2.96 x 107° 0.88
TiO,-NiO (98:2) 23.25 100.42 2.01 x 107 0.77
TiO,-NiO (97:3) 54.09 92.56 8.66 x 10710 0.42

DI
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Figure 11. The mechanism of electron transport in TiO, and TiO,-NiO working electrodes.

The thickness of the film on the working electrode (13.688 um), measured according to the
cross-sectional SEM image, was applied to calculate the electron diffusion coefficients, which were
3.19 x1072,2.96 x 1072, 2.01 x 1072, and 8.66 x 1071 m?/s when the TiO,—NiO ratios were 100:0, 99:1,
98:2, and 97:3, respectively, confirming that NiO inhibited electron transport. The charge collection
efficiencies (ncc) were 0.87, 0.88, 0.77, and 0.42 when the TiO,-NiO ratios were 100:0, 99:1, 98:2, and
97:3, respectively. Adding NiO in the electrode inhibited the electron transport and reduced the electron
recombination. When the TiO,-NiO ratio was 99:1, recombination was reduced without affecting the
electron transport excessively, thereby optimizing the ncc. The ncc is an important factor affecting the
Jsc of the DSSCs [47]. The Jsc values of the DSSCs were consistent with the trend of the ncc values.
Furthermore, the FF values of the DSSCs were not apparently affected by the ncc values. This is
because the FF is mainly determined by the internal resistance of the devices [48], and the internal
resistance of the DSSCs only slightly increased after adding NiO in the TiO, working electrode.



Coatings 2020, 10, 195 11 of 13

4. Conclusions

In this study, the effects of the proportion of NiO in the TiO; solution on the TiO, working
electrode, DSSC devices, and electron transport were investigated. In the SEM analysis of the surface of
the working electrode, the TiO,—NiO working electrodes exhibited a more aggregated morphology than
that of the TiO, working electrodes. The thickness of the electrode was confirmed by the cross-sectional
SEM analysis. According to the EDS analysis results, the weight and atomic ratios of Ni in the electrode
increased following a rise in the amount of NiO added. The XRD analysis revealed that the TiO; in the
working electrode was anatase TiO,, and the diffraction peak of NiO was observed in the TiO,-NiO
working electrodes. According to the XPS analysis results, the binding-energy characteristic peaks of
the O and Ti bonds did not change substantially following the increase in the amount of NiO added;
however, the peak intensities decreased after the addition of NiO. Regarding the characteristics of
the DSSC devices, according to the -V curve analysis, the Jsc and PCE were optimal when the ratio
of TiO,—-NiO was 99:1. Similarly, the IPCE peak value was optimized when the TiO,-NiO ratio was
99:1. The IPCE peak formed by NiO was observed at a frequency of 340 nm. In the EIS analysis, the
resistance corresponding to the electron transport at the TiO,/dye/electrolyte interface increased with
more NiO added, revealing that NiO inhibited electron transport. Moreover, the energy-level difference
between TiO, and NiO generated a potential barrier that prevented the recombination of the electrons
in the TiO, conduction band with the I3™ ions in the electrolyte. According to the IMPS and IMVS
analysis results, the electron transit time was extended following an increase in the amount of NiO
added, confirming that NiO inhibited electron transport. The electron lifetime was optimized when
the TiO,—-NiO ratio was 99:1; the potential barrier formed by TiO, and NiO through their energy-level
difference prevented electron recombination, thereby prolonging the electron lifetime. The electron
diffusion coefficient decreased following an increase in the amount of NiO added, further supporting
the evidence that NiO inhibits electron transport. The charge collection efficiency was maximized
when the TiO,-NiO ratio was 99:1. Adding NiO to the TiO, working electrode both inhibited electron
transport (a negative effect) and prevented electron recombination with the electrolyte (a positive effect).
When the TiO,-NiO ratio was 99:1, the positive effects outweighed the negative effects. Therefore,
this was the optimal TiO,-NiO ratio in the electrode for increasing the DSSC device efficiency and
electron transport.
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