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Abstract: Dye-sensitized solar cells (DSSCs) are made of manganese dioxide (MnO;) and Ag-doped
manganese dioxide (Ag-MnO;) counter electrodes (CEs). Herein, MnO, and Ag-MnO, were synthe-
sized using the hydrothermal method and deposited through the drop casting technique. Electrical
characterizations were performed to obtain the fill factor (FF), short-circuit current density (Jsc), open-
circuit voltage (Voc), and power conversion efficiency (PCE). Frequency- and voltage-dependent
impedance spectroscopy were performed to gain an insight into the charge transport characteristics.
DSSCs fabricated with a MnO2-coated electrode gave a PCE of 2.86% with a Voc of 0.60 V and a Jsc of
8.72 mA /cm?, while DSSCs fabricated with Ag-MnO; CEs demonstrated a higher PCE of 3.05%, with
a Voc of 0.66 v and a Jsc of 13.3 mA /cm?. The obtained results indicate that Ag-doped MnO;-coated

check for counter electrodes have the potential to replace expensive Pt=coated counter electrodes.
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Dye-sensitized solar cells (DSSCs) are a breakthrough in green energy production.
DSSCs belong to third-generation photovoltaics and were reported for the first time by
O’Regan and Gratzel in 1991 [1]. They are considered a substitute to silicon-based solar
cells because of their low cost, flexible structure, easy fabrication, and short payback
period [2]. However, lower-efficiency, instable, and expensive platinum electrodes are the

main obstacles for the successful commercialization of DSSCs. DSSCs consist of four major
parts: dye, a photoanode, an electrolyte, and a counter electrode, as shown in Figure 1a. CEs
play a significant role in performance enhancement due to their high electrical conductivity,
high surface area, high electrocatalytic activity, and good reflectivity. CEs work as a
catalyst for redox electrolytes and complete the external circuit. A typical choice for CEs is
platinum (Pt) due to its excellent catalytic activity and stability toward redox electrolytes.
The primary challenges for the commercialization of Pt CEs are the high cost and limited
availability of platinum [3]. Besides this, Pt is a very rare precious metal; therefore, other
conducting polymers and transition metal compounds have been studied and used in the
CEs of DSSCs [4,5]. Carbon has also emerged as an appealing material for CEs because
of its low cost, abundance in nature, corrosion resistance, environmental friendliness,
Zhang et al. achieved a PCE of 6.29% by preparing a
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counter electrode from an optimum mixture of different carbon-based materials including
carbon black, graphite, graphene, and multiwalled carbon nanotubes (MWCNTs) [7].
Tamilselvi et al. fabricated DSSCs with a NiSe; /graphene hybrid counter electrode and
achieved an efficiency of 10.6% [8]. Different metal oxides, including vanadium pentoxide
(V205), niobium pentoxide (Nb,Os), manganese dioxide (MnQO;), copper oxide (CuO), and
tungsten(IV) oxide(W0,), are also suitable candidates for counter electrode materials in
DSSCs because of their low cost and abundance in nature [3,9].
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Figure 1. (a) Schematic of DSSCs; (b) Jsc—V and (c) P—V characteristics of Ag-MnO, and MnO,,
with inset of Pt-coated CE.

In this work, we synthesized MnO, and Ag-doped MnO; using the hydrothermal
technique and investigated their potential as counter electrode materials in DSSCs. Ag
doping enhanced the PCE by reducing the charge transfer resistance and series resistance.
Comparatively, MnO, and Ag-MnO, showed lower efficiency than platinum (Pt) due to
the excellent electrocatalytic activity and higher conductivity of Pt.

2. Experimental Procedure

For the synthesis of MnO,, 316 mg of potassium permanganate (KMnO,) was dis-
solved in DI water (112 mL) under magnetic stirring for half an hour. After this, hydrochlo-
ric acid (HCI) was added dropwise and stirred for 1 h. The golden-brown precipitate was
collected from the solution and washed with DI water. The obtained precipitate was dried
at 60 °C for 12 h. For the synthesis of Ag-doped MnO,, in a 100 mL flask, 0.2 g of MnO,
and 17.3 mg of AgNO3 were dissolved in 50 mL ethylene glycol. Then, the solution was
heated for 30 min at 180 °C and again for another 30 min at 280 °C. The precipitate was
separated from the solution and washed with DI water several times. The final product
was dried under vacuum at 80 °C for 12 h. For the preparation of the counter electrode,
the obtained MnO, and Ag-doped MnO; were dispersed in DI water and deposited on
the FTO substrate using the drop casting technique and dried at 65 °C for 24 h. The FTO
substrates were cleaned in an ultrasonic bath with detergent, DI water, ethanol, and ace-
tone. Transparent TiO, paste was deposited on the FTO substrate using the doctor blade
technique and heated for 30 min at 450 °C. This process with the same paste was repeated
to achieve the required thickness. A scattering layer of TiO, with a larger particle size
was deposited on the transparent layer through the same method and annealed for 30
min at 470 °C. After this, these TiO,-coated electrodes were immersed in a dye solution
for one day. After removal from the dye solution, the photoanodes were washed with
ethanol to separate the loosely attached dye molecules. The photoanodes and counter
electrodes were assembled using a 60-micrometer gasket. Then, a liquid electrolyte was
injected through the hole in the counter electrode and the hole was taped up. I-V and
C-V measurements were performed with a Keithley SCS-4200 (Tektronix, Beaverton, OR,
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USA) apparatus equipped with an AAA solar simulator (Newport, Irvine, CA, USA). Most
of DSSC materials used in this research work including TiO, paste, electrolyte, dye, FTO
substrate, sealing was purchased from Solaronix, Aubonne, Switzerland. Other chemicals
and solvents were purchased from Merck, Darmstadt, Germany.

3. Results and Discussion
3.1. Electrical Characteristics

The current density—voltage (Jsc-V) and power density—voltage (P-V) characteristic
curves are shown in Figure 1b,c. The typical photovoltaic performance parameters obtained
from the current voltage (J-V) characteristic curve are shown in Table 1. The short-circuit
current density (Jsc) was found to be enhanced from 8.72 mA to 13.3 mA when the MnO;-
based CE was replaced with the Ag-doped MnO, CE. Similarly, the open-circuit voltage
(Voc) was also enhanced from 0.6 V to 0.66 V. This improvement in the short-circuit current
density and open-circuit voltage enhanced the overall efficiency of the DSSC up to 6.64%.

Table 1. Comparison of photovoltaic performance parameters of DSSCs with different CEs.

Counter Electrode VOC (mV) ISC (mA/cm?) FF PCE% Ref
10 wt% Cu-MnO, 781 3.69 0.50 1.70 [3]
MnO,-NiO composite 830 0.3 0.84 0.21 [10]
PEDOT:PSS/PVP 750 6.55 0.54 2.70 [11]
Polypyrrole (PPy) 590 9.83 0.52 3.04 [12]
Novel nickel nitroprusside (NNP) 530 11 0.45 2.65 [13]
Pt 660 12.32 0.64 522 This work
MnO, 600 8.72 0.54 2.86 This work
Ag-doped MnO, 660 13.3 0.35 3.05 This work

3.2. Impedance vs. Frequency (Z-f) Characteristics

The Z-f characteristic is a well-known technique to track the magnitude of the impedance
of a cell. The Z-f characteristics are shown in Figure 2. The impedance of the Ag-doped
MnOs-based cell was observed to be lower than that of the pristine MnO;-based cell,
and this is one of the reasons for the higher efficiency of the Ag-doped MnO,. It can
be observed from the figure that impedance is inversely proportional to frequency, and
at high frequencies it reaches, the lowest value. For comparison, the Z-f curve of the
platinum-based DSSC is shown in Figure 2 (inset).

600 F T T

500 F

6
10

10
Log Freq (Hz)

Figure 2. Z-f curve of MnO,, Ag-MnO5, and Pt (inset).

3.3. Capacitance—Frequency (C-F) and Conductance-Frequency (GP-F) Characteristics

The C-F characteristics of the MnO;-, Ag-MnO,-, and platinum-CE-based DSSCs are
shown in Figure 3. The figure shows that the capacitance inversely varied with frequency,
and this inverse relationship was due to the interface states. These interface states added
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excess capacitance at low frequencies, but at high frequencies, these states could not re-
spond to the AC signal [14,15]. At higher frequencies, the capacitance became constant.
A conductance—frequency (Gp-F) measurement of the fabricated DSSCs was performed un-
der darkness to investigate the conductance losses due to the interface states. It can be seen
in Figure 4a,b that the conductance increased with an increase in frequency. Comparatively,
the Pt-based DSSC showed the highest conductance among the investigated devices.
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Figure 3. (a) C-F curve of MnO, with platinum (inset); (b) C-F curve of Ag-MnO, on different biasing
potentials. Different colors are used for capacitance- frequency plots on different voltages.
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Figure 4. (a) Gp—F curve of MnO, with platinum (inset); (b) C—F curve of Ag-MnO,. Each color
corresponds to a specific voltage level.

4. Conclusions

In this study, Dye-sensitized solar cells were fabricated by using MnO,- and Ag-doped-
MnO;-coated counter electrodes and characterized using impedance spectroscopy and
photovoltaic characterization. The photovoltaic performance parameters such as FF, Jsc,
Voc, and PCE were extracted and compared with platinum-CE-based DSSCs. An overall
improvement in the behavior and efficiency was observed for the Ag-doped-MnO2-based
DSSC. The results indicate that efficient DSSCs can be realized by doping Ag in metal
oxide counter electrodes. The obtained results suggest that cost-effective and efficient
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Dye-sensitized solar cells can be fabricated by replacing expensive Pt counter electrodes
with doped-metal-oxide electrodes.
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