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Abstract

Metal nanoparticles (NPs) introduced in sensitive places in Dye Sensitized Solar Cells (DSSCs) has demonstrated superior perfor-
mance due to surface plasmon resonance effect. Herein, a systematic investigation by introducing plasmonic silver nanoparticles
(AgNPs) in the photoanode of DSSCs with Zinc oxide (ZnO) is investigated. The broadening of the absorption band in the visible
region is made possible using the natural pigments betanins. The combined effect of UV-visible absorption spectroscopy, XRD
technique, SEM and solar simulator were used to explore the surface plasmon resonance effect. The ZnO photoanode without Ag-
NPs shows a Power Conversion Efficiency (PCE) of 0.156 %, Current Density (Jsc) of 0.477 mAcm−2, Open Circuit Voltage (Voc)
of 0.762 V and Fill Factor (FF) of 0.431. On coating AgNPs on the pristine photoanode, the PCEs were improved significantly as
compared with the pure ZnO based device. The AgNPs were deposited in cycles (2 cycles, 4 cycles and 6 cycles). The device with
2 cycles of Ag NPs, shows a PCE of 0.373 % which demonstrates an enhancement of ∼2.39 times to that of the prestine device.
Also depositing 4 cycles of AgNPs results to PCE of 0.290 % which shows a leading of 0.134 % ahead of the reference PCE. With
6 cycles of AgNPs deposited on the photoanode of bare ZnO NPs, it results to PCE of 0.244%, FF of 0.592, Jsc of 0.572 mAcm−2

and Voc of 0.722 V which also shows an enhancement of ∼ 1.56 times, ∼ 1.37 times and ∼1.20 times in PCE, FF and Jsc over
the device lacking AgNPs. These results show significant increment in performances of all the devices with silver inclusion. The
performance is attributed to the reduced recombination of electron–hole pairs due to the Ag-ZnO junction and the generation of
intense electric fields at the immediate vicinity of the sensitizer, resulting in enhanced light absorption.
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1. Introduction

Dye-sensitized solar cells that mimic photosynthesis has been completely redesigned, and prototypes have been
created to replace expensive silicon solar cells. DSSC was developed in the early 1990s, which is based on dye
sensitization of a wide bandgap nanostructured semiconductor. Because transition metal coordination compounds
(for example, ruthenium polypyridine complexes) have strong absorption, long excitation lifetime, and effective metal-
ligand charge transfer in the visible region of the spectrum, they were employed as sensitizers in DSSCs [1]. The use
of synthetic dyes leads to high production costs and sometimes has a negative impact on the environment. These
results have prompted researchers to look for cheaper and more environmentally friendly alternative dyes. Natural
pigments, including lawsome [2], chlorophyll [3, 4] carotene [2, 5, 6], betanin [2, 7], betalain [4, 6, 8-10], anthocyanin
[6, 9, 11, 12, 13, 14] etc., are freely available in plant leaves, flowers, and fruits and have been used to fulfill the
requirements of sensitizers. To date, average efficiencies achieved for natural DSSCs are ∼ 0.4%, with the highest
being ∼ 1.5 – 2.0% [2]. Most photoanodes that are used in DSSCs are made of semiconductor materials such as TiO2
[2, 11, 15, 16, 17], SnO2 [18], ZnO [1, 19, 20, 21], Nb2O5, SrTiO3, Fe2O3, WO3 and Ta2O5 [20]. Amongst the listed
of them all, zinc oxide has shown some attracted properties that made it candidate of choice, such as high electron
mobility of 115-155 cm2 V−1 s−1, stability against photocorrosion, large excitation binding energy (60 eV) and band
gap near the one of TiO2 [20, 21]. Besides, ZnO is found at low-cost and in many forms, like nanorods, nanowires and
nanosheets [22]. However, DSSCs employing ZnO has demonstrated lower PCE. Some reasons attributed to this are
insufficient attachment of natural dyes with the nanoparticles, formation of aggregation between the nanoparticles up
on film formation, low injection rate, low regeneration of electron, and formation of Zn2+/dye complex [1]. Therefore,
modifying ZnO surface will reduce the aggregation of dye molecules which subsequently will minimize the rate of
recombination for it to appear as a high device PCE in the horizon of photovoltaics.
Here, we propose a method to sensitize ZnO photoelectrodes with betanin pigments from Beta vulgaris after introduc-
ing AgNPs cycles, which can demonstrate surface plasmon resonance effects. The effect of surface plasmon resonance
will be manifested through the coupling of near-electromagnetic fields [23, 24]. In this case, the metal nanoparticles
will generate a strong electric field on the surface, which is several orders of magnitude stronger than the incident
light. They will combine with sensitizers in close proximity, resulting in increased light absorption.

2. Materials and Methods

2.1. Preparation of the Natural Dye

Betanin pigment was extracted from beetroot (Beta vulgaris) using water as the solvent as follows: 165 ml of
water was added to 66.198 g of Beta vulgaris. The mixture was blended using an electric blender as shown in Figure
1a. The resulting liquid was filtered to obtain the pure dye solution which was used as our sensitizer. The chemical
structure of the dye is as shown in Figure 1b [2].

2.2. Preparation of the Electrolyte

The electrolyte used in this research work is an iodide-based liquid electrolyte. It was prepared using a method
earlier described by Danladi et al., Mphande et al. and Jun et al. [25, 26, 27]. It involves mixing 0.6 M 3-propyl-1-
methylimidazolium iodide, 0.1 M lithium iodide, 0.05 M iodine and 0.5 M 4-tert-butylpyridine in acetonitrile.

2.3. Preparation of ZnO nanoparticles

Zinc chloride (ZnCl2) and sodium hydroxide (NaOH) were the precursors for the ZnO nanoparticles formation.
An analytical scale balance was used to measure ZnCl2 and NaOH in grams in the ratio 1:8. The choice of the

ratio is based on the fact that higher concentration of alkaline compound (NaOH) facilitates the formation of ZnO [28,
29]. The constituents which are of analytical standards were transferred into a beaker containing 700 ml of ethanol
which serves as the reaction solvent. The ethanol was added dropwise until it reaches 1000 ml. A white precipitate
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Figure 1: (a) Extraction process of betanin from beetroot, and (b) 3D molecular structure of betanin [2].

was immediately formed in the mixture which was kept under vigorous stirring at room temperature for 20 minutes.
The white precipitate was filtered and washed using deionized water and thereby redispersed with an adjustable PH
between 8-9 in the presence of hydrochloric acid (HCl) in drops. The mixture was additionally stirred with the help
of a magnetic stirrer (78-1 PEC medical, USA) for 3 hours. It was transferred into Teflon-lining of a hydrothermal
autoclave and heated in a hot air oven at 190 oC for 5 hours. Once heat treatment of the sample was achieved, the
oven was allowed to cool to room temperature. The sample was placed in a crucible at 80 oC for another 5 hours.

2.4. Preparation of AgNPs
To fabricate the silver NPs, a modified two-step reduction synthesis procedure was implemented, which was developed
based on the conventional reduction method [30, 31]. The mixture containing sodium borohydride (NaBH4) and tri-
sodium citrate (TSC) was first heated at the ratio 2:7 to 60 oC at 300 rpm for 30 minutes under vigorous stirring to
ensure a formation of homogenous solution. 45 minutes later, 4 ml of an aqueous solution of AgNO3 (4x10−3 mol
dm−3) was added drop-wise to the mixture, and the temperature was further raised to 100 oC to make the solution boil
quickly. The reaction proceeded for another 45 minutes. Finally, the solution was cooled to room temperature with
stirring, and the NPs were collected by centrifugation at 4000 rpm and redispersed in ethanol via sonication for 15
minutes.

2.5. Preparation of the solar cell photoanodes
Fluorine-doped tin oxide (FTO) substrates with dimension of 15 mm × 15 mm × 2 mm; sheet resistance 15Ω square−1

were thoroughly cleaned with cotton wool and ethanol. It was then sonicated for 2 minutes to remove impurity. ZnO
film was dispersed on the FTO to form the compact layer using doctor blade method, followed by dispensing the
meso-ZnO nanoparticles form in section 2.3, using spin coating technique for 10 seconds at a rotational speed of ∼
3000 rpm. It was subsequently annealed at 450 ◦C for 45 minutes. The three photoanodes with AgNPs were formed by
coating 2 cycle, 4 cycle and 6 cycle on the AgNPs on the nanoparticle scaffold. Thereafter, a thin layer of Zirconium
was used as an insulating shell for stability.

For the pristine device, the photoanode was prepared by coating pure ZnO and annealed under the same conditions
mentioned for the plasmon-solar cells. The betanin pigment was impregnated on the different photoanodes and left
immersed for 24 hours under dark condition. The soaked nanoparticles were gently rinsed with ethanol to remove
residue and dried at room temperature. To ensure good device performance, pre-and-post TiCl4 treatment of the
photoanodes was done as described by Sreeja and Pesala [2], Danladi et al. [25], Sandquist and McHale [7]. A spacer
with a thickness of 30 µm was created around the coated portion of the photoelectrodes. This spacer will hasten
the liquid electrolyte to fill up to the maximum thickness (30 µm) required for the electrolyte and also protect the
ZnO-coating-free portion of the FTO substrate from short-circuiting on contacting the counter electrode.
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Figure 2: Illustration of the anthocyanins-betalains sensitized solar cell with AgNPs incorporated in the photoanode.

2.6. Preparation of the counter electrodes
The counter electrode was prepared by spin coating a platisol catalyst, purchased from solaronix on FTO for 20
seconds at 3000 rpm. The Pt coated FTO was then sintered at 500 oC for 30 minutes.

2.7. DSSCs Assembly
The Platisol counter electrode is assembled over the photoanode to build a standard DSSC sandwiched–configuration.
The electrolyte is injected into the solar cell assembly via a 0.5 mm diameter hole drilled in the counter electrode
and thereafter sealed. The solar cells active area was 1 cm2. The DSSCs fabrication process was performed at room
temperature and ambient laboratory conditions. The schematic of the cell is as shown in Figure 2.

2.8. Characterization and measurement
The surface morphologies were observed by Scanning Electron Microscopy (Phenom Pro X model, Eindhoven de
Netherlands). The SEM observations were made with acceleration voltage of 15 kV. At that point, we utilized ISo-
lution Image Analysis programming to measure the size of Ag nanoparticles that was deposited on the ZnO to be 5
nm.

Structural analyses of the fabricated films were performed using X-ray diffractometer (XRD, Rigaku D, Max 2500,
Japan).

Optical spectra were characterized using ultraviolet–visible light (UV–vis) spectrometer (Axiom Medicals UV752
UV-vis-NIR), FT-IR spectrometer (Agilent Technologies) was used to study the functional groups.

X-ray microanalysis of the elemental composite layer was carried out with INCA EDX analyzer by bombarding
with a finely engaged (<10 nm measurement) electron beam with an acceleration voltage of 10-150 kV under vacuum.
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Figure 3: Absorbance-wavelength of (a) dye and various photoanodes without dye, (b) dye and various photoanodes
with dye.

The current density-voltage performance of the DSSCs were estimated using a solar simulator (Newport Corpo-
ration) and a Keithley 2400 (Keithley, Inc.) source-meter. The performance characteristics of the solar cells were
evaluated under 1 sun illumination (AM 1.5G standard test conditions at 100 mWcm−2).

3. Results and Discussion

3.1. Ultraviolet-Visible-Infrared Absorption Studies

The absorbance spectra of the dye and various photoanodes are shown in Figure 3. The absorbance study was carried
out within the wavelength range of 300 to 1200 nm. The beetroot is rich with betanin pigment. The absorption peak
of betanin pigment was detected at 530 nm at an absorbance of 0.801 a.u which is typical of betanin [2, 32] and
agrees with similar peaks in literatures [2, 33, 34, 35]. The observed peak is attributed to the excitation of electrons
from the highest occupied to the lowest unoccupied molecular orbital that takes place between the betaine moiety and
betalamic acid of the betanin molecule [2]. The pair of nonbonding electrons located on the N-atom of the betaine
moiety undergoes delocalization with the electrons located on the conjugated π systems. The subsequent n→π*
transitions result in the absorption of electromagnetic radiation in the green wavelength range [2].
The optical absorbance spectra of ZnO and ZnO/Ag with and without betanin pigment is shown in Figures 3a&b(ii-v).
An absorbance band with peak at 377 nm was observed for ZnO in the optical spectra (Figure 3a(i)) and it indicates
good crystallinity of the film. After loading the dye, good quality absorbance in the entire visible range with broader
peak for ZnO was observed (Figure 3b(ii)). The absorption of ZnO was shifted towards higher wavelength, this shows
that in the presence of betanin pigment, the ZnO have a broader absorption capacity than in its absence. Incorporation
of AgNPs in the photoanodes further increases the absorbance of ZnO film as shown in Figure 3a(iii-v). For the solar
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Figure 4: Transmittance-wavelength of (a) dye and various photoanodes without dye, (b) dye and various photoanodes
with dye.

cells with silver nanoparticles to notice a significant enhancement over the device lacking AgNPs, the absorption
peaks of the pigments in the photoanode must match the plasmonic scattering peaks of the incorporated AgNPs [2].
The changes in absorption of the AgNPs incorporated photoanodes are shown in Figure 3b(iii-v). The relatively broad
and strong enhancement is observed in the range of 380–650 nm, which falls within the Localized Surface Plasmon
Resonance (LSPR) band position of decorated AgNPs. This enhanced absorption and broadened spectra absorption
range of the photoanodes were mainly attributed to the Surface Plasmon Resonance of Ag-NPs [36]. These features
suggest that dye molecules in the vicinity of AgNPs can absorb more photons, presumably due to the intensified near-
field effect of the surface plasmon and spectral overlap between the dye and surface plasmon, which may eventually
lead to an increase in the number of charge carriers and Jsc values. The ZnO, ZnO/2Ag, ZnO/4Ag and ZnO/6Ag was
red shifted from 377 to 385 nm, 438 to 452 nm, 431 to 451 nm, 365 to 388 nm when betanin molecule was added.
This studies demonstrates the importance of using natural pigment for activation of semiconductors for photovoltaic
applications.

3.2. Transmittance Studies

Figure 4 compares the optical transmission of the different as-prepared photoanodes with dye and without dye. A
spectrum without nanoparticles is also included for reference. At wavelengths between 550 nm and 1050 nm, all
samples incorporating AgNP were observed to have lower transmittance than the reference sample (ZnO). This is due
to the dispersion of light at various interstitial layers present in the formed films [37].
The band peak from modified sample was observed around 970 nm. There was also a broaden behavior in the spectra
that results to redshifting when the various photoanodes are soaked in the betanin pigment. The observed differences
in the transmittance of the film can be attributed to the presence of surface defects, which results in inconsistencies in
surface morphology, crystal size, and transmittance to light scattering. The enhancement can be related to the excited
SPR from AgNP. The bonding strength between the surface plasmons of metal nanoparticles depends on the scattering
of the AgNPs, the field-bonding of the dielectric nanoparticles to the ZnO substrate, or the combination of metal and
dielectric particles [37].
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Figure 5: Reflectance-wavelength of (a) dye and various photoanodes without dye, (b) dye and various photoanodes
with dye.

3.3. Reflectance Studies

From the plots (Figure 5), we observed a strong scattering contribution (reflectance) from AgNP clusters within the
range of 300-1200 nm. The result of strong local fields produced by NP interactions is also expected to partially offset
the lower radiation efficiency of isolated NPs [38].
The redshift and broadening of the main scattering band are due to the random aggregation of the dispersed nanoparti-
cles forming clusters [39,40]. However, as shown by the films with different cycle of AgNPs, the measured reflectance
spectra show peaks and a valleys.

3.4. Fourier Transform Infrared studies

Figure 6 shows the FTIR result for dye extract and ZnO NPs synthesized by the extract.
As observed in the dye spectrum, a broad peak ranging from 3200-3650 cm−2 at peak intensity of 3257.7 cm−1 is
attributed to the hydroxyl functional group, a second peak ranging between 1650-1850 cm−1 at peak intensity of
1636.3 cm−1 is assigned to the stretching of the carbonyl functional group of a carboxylic acid.
As observed in the spectrum of ZnO with dye extract, the band at 2929.7 cm−1 corresponds to the carbon-hydrogen
unit. The intense bands at 868.5 and 710.0 cm−1 are due to stretching vibration modes of Zn-Cl units [41]. The very
weak peak at about 1013.8 cm−1 are due to nitrate groups and correspond to their asymmetric and symmetric stretch
and deformations of zinc carboxylates [28, 41, 42] resulting in the participation of carboxylic group of the beetroot
dye. The band at 1651.2 cm−1 is attributed to Carbonyl group. The band at 2118.4 cm−1 is ascribed to the alkyne group
unit. When the two spectra are compared, there were absence of some peaks and other new peaks were introduced in
the spectrum of ZnO soaked in the betanin pigment. This is due to the ability of the extract to act as reducing agent in
the presence of the nanoparticles.

3.5. Structural Studies of Chemically Synthesized ZnO Nanoparticles

The XRD pattern for ZnO is as shown in Figure 7. The diffraction peaks at 2θ values were observed at 31.19 ◦,
33.76 ◦, 35.65 ◦, 46.96 ◦, 56.09 ◦, 62.33 ◦ and 67.49 ◦ for the ZnO film and correspond to (100), (002), (101), (102),
(110), (103) and (112) respectively, which shows the characteristic of the hexagonal structure of ZnO nanoparticles in
accordance with JCPDS Card No. 80-0075.
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Figure 6: FT-IR spectra of (a) dye and (b) ZnO nanoparticles synthesized by dye extract.

Figure 7: The XRD patterns of ZnO.

3.6. Scanning Electron Microscope (SEM)

Information regarding the surface structure of the films was obtained from the SEM studies where the surface structure
was probed using electrons that penetrated into the sample. This provided a resolution.
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Figure 8: SEM images of (a) the pure ZnO, (b) ZnO with 2AgNPs cycle, (c) ZnO with 4AgNPs cycle, (d) ZnO with
6AgNPs cycle and (e) AgNPs.

Figure 9: The plot of Grain Size versus Photoanodes of (a) the pure ZnO, (b) ZnO with 2AgNPs cycle, (c) ZnO with
4AgNPs cycle, and (d) ZnO with 6AgNPs cycle.

The image presented as Figure 8 is the SEM images of as-synthesized ZnO and Ag–ZnO samples with varying cycle
of silver nanoparticles. The presence of aggregated spherical particles, with an average size of ∼32 nm as obtained
from Isolution image analyser programming can be seen in the SEM image (Figure 8a) of the prestine ZnO sample.
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Figure 10: EDX images of (a) the pure ZnO, (b) ZnO with 2AgNPs cycle, (c) ZnO with 4AgNPs cycle, and (d) ZnO
with 6AgNPs cycle.

The size of 32 nm shows that the ZnO is mesoporous and it can allow infiltration of the silver NPs in its pores.
Addition of different cycle of silver nanoparticles resulted in an increased aggregation of the nanoparticles, as shown
in Figures 8b-d. This aggregation may be an indication that the film has grown by a cluster by cluster mechanism and
greater sensitivity to the composition of the sample than was possible without AgNPs. Comparison of the micrograph
of the films with silver nanoparticles and that without AgNPs reveals changes occurred in the microscopic structure
of the film. The silver nanoparticles modified zinc oxide results to nucleation with much film coverage of the sub-
strate surface. The modified surface became dense and brighter which indicates the capability of AgNPs to induce a
scattering effect to improve absorptivity of photon energy.
Ag-NPs easily aggregated and formed islands as shown in Figures 8b-d.
A greater degree of aggregation of the particles was seen in photoanode with 6 cycle of AgNPs which could likely
not attach well in specific sites on the ZnO surface, resulting in decrease of catalytic activity. The smaller islands in
Figure 8b appeared that the formation of a well-structured film on the surface may provide nucleation sites for the
formation of the growing film, and may enable greater adhesion of the film to the substrate surface.
Figure 8(e) shows SEM image of the quantum sized AgNPs. The SEM shows high-density AgNPs synthesized. It
shows spherical and uniform silver nanoparticles were formed as aggregates with average size of 5 nm as obtained
from ISolution Image Analyzer. Most of the silver nanoparticles were roughly circular in shape with smooth edges.
It was also observed that grains of the silver modified photoanodes are larger than that of the pure ZnO NPs as shown
from the result obtained from image software in Figure 9. The larger grains show initialization of grain stability and
boundaries that can encourage recombination is minimized.
The composition of the elements of the formed photoanodes using the SEM electrons, was measured using EDX.
The graphical representations of the EDX analyses of the films deposited are presented in Figures 10 (a)-(d). These
show the presence of a range of elements, including zinc, sodium, silver, calcium, iron, chlorine, niobium, silicon,
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Table 1: Composition of (a) the pure ZnO, (b) ZnO with 2AgNPs cycle, (c) ZnO with 4AgNPs cycle, and (d) ZnO
with 6AgNPs cycle.

alluminium, yttrium, cadmium, lead, sulfur, silicon, calcium, aluminium, sulfur, magnetisium, potassium, titanium,
carbon, nitrogen and phosphorus. The element number, element symbol, element name, numerical atomic concentra-
tion and weight concentration, calculated from these intensities, are given in Table 1(a)-(d).

3.7. Solar Cells Photovoltaic Performance

To show the influence that silver nanoparticles has on the photovoltaic performance of the developed dye sensitized
solar cells, devices with silver nanoparticles modification were fabricated as shown in Figure 2.
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Table 2: The photovoltaic performance of bare ZnO electrode, (b) ZnO/2Ag electrode, (c) ZnO/4Ag electrode and (d)
ZnO/6Ag electrode under 100 mWcm−2.

Device Photoanode Jsc (mAcm−2) Voc (V) FF PCE(%)
ZnO 0.477 0.762 0.431 0.156

ZnO/2Ag 0.815 0.767 0.597 0.373
ZnO/4Ag 0.635 0.769 0.594 0.290
ZnO/6Ag 0.572 0.722 0.592 0.244

Figure 11: J-V and P-V characteristic curves of DSSCs with (a) bare ZnO electrode, (b) ZnO/2Ag electrode, (c)
ZnO/4Ag electrode and (d) ZnO/6Ag electrode.

The open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and overall conversion efficiency
(η) are summarized in Table 2.

As shown from the Table 2, the solar cell based on pure ZnO photoanode demonstrated a PCE of 0.156 %, Jsc of
0.477 mAcm−2, Voc of 0.762 V and FF of 0.431. Figure 11 shows that the PCEs of DSSCs with AgNPs was improved
as compared with pure ZnO based device.

After depositing 2 cycle of Ag NPs, the short circuit current density increases from 0.477 to 0.815 mA/cm2 which
results to PCE improvement from 0.156 to 0.373 % showing enhancement of ∼2.39 times to that of the prestine
device. Depositing 4 cycle of AgNPs results to Jsc of 0.635 mAcm−2 which shows a leading of 0.158 mAcm−2 ahead
of the reference. As a result, an increase by 85.90 % in PCE has been observed. Also, depositing 6 cycle of AgNPs in
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Figure 12: Bar diagrams of the variation in performance parameters of DSSCs with bare ZnO electrode, ZnO/2Ag
electrode, ZnO/4Ag electrode and ZnO/6Ag electrode.

the photoanode of bare ZnO NPs results to PCE of 0.244 %, FF of 0.592, Jsc of 0.572 mAcm−2 and Voc of 0.722 V
which also shows an enhancement of ∼ 1.56 times, ∼ 1.37 times and ∼1.20 times in PCE, FF and Jsc over the device
lacking AgNPs. This result clearly shows that all devices performance with AgNPs improved. Better performance
seen on silver-modified devices can be attributed to a decrease in recombination of electron hole pairs by Ag-Zno
junctions. The improved strength in light scattering, decrease in electron transport resistance by trapping, also plays
an important role to improve the photosensitive performance observed.

The devices containing 2 cycles of silver nanoparticles shows the best performance. Further increase in the number
of cycles degrades the performance. Surprisingly, as the Cycle of AgNP increases, as shown in Figures 8(c) and (d),
AgNp is easily agglomerated to form an island, resulting in reduced catalytic activity and decreased performance.
The effective surface area is significantly reduced and the number of potential charge trap sites also increases. This
reduces the performance of the device since not all the surfaces of the ZnO NPs are evenly coated by the higher
number of AgNPs. The introduced nanoparticles also contribute to the improved efficiency by effectively transporting
the photoinjected electron from the dye to the composite electrode [15]. A faster electron transport improves the
charge collection efficiency, which in turn improves the short circuit current density and PCE.

In the presence of Ag NPs, the absorption range of ZnO extends into the visible region due to the SPR effect. As
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a result, the concentration of charge carriers increases greatly [15]. When the visible light strikes the surface of the
Ag NPs, the photogenerated electrons from the Fermi level of Ag jumps to the valance band (VB) of ZnO. In the
presence of UV irradiation, the photogenerated electrons from the VB of ZnO transfer to the conduction band (CB) of
the ZnO. The enhanced electromagnetic field that is produced in the presence of Ag NPs improves light absorption of
dye molecules and thus excites more electrons than usual, same applicable to other semiconductors (TiO2) [15, 43].

Silver nanoparticles has a large work function which results to a Schottky barrier established at the Ag/ZnO
junction [11]. The electric field produced by the barrier promotes the effective separation/dissociation of the optical
electron-hole pair. Due to this fact, electrons can effectively pass through the network and reach the electrode, and
the hole reaches the electrolyte and then be captured by the specie reduced [15]. Further, this can be explained by the
energy level of the photoanode material, and therefore: lowest unoccupied molecular orbital (LUMO) of the mixed
dye molecules has electrons that can then be moved to Ag NPS and the CB of ZnO.

Because of the electron approach, the Fermi level of the Ag shifts towards more negative potential until it comes
closer to the Fermi level of the ZnO NPs. Due to surface plasmon resonance exhibited by the Ag, it enhanced electron
capturing and storage capability resulting from Ag-NP thereby reducing quenching losses and the PCE is increased
[16, 17, 36]. Figure 12 shows the photovoltaic parameters (PCE, Jsc, Voc and FF) of the four cells against the
fabricated devices. The plots show the best PCE, Jsc and FF with the device with 2 cycles of silver nanoparticles and
the best Voc was observed in device with 4 cycles of AgNPs.

4. Conclusion

By simply introducing quantum-sized AgNP into DSSC active layer, we recorded an improved photoanode of DSSC
made of ZnO nanoparticles. The presence of AgNP produced a surface plasmon resonance effect that led to an increase
in the devices. Ag nanoparticles serve to enhance dye absorption and light scattering within the device, improving
charge collection efficiency by providing a preferred electron path. AgNP was deposited in cycles (2 cycles, 4 cycles,
and 6 cycles). Maximum efficiency was recorded on device with 2 cycles of AgNP, giving PCE of 0.373%, Jsc of
0.815 mAcm−2, Voc of 0.767 V, and FF of 59.7%. These results show a 70.86% and 139.10% improvement in Jsc and
PCE over devices without AgNP.
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