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A B S T R A C T

This study focuses on doping TiO2 with trace amounts of Ag⁺ ions, employing spray pyrolysis to prepare the Ag- 
doped TiO2 photoelectrode for application in Dye-Sensitized Solar Cells (DSSCs). In this regard, Ag-doped TiO2 
nanomaterials were initially synthesized from Titanium(IV) isopropoxide (TTIP) with varying concentrations of 
Silver nitrate (AgNO3). The structural and optical characterizations of the synthesized nanomaterials confirmed 
the presence of TiO2 in pure anatase phase and enhanced light absorption, respectively. The morphological 
characterization of Ag-doped TiO2 nanomaterials revealed spherical shaped particles. Subsequently, the DSSCs 
were fabricated using Ruthenium-based N719 dye and imidazolium iodide/ triiodide redox couple as the 
sensitizer and electrolyte, respectively. Photovoltaic performances were evaluated under simulated solar irra
diation (100 mW cm− 2, 1 sun, AM 1.5). The optimized device with 3 mmol % Ag-doped TiO2 photoelectrode 
exhibited PCE (η) of 8.32 %, which was about 13 % greater than the device with un-doped TiO2 (η = 7.35 %). 
The observed upsurge in PCE is due to the 10 % increase in short-circuit current density (JSC) value resulting from 
enhancement in visible light absorption which was confirmed by UV–Visible spectroscopic analysis. Moreover, 
an improved electron transport in the Ag-doped TiO2 based device was confirmed by electrochemical impedance 
spectroscopic study which is ascribed to the significant reduction in charge recombination. These findings 
demonstrate the potential of Ag-doped TiO2 for enhanced DSSC performance, offering a viable pathway for 
improving solar energy conversion efficiency.

1. Introduction

The Dye-Sensitized Solar Cells (DSSCs) are becoming increasingly 
important, compared to traditional silicon-based solar cells, for eco- 
friendly, sustainable and energy-efficient industrial applications. The 
salient features of DSSCs, such as low-cost production, design flexibility, 
semi-transparent nature and excellent performance under indoor or 
diffuse lighting conditions, immensely contribute to integrating the 
same into smart windows, building facades and powering low-energy 
portable electronic devices. DSSCs consist of a mesoporous semi
conductor photoelectrode sensitized by a dye, a redox electrolyte, and a 
counter electrode. The dye molecules in the photoelectrode harvest 
sunlight and generate excited electrons, which are then transferred 

through the semiconductor and external circuit to the counter electrode, 
producing electricity while the redox electrolyte reduces the oxidized 
dye molecules. Even though photoelectrode plays a major role in light 
harvesting and charge transport processes in these devices, poor visible 
light harvest, slow charge transport and recombination of the injected 
electrons limit the performance of the DSSCs. Various inorganic semi
conductors, such as TiO2 [1], ZnO [2], SnO2 [3], and Nb2O5 [4], have 
been investigated as the photoelectrode material for DSSCs. Among 
them, TiO2 is found to be a promising nanomaterial for sustainable en
ergy generation primarily because of its cost-effectiveness, non-toxic 
properties, and remarkable stability. However, the efficiency of DSSCs is 
impeded by the narrow range of solar light absorption around 380 nm 
due to wide direct bandgap of TiO2 (3.2 eV) and slow electron transport 
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that leads to relaxation or recombination of charge carriers. In contrast 
most light-absorbing materials possess an absorption range between 500 
and 600 nm which resulting in the wastage of significant portion of light. 
Nevertheless, the inherently wide bandgap of TiO2 presents an oppor
tunity to tailor its bandgap to a more favorable range through modifi
cation [5]. It has been reported that incorporating transition metals into 
TiO2 nanomaterial leads to the creation of new energy levels possessing 
partially filled d-orbitals closer to the conduction band (CB) of TiO2. 
These new energy levels improve absorption of solar light in the visible 
region by inducing a reduction in the bandgap. Also, the replacement of 
Ti4+ ion with transition metal cations while doping impacts dye 
adsorption due to varying binding affinities between the dye molecules 
and the doped transition metals [6]. Several transition metals, such as 
Chromium (Cr) [7], Manganese (Mn) [8], Iron (Fe) [9], Cobalt (Co) 
[10], Nickel (Ni) [11], Copper (Cu) [12], Zinc (Zn) [13], Ruthenium 
(Ru) [14], Tungsten (W) [15], Silver (Ag) [16], etc., have been studied as 
dopants for TiO2 nanomaterials with the aim of enhancing the power 
conversion efficiency of DSSCs.

The focus of this paper is on Ag-doped TiO2 as it possesses reduced 
bandgap, retarded charge recombination and greater surface area for 
dye adsorption. Luo (2014) has reported 5.85 % efficiency for DSSC by 
employing screen printed tri-layered titania film implanted with 1 ×
1016 atoms/cm2 Ag+ ions [17]. In another study, 1 % Ag-doped TiO2 
films, prepared by dip coating method, were found to increase the power 
conversion efficiency of DSSCs by 4.4 % over the un-doped TiO2 films 
[18]. In a separate study, the Ag-doped TiO2 photoelectrode was pre
pared by doctor blading method. The corresponding DSSC demonstrated 
an enhanced JSC value compared to the control device due to a red shift 
towards increased visible light absorption and enhanced electron life 
time [19].

According to the previous studies, Ag-doping is found to improve dye 
adsorption, reduce charge-transfer resistance, and shift the conduction 
band edge resulting in enhanced photovoltaic performance. Building on 
these findings, this study explores the effect of Ag-doped TiO2 photo
electrodes fabricated via spray pyrolysis with a focus on improving the 
power conversion efficiency and charge transport properties of DSSCs. 
The spray pyrolysis method was chosen to coat the nanomaterials on the 
substrate as the said method possesses better control over the thickness 
of TiO2 film and uniform distribution of nanoparticles could be achieved 
by adjusting the parameters, such as nozzle size of spray gun, distance 
between the spray gun and FTO glass substrate, pressure exerted by air 
compressor, and concentration of Ag-doped TiO2 colloidal solution. 
Furthermore, only minimal quantities of AgNO₃ were used as a dopant in 
this study, compared to the larger amounts reported in previous research 
[18–21].

The use of the spray pyrolysis method for coating Ag-doped TiO₂ 
nanomaterials is relatively uncommon in the existing literature. More
over, this approach employs only a trace amount of silver as a dopant, 
which minimizes potential material cost and toxicity concerns while still 
achieving significant enhancement in photovoltaic performance. This 
combination of spray coating technique and minimal dopant usage 
highlights the novelty of this study.

2. Materials and methods

2.1. Materials

All materials, reagents, and solvents used in this research study were 
purchased from commercial sources; Fluorene-doped Tin Oxide coated 
glass (FTO glass) (13 Ω/cm2, Sigma-Aldrich, USA), Titanium(IV) iso
propoxide (TTIP) (≥98 %, Sigma-Aldrich, USA), Silver nitrate (ACS 
grade, VWR Chemicals, France), Absolute ethanol (VWR Chemicals, 
France), Acetic acid (≥99.8 %, Sigma-Aldrich, USA), Triton X-100 
(laboratory grade, Acros Organics, USA), Di-tetrabutylammoniumcis-bis 
(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium(II) dye 
(N719 dye) (95 %, Sigma-Aldrich, USA), Acetonitrile (≥99.9 %, Sigma- 

Aldrich, USA), tert‑Butyl alcohol (≥99.7 %, Sigma-Aldrich, USA), 
Dimethyl sulphoxide (≥99.9 %, Sigma-Aldrich, USA)

2.2. Methods

2.2.1. Synthesis of un-doped & ag-doped tio2 colloidal solutions
Un-doped TiO2 colloidal solution was synthesized by adopting the 

method employed by Mudiyanselage Sakunthala Pubudu Kumari 
Kumarasinghe [22]. 8.0 mL of TTIP and 1.0 mL of acetic acid were 
mixed with 8.0 mL of ethanol and steam was passed through the 
resulting solution to aid rapid hydrolysis. The expulsion of ethanol by 
steaming produced a transparent solid mass consisting of TiO2 nano
particles. The resultant solid mass was ground with 20.0 mL of 
de-ionized water in a motor and sonicated for 10 min. Finally, the 
dispersion was autoclaved at 150 ◦C for 3 hrs.

For the synthesis of varied concentrations of Ag-doped TiO2 colloidal 
solutions, 8.0 mL of TTIP and 1.0 mL of acetic acid were mixed with 8.0 
mL ethanol, followed by addition of varied amounts of AgNO3 in 
dimethyl sulphoxide and the resulting individual solutions were stirred 
well before passing steam. The resultant TiO2 nanoparticles doped with 
varied amounts of Ag were ground separately with 20.0 mL of de-ionized 
water in a motor and sonicated for 10 min. Finally, the individual dis
persions were autoclaved at 150 ◦C for 3 hrs.

2.2.2. Fabrication of un-doped & ag-doped tio2 photoelectrodes
Fabrication of un-doped & Ag-doped TiO2 photoelectrodes was also 

carried out by adopting the method employed by Mudiyanselage 
Sakunthala Pubudu Kumari Kumarasinghe [22]. FTO glass was cut into 
1 cm x 2 cm pieces and ultrasonically cleaned with soap water, deion
ized water and ethanol. The synthesized 30.0 mL of un-doped or each of 
Ag-doped colloidal TiO2 precursor solutions, 8.25 mL of acetic acid, 8 
drops of Triton X-100 and 30.0 mL of ethanol were mixed thoroughly to 
prepare the un-doped or the corresponding Ag-doped TiO2 precursors. 
The precursor suspensions were sprayed separately on pre-heated (150 
◦C) FTO glass substrates using a hand-made spray gun. Then, the FTO 
glass substrates coated with the un-doped or varied amounts of 
Ag-doped TiO2 precursors were sintered at 500 ◦C for 30 min in air to 
crystallize TiO2 and remove organic residues, allowed to cool down to 
80 ◦C and soaked into 0.3 mmoldm-3 solution of N719 dye dissolved in a 
1:1 (v/v) mixture of acetonitrile and tert‑butyl alcohol. The sensitization 
process was carried out at room temperature under dark for 15 hrs. to 
ensure maximum dye adsorption for better light absorption.

2.2.3. Assembling dye-sensitized solar cells
The resultant dye-sensitized un-doped and Ag-doped TiO2 photo

electrodes were rinsed in acetonitrile to remove excess unanchored dye 
molecules. The Platinum (Pt) coated FTO glass was used as counter 
electrode and individually assembled with the dye adsorbed photo
electrodes. Subsequently, a small amount of imidazolium iodide/ triio
dide electrolyte was injected between the two electrodes of the 
individual cell. Finally, the cell was masked by maintaining the active 
area of the photoelectrode as 0.25 cm2.

3. Characterization

The structural, optical and morphological characterizations were 
performed on the synthesized un-doped and Ag-doped TiO2 electrode. 
The X-ray Diffraction analysis utilized the Cu-Kα radiation (wavelength 
0.15406 nm) (PANalytical-AERIS, Almelo, Netherlands) and encom
passed a scan range (2θ) spanning from 10 to 90 degrees, with a step size 
of 0.0027 degrees and a scan speed of 4 ◦/min. The Energy-Dispersive X- 
ray spectroscopy (Bruker EDS Analyzer) was employed to identify the 
elemental composition of the synthesized nanomaterials. Brunauer- 
Emmett-Teller (BET) analysis was carried out to study the surface area 
and pore volume of TiO2 nanomaterials (Micromeritics, ASAP 2460, 
USA).
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The optical properties of the synthesized un-doped & Ag-doped TiO2 
photoelectrode (before and after dye adsorption) were examined using 
Double Beam UV–Visible spectrophotometer (JENWAY 6800, OSA, UK). 
The surface morphology of the fabricated films was studied using Field- 
Emission Scanning Electron Microscopy (Carl ZEISS (SIGMA), UK).

Initially, the PV performances of the DSSCs fabricated with varying 
concentrations (1, 3, 5, and 7 mmol %) of Ag-doped TiO2 based pho
toelectrodes were studied and the optimum PCE was observed for the 
device comprised of 3 mmol % Ag-doped TiO2. Hence, the IPCE analysis 
was carried out for the un-doped and 3 mmol % Ag-doped TiO2 only 
whereas EIS and EDX analyses were conducted on the un-doped, as well 
as 3 and 7 mmol % Ag-doped TiO2-based DSSCs.

4. Results and discussion

4.1. Structural characterization

4.1.1. X-Ray diffraction (XRD) spectroscopy
The XRD analysis was conducted on the synthesized TiO2 nano

materials, both un-doped and doped with 1, 3, 5 and 7 mmol % of Ag. 
Fig. 1(a) illustrates the diffraction patterns and crystal structures. The 
recorded peaks at 2θ values of 25.2◦, 37.6◦, 48.2◦, 53.7◦, 55.0◦, 62.5◦, 
68.5◦, 70.2◦, 74.8◦, and 82 0.5◦ correspond to the reflection planes of 
(101), (004), (200), (105), (211), (204), (116), (220), (215), and (224), 
respectively. The presence of a clearly defined pure anatase TiO2 phase 
has been verified, as indicated by the Anatase XRD JCPDS Card No 
21–1272.

The XRD analysis of the synthesized Ag-doped TiO2 nanomaterials 
reveals peaks corresponding to the anatase phase of TiO2 even after 
incorporation of silver. However, the reflection pattern of silver was not 
detected due to its presence in extremely low quantities in the synthe
sized nanomaterials [17].

The Debye-Scherrer equation, given below, was employed to deter
mine the average crystallite size of crystalline anatase TiO2: 

d =
kλ

βcosθ 

where k is a dimensionless shape factor (typically around 0.89), λ is the 
wavelength of the X-ray beam (0.15406 nm), θ is the Bragg angle, and β 
is the full width at half maximum (FWHM) calculated from the pre
dominant anatase (101) plane. Using the above equation, the estimated 
crystallite sizes of the un-doped, 1, 3, 5 and 7 mmol % Ag-doped TiO2 
were determined. According to the Scherrer equation, crystallite size (d) 
is inversely related to peak broadening (β). In other words, smaller 
crystallites lead to broader diffraction peaks, while larger crystallites 

result in narrower peaks (Fig. 1(b)) [23,24]. These findings indicate that 
Ag doping leads to a decrease in the crystallite size of TiO2 nano
materials. A similar finding has been reported by Gupta [19]. The 
decrease in crystallite size of TiO2 due to Ag doping may enhance dye 
adsorption as a result of increased surface area of the synthesized 
Ag-doped TiO2 nanomaterials.

The Micro strain of the nanomaterials was calculated using Wil
liamson–Hall (W–H) method. 

βcosθ = ε4sinθ +
0.89λ

d 

Where λ is the wavelength of X-ray radiation, β is FWHM, and θ is the 
Bragg angle of the diffraction peaks, d is crystallite size with micro strain 
and ε is the effective value of the micro strain. When βcos θ plotted 
against 4 sin θ, the slope gives the value of micro strain. The dislocation 
density of both undoped and Ag-doped TiO2 nanomaterials was calcu
lated using the relation (1/d2), where d represents the average crystallite 
size. This parameter plays a crucial role in determining the electrical and 
mechanical properties of nanomaterials. A higher dislocation density 
typically indicates a harder material [5]. Furthermore, the crystallinity 
of Ag-doped TiO2 tends to decrease with increasing silver content. This 
reduction is attributed to the differences in ionic size and electronic 
structure between Ag⁺ and Ti⁴⁺, which introduce defects and disrupt the 
regular crystal lattice. Consequently, these structural disturbances 
induce micro strain within the TiO2 crystal structure. Calculated crys
tallite size, micro strain, dislocation density and crystallinity of 
un-doped and Ag-doped TiO2 nanomaterials are listed in Table 1.

4.1.2. Energy-Dispersive X-ray (EDX) spectroscopy
Fig. 2 depicts the elemental compositions of un-doped, 3 mmol % Ag- 

doped and 7 mmol % Ag-doped TiO2 electrodes. The atomic percentages 
of elements present in TiO2 electrodes are presented in Table 2. The 
presence of Ag in EDX mapping in Fig. 2(b & c) confirms the successful 

Fig. 1. (a) XRD patterns and (b) Expanded high intensity peak of Un-doped, 1, 3, 5, 7 mmol % Ag-doped TiO2 nanomaterials.

Table 1 
Physicochemical characteristics of Un-doped, and Ag-doped TiO2 
nanomaterials.

Ag 
(mmol 
%)

Crystallite 
Size (nm)

Micro 
strain x 
10–3

Dislocation Density 
(nm-2 x 10–3)

Crystallinity ( 
%)

0 7.64 20.05 17.09 62.82
1 7.54 20.28 17.54 62.07
3 7.10 21.59 19.84 59.23
5 6.92 22.14 20.89 58.68
7 6.20 24.77 25.93 55.03
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doping of Silver into TiO2 nanomaterial. The appearance of Sn in EDX 
mapping could be justified as the said nanomaterials were coated on 
FTO glass substrates and employed for this analysis.

4.1.3. Brunauer-Emmett-Teller (BET) analysis
In order to investigate the effect of Ag doping on surface area of TiO2 

nanomaterials, Nitrogen adsorption-desorption analysis was carried out 
and the specific surface area of the nanomaterials was calculated by BET 
method. Fig. 3 represents a type IV N2 adsorption-desorption isotherm of 
un-doped TiO2, 3 mmol % Ag-doped TiO2 and 7 mmol % Ag-doped TiO2 
according to the IUPAC physisorption isotherm classification and H2 
hysteresis loop at the higher relative pressure indicates the large mes
oporous character. Table 3 indicates the pore volume estimated at P/Po 
= 0.98 and pore diameters estimated using the BJH model for undoped 
and the selected Ag-doped TiO2 nanomaterials [25]. It was observed that 
the BET surface area of 3 mmol % Ag-doped TiO2 (106.89 m2/g) is 
slightly greater than that of the undoped TiO2 (104.72 m2/g). Further, it 
was noted that the 7 mmol % Ag-doped TiO2 shows a reduction in BET 
surface area which may due to agglomeration of particles at high dopant 
loading.

Fig. 2. Energy-Dispersive X-ray spectra of (a) Un-doped, (b) 3 mmol % Ag-doped TiO2 nanomaterials and (c) 7 mmol % Ag-doped TiO2 nanomaterials.

Table 2 
Atomic percentage of elements present in Un-doped, 3 mmol % Ag-doped and 7 
mmol % Ag-doped TiO2 nanomaterials.

Element Un-doped 
TiO2

3 mmol % Ag-doped 
TiO2

7 mmol % Ag-doped 
TiO2

(at. %) (at. %) (at. %)

Ti 26.01 28.67 25.77
O 73.26 70.89 72.58
Sn 0.73 0.43 1.63
Ag – 0.01 0.02

Fig. 3. N2 adsorption-desorption isotherm of Un-doped TiO2, 3 mmol % Ag- 
doped TiO2 and 7 mmol % Ag-doped TiO2 nanomaterials.

Table 3 
Surface characteristic information of Un-doped, 3 mmol % Ag-doped and 7 
mmol % Ag-doped TiO2 nanomaterials.

Nanomaterial BET 
surface 
area (m2/ 
g)

Pore 
volume 
(cm³/g)

Adsorption 
average pore 
diameter (Å)

Desorption 
average pore 
diameter (Å)

Un-doped TiO2 104.715 0.230 87.996 85.866
3 mmol % Ag- 

doped TiO2

106.888 0.277 103.718 94.816

7 mmol % Ag- 
doped TiO2

101.421 0.219 86.462 84.439
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4.2. Optical characterization

4.2.1. UV–Visible spectroscopy
The optical properties of un-doped and Ag-doped TiO2 nano

materials were studied by UV–Visible spectroscopy. The corresponding 
UV- visible absorbance spectra of the said nanomaterials coated films 
are shown in Fig. 4(a) which exhibit absorption in the UV region of the 
electromagnetic radiation. The introduction of Silver into TiO2 nano
materials demonstrates a red shift in light absorption towards longer 
wavelength due to reduction in the bandgap value [26]. It allows the 
electrons to be excited with lower energy, thus absorbing more visible 
light.

The bandgaps of the synthesized nanomaterials coated films were 
estimated using the Tauc’s formula, as provided below: 

α = A
(
hν − Eg

)n

hν 

where α is the absorbance coefficient, hν represents photon energy, A is a 
constant, Eg is the bandgap energy, and n is the exponential constant 
index. The value of n depends on the nature of the transition, with n 
being 1/2 for directly allowed transition and 2 for indirectly allowed 
transition. Accordingly, the estimated bandgaps of un-doped and 1, 3, 5, 
7 mmol % Ag-doped TiO2 nanomaterials were determined as 3.42, 3.38, 

3.28, 3.23, and 3.15 eV respectively as illustrated in Fig. 4(b). The 
reduction in the estimated bandgap values as a result of Ag doping may 
be due to the formation of 4d state of Ag between the valance band and 
conduction band of TiO2 and the subsequent movement of electrons 
between the Ag 4d state and the conduction band of TiO2 [27,17].

The effect of incorporating Silver into TiO2 nanomaterial on the 
adsorption of N719 dye was also investigated. This involved immersing 
both Ag-doped TiO2 and un-doped TiO2 films separately in the N719 dye 
overnight, followed by measuring the absorbance of the resulting dye 
adsorbed films using UV–Visible spectroscopy. Fig. 5(a) reveals 
enhanced dye adsorption capacity of the Ag-doped TiO2 up to 3 mmol % 
of Silver dopant likely due to the expanded surface area of Ag-doped 
TiO2 films; then, the dye adsorption gradually decreases on further in
crease in the dopant concentration. This aligns well with the recorded 
JSC values of the devices constructed using the aforementioned dye- 
coated films. Subsequently, the dye desorption study was carried out 
by immersing each of the same films previously saturated with dye into a 
3 mL of 1 N aqueous NaOH solution overnight. Then, the dye released 
into the NaOH solution was analyzed using UV–Visible spectroscopy. 
Fig. 5(b) shows the absorbance of the dye molecules desorbed from the 
respective nanomaterials and confirms the previously observed 
phenomenon.

Fig. 4. (a) UV–Visible absorption spectra of Un-doped and Ag-doped TiO2 nanomaterials coated films (b) Tauc plots for the corresponding nanomaterials.

Fig. 5. UV–Visible absorption spectra of (a) dye adsorbed Un-doped & Ag-doped TiO2 films (b) the desorbed dye in aqueous NaOH solution.
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4.3. Morphological characterization

4.3.1. Field-Emission scanning electron microscopy (FESEM)
The surface morphologies of the synthesized films were examined 

using Field-Emission Scanning Electron Microscopy (FESEM). Fig. 6(a) 
illustrates the FESEM image of un-doped TiO2 film which possesses a 
dense and relatively uniform layer composed of closely packed nano
particles. With the introduction of silver at a low concentration of 1 
mmol % (Fig. 6(b)), morphology similar to that of the un-doped sample 
is observed which is characterized by a homogeneous distribution of fine 
particles. A network of interconnected nanoparticles is revealed in the 3 
mmol % Ag-doped TiO2 film (Fig. 6(c)), which exhibited the best per
formance in the Dye-Sensitized Solar Cell studies, suggesting that 
improved inter-particle contact has been achieved. As the silver doping 
concentration increases to 5 mmol % (Fig. 6(d)) and 7 mmol % (Fig. 6
(e)), a progressive increase in particle agglomeration is observed, 
resulting in the formation of larger clusters and a less uniform surface 
texture. This agglomeration at higher doping levels is believed to reduce 
the effective surface area available for dye adsorption, potentially ac
counting for the reduced performance in the corresponding DSSCs [11]. 

Through high-resolution FESEM analysis, the evolution of film 
morphology with increasing silver content is clearly visualized with the 
optimal structure identified at the 3 mmol % Ag doping level.

4.4. Photovoltaic performance

4.4.1. J-V measurement
The photovoltaic characteristics of the un-doped and 1, 3, 5 and 7 

mmol % Ag-doped TiO2 N719 dye, were evaluated using imidazolium 
iodide/ triiodide electrolyte and Pt counter electrode. The J-V mea
surement was carried out using Keithley-2400 source meter (Peccell- 
PEC-L12, Japan) under simulated irradiation at an intensity of 100 
mWcm− 2, employing an AM 1.5 filter (1 sun). The power conversion 
efficiency (η) of a DSSC is correlated with short-circuit current density 
(JSC), open-circuit voltage (VOC), fill factor (FF), and the incident light 
intensity (Pin) as shown below: 

η =
Jsc x Voc x FF

Pin
X 100 % 

The photovoltaic characteristics of DSSCs, assembled with un-doped 

Fig. 6. Field Emission Scanning Electron Microscopic (FESEM) images of (a) Un-doped TiO2, (b) 1 mmol % Ag-doped TiO2, (c) 3 mmol % Ag-doped TiO2, (d) 5 mmol 
% Ag-doped TiO2, and (e) 7 mmol % Ag-doped TiO2 films.
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and Ag-doped TiO2 photoelectrodes, are illustrated in Fig. 7 and the 
related photovoltaic parameters are summarized in Table 4.

The J-V analyses demonstrate a notable improvement in the power 
conversion efficiency of DSSCs with 3 mmol % Ag-doped TiO2 based 
photoelectrode. The said device showed PCE of 8.32 %, which was about 
13 % greater than the device with un-doped TiO2 (η = 7.35 %). This 
enhancement is primarily attributed to the increase in short-circuit 

current density (JSC), with both fill factor (FF) and open-circuit 
voltage (VOC) playing a relatively minor role in influencing the overall 
PCE. This significant upsurge in short-circuit current density resulted 
from improved light absorption and enhanced dye adsorption by the Ag- 
doped TiO2 was confirmed by UV–Visible spectroscopy.

4.4.2. Incident photon-to-current conversion efficiency (IPCE)
The monochromatic incident photon-to-collected electron conver

sion efficiency (IPCE) represents the external quantum yield of a device 
and can be expressed as follows: 

IPCE = (LHE)
(
ϕinj

)
(ηel)

where LHE is the light harvesting efficiency, ϕinj is the charge injection 
yield and ηel is the charge collection efficiency.

Fig. 8 compares the IPCEs of DSSCs utilizing un-doped TiO2 and 3 
mmol % Ag-doped TiO2. The DSSC employing 3 mmol % Ag-doped TiO2 
exhibits a superior IPCE compared to the DSSC utilizing un-doped TiO2. 
The rise in the IPCE value well aligns with the findings from the 
UV–Visible absorbance spectra of dye-adsorbed TiO2 films and desorbed 
dye and increased current–voltage performance of 3 mmol % Ag-doped 
TiO2 based DSSC.

4.4.3. Electrochemical impedance spectroscopy (EIS)
The EIS measurements were carried out using two electrode system 

within a frequency range of 1 × 106 to 1 × 10–2 Hz in the dark mode with 
the applied voltage of 0.5 V using electrochemical workstation (Bio
Logic, SP-150e, France). The photoelectrodes fabricated from un-doped 
TiO2 as well as TiO2 doped with optimum & maximum quantities of 
Silver were employed to investigate the impact of interfacial resistance 
on the power conversion efficiency of the corresponding Dye-Sensitized 
Solar Cells.

Fig. 9(a) depicts the Nyquist plots of the DSSCs assembled with un- 
doped TiO2, 3 mmol % Ag-doped TiO2, and 7 mmol % Ag-doped TiO2 
based photoelectrodes in dark. In general, the electrochemical imped
ance spectrum of a liquid electrolyte based DSSC exhibits three semi
circles associated with the interfacial resistance and the 
oxidation–reduction reactions occurring in the DSSC under dark con
dition. The semicircle in the highest frequency region correlates with the 
charge transfer resistance (Rct) of the Pt/electrolyte and FTO/TiO2 in
terfaces, the next semicircle in the intermediate frequency region is 
related to the charge recombination resistance (Rrec) at the TiO2/dye/ 
electrolyte interface and the third semicircle in the lowest frequency 

Fig. 7. (a) Current-Voltage (J–V) characteristics of the DSSCs assembled with Un-doped and Ag-doped TiO2 photoelectrodes; (b) Variations in short-circuit current 
density (JSC) and power conversion efficiency (η) with varied amounts of Ag dopant under illumination of intensity 100 mWcm-2 with AM 1.5 filter.

Table 4 
Current-Voltage (J–V) characteristics of the DSSCs assembled with Un-doped 
and Ag-doped TiO2 photoelectrodes under illumination of intensity 100 
mWcm-2 with AM 1.5 filte.

Photoelectrode JSC (mAcm-2) VOC (V) FF PCE, η ( %)

Un-doped TiO2 16.13 0.68 0.67 7.35
1 mmol % Ag-doped TiO2 16.75 0.70 0.66 7.74
3 mmol % Ag-doped TiO2 17.76 0.71 0.66 8.32
5 mmol % Ag-doped TiO2 16.87 0.69 0.67 7.80
7 mmol % Ag-doped TiO2 15.28 0.69 0.67 7.06

Fig. 8. Normalized IPCE Spectra of Un-doped and 3 mmol % Ag-doped TiO2 
based DSSCs.
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region is associated with Nernst diffusion process in the electrolyte. The 
series resistance (RS) could be obtained from the lower extreme inter
section point of the semicircle in the highest frequency region at the 
horizontal axis of Nyquist plot [28].

As illustrated in Table 5, the device with 3 mmol % Ag-doped TiO2 
exhibits the highest charge recombination resistance among the tested 
devices, indicating superior PV performance. These findings align 
closely with the increased JSC values and power conversion efficiency (η) 
values of the fabricated devices.

Fig. 9(b) depicts the Bode plots of the devices with un-doped TiO2, 3 
mmol % Ag-doped TiO2, and 7 mmol % Ag-doped TiO2 based photo
electrodes and the electron life time (Ƭe), which is also known as the 
charge recombination time in the dark, was calculated using the 
following equation: 

Te =
1

2πfmax 

where fmax is the maximum frequency corresponding to the peak. In the 
present study, the photoelectrode with 3 mmol % Ag-doped TiO2 
demonstrated the longest charge recombination time, indicating that 
incorporation of Ag into TiO2 effectively suppresses the charge recom
bination rate in DSSCs.

The increased JSC value observed for 3 mmol % Ag-doped TiO2 
sample (Table 5) suggests an increased recombination resistance 
compared to the un-doped TiO2. This could be attributed to the presence 
of silver dopant within the photoelectrode, which serves to shorten the 
electron transport pathways. Consequently, efficient electron transfer 
from the TiO2 layer to the FTO glass substrate is facilitated, and overall 
efficiency of the device is enhanced [29]. The increased VOC value 
observed for 3 mmol % Ag-doped TiO2 suggests that charge recombi
nation was reduced due to an equilibrium established between the Fermi 
levels of TiO2 and Ag. This equilibrium forms a Schottky barrier, causing 

a significant accumulation of electrons on the surface of the Ag and 
shifting the Fermi level closer to the conduction band of TiO2. This 
Schottky barrier promotes electron flow from the Ag to the conduction 
band of TiO2 through a fast interfacial charge transfer process, 
enhancing photocurrent generation and preventing the reverse flow of 
electrons from TiO2 to the dye or electrolyte, leading to an increase in 
electron density in the TiO2 conduction band [30,31]. Fig. 10 illustrates 
the effect of Ag-doping on charge transfer within the TiO2-based DSSC 
framework. When concentration of Ag increases, the active sites become 
covered by a substantial amount of silver, resulting in reduced carrier 
generation. Additionally, a high loading of Ag on the TiO2 surface cre
ates Ag recombination centres for photoelectrons and holes, resulting in 
the reduction of electron lifetime and decrease in JSC and VOC values; 
hence, the overall power conversion efficiency of the DSSC is severely 
affected [19,32,33].

Table 6 compares the PCEs of Ag-doped TiO2 photoelectrode-based 
devices reported in the literature with the present study. Although the 
amount of Ag dopant, method of photoelectrode preparation, and other 
factors vary, the Ag-doped TiO2 nanomaterial employed in the current 
study is shown to be more efficient for DSSC application.

5. Conclusion

In this study, un-doped and Ag-doped TiO2 nanomaterials were 
synthesized using a hydrothermal method, and the corresponding DSSCs 

Fig. 9. (a) Nyquist plots of the DSSCs assembled with Un-doped TiO2, 3 mmol % Ag-doped TiO2, and 7 mmol % Ag-doped TiO2 based photoelectrodes in dark and (b) 
Bode plots of the same devices.

Table 5 
EIS parameters, JSC and, VOC of the SSCs assembled with Un-doped TiO2, 3 mmol 
% Ag-doped TiO2, and 7 mmol % Ag-doped TiO2 photoelectrodes in dark.

Photoelectrode Rs Rct Rrec fmax 

(Hz)
Te 

(ms)
JSC 

(mAcm- 

2)

VOC 

(V)

Un-doped TiO2 9.95 1.17 4.09 3.76 42.37 16.13 0.68
3 mmol % Ag- 

doped TiO2

9.27 1.35 5.21 3.61 44.07 17.76 0.71

7 mmol % Ag- 
doped TiO2

10.23 0.94 3.73 3.83 41.56 15.28 0.69

Fig. 10. Effect of Ag-doping on charge transfer within TiO2 based 
DSSC framework.
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were fabricated via spray pyrolysis. XRD analysis confirmed the anatase 
phase for both un-doped and Ag-doped TiO2 with a reduction in crys
tallite size upon Ag doping, which is expected to enhance electron 
transport and reduce recombination. EDX spectra confirmed the suc
cessful doping of silver. UV–Visible spectra demonstrated a red shift for 
Ag-doped TiO2 indicating enhanced light absorption in the visible region 
that is crucial for improved solar energy harvesting. SEM images showed 
spherical particles, with agglomeration at higher Ag dopant concentra
tions. J-V measurements revealed that DSSC with 3 mmol % Ag-doped 
TiO2 photoelectrode had achieved a 13 % higher power conversion ef
ficiency (PCE = 8.32 %) compared to the control (PCE = 7.35 %), pri
marily due to an increased short-circuit current density (JSC). This 
enhancement was attributed to reduced charge recombination and 
improved visible light absorption, as corroborated by EIS and UV–Vi
sible spectral analyses. Overall, the findings suggest that Ag doping on 
TiO2 photoelectrode can significantly improve the performance of 
DSSCs, offering a promising approach for developing cost-effective and 
efficient solar energy devices. To further enhance and understand the 
short-circuit current density (JSC), future research should focus on both 
material-level and device-level strategies. At the material level, the 
incorporation of plasmonic nanoparticles or light-scattering layers could 
also enhance light absorption and carrier generation. At the device level, 
engineering the interface between active layers and electrodes to 
minimize energy barriers and improve charge extraction is essential. 
Additionally, employing advanced characterization techniques such as 
transient photovoltage/current measurements and time-resolved spec
troscopy can offer deeper insight into charge generation, transport, and 
recombination mechanisms. These combined efforts will contribute not 
only to improved JSC values but also to a comprehensive understanding 
of the underlying photo-physical processes.
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