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The sol-gel approach was utilized to synthesize the pure TiO2 films. Hydrogen ions are 
irradiated on these synthesized films with a flow rate of 2x1013, 2x1014 and 2x1015 ions-
cm-2, and the beams are accelerated at 700 KeV. The XRD analysis confirmed the 
tetragonal structure of TiO2. The high grain size is observed at 2x1014 ions/cm2. UV-
visible spectroscopy showed that films are highly transparent to visible light and hydrogen 
ions produces a red shift in the absorbance peak. The low value of Eg is observed at 2x1014 
ions/cm2. The calculated value of conduction band edges gave suitable information of the 
behavior of free charge carriers in the solar cells. PL analysis showed that the 
recombination rate reduced, which will enhance the dye-sensitized solar cells' efficiency. 
DSSCs have been prepared with these films. The EIS results indicate the resistance in the 
transportation of charges across the interfaces reduces. Via current voltage J-V analysis, 
open circuit voltage Voc, short circuit current density Jsc and fill factor FF were improved 
with the H-irradiation process at 2x1014 ions/cm2 fluence rate, resulting in maximum 
photoconversion efficiency of 4.05%. 
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1. Introduction 
 
To full fill the energy demand of the overgrowing population was the motive behind the 

development of solar cells. The pollution-free energy production can be obtained through solar 
cells, and the endless energy source (sun) is behind its high acceptance [1]. Traditional Si-junction 
solar cells are expensive because of their complex production processes and high purity raw 
material requirements. The dye-sensitized solar cells are fascinating and practical replacements to 
junction-based (silicon) solar cells due to their accessible fabrication method and low-cost raw 
materials  [2]. The fundamental idea behind DSSC was first presented by Michael Gratzel and 
Brian O' Regan. They put idea of covering the semiconducting material with dye for obtaining 
maximum light harvesting ability [3]. The efficiency of DSSCs depends upon the characteristics of 
the semiconducting material of photoanode. TiO2 is considered the most promising material 
among the other semiconducting materials currently employed to prepare photoanodes in DSSCs. 
Titanium dioxide is a transparent material for visible light, having a wide band gap suited for UV 
radiations for photocatalytic activity. It has excellent stability, is readily available, cheap, and non-
toxic. Because the energy band gap of TiO2 is high and not appropriate for the visible light 
photons to inject electrons into its CB via dye and the excited electron, due to insufficient energy, 
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will again jump to lower energy states [4, 5]. The TiO2 photovoltaic activity for visible 
electromagnetic region can be increased by incorporating some suitable elements into its crystal 
structure [6]. Thus, the use of TiO2 in pure form is restricted; the high rate of electron-hole pair 
recombination lowers the dye-sensitized solar cell's efficiency. Its band gap tuning and doping 
with different elements can overcome these limitations. A dye-sensitized solar cell has been 
reported with a photoconversion efficiency of 6.05% when the nanaoparticles of TiO2 are treated 
with hydrogen. In that study, TiO2 nanoparticles were deposited on an FTO glass substrate [7]. 
Hydrogen, because of smaller sized atoms, can easily penetrate TiO2 crystal lattice, thus modifying 
the optoelectronic properties of resulted material and enhancing its light-harvesting property [8, 9]. 
Compared to other doping materials used for tuning TiO2, hydrogen is highly pure, minimizing the 
possibility of impurities from reducing agents and solvents integrating with the TiO2 [10].  

In the present study TiO2 nanostructured films are implanted with H ions at the fluence 
rates of 2x1013, 2x1014 and 2x1015 ions-cm-2 because the main advantages of ion implantation 
include precise control over the implanted dose, area, and depth profile. 

 
 
2. Characterizations  
 
The material's structural properties can be investigated through the X-ray powder 

diffraction (XRD) technique using a Malvern Panalytical equipment with Cu-Kα radiation (1.5418 
Å) in the range of 200 to 800. TiO2 absorbance spectra of both pure and H-irradiated is obtained via 
UV-Vis spectrophotometer (U-0080D). The data obtained from the photoluminescence 
spectroscopy give deep insight about the electron-hole recombination process. The Keithley 2400 
(Abet Technologies) data recorder equipment was utilized to measure the photocurrent-voltage (J-
V) characteristic curves at an irradiation level of 100 mWcm-2 (AM 1.5 spectrum). 

 
 
3. DSSC fabrication 
 
The photoanode of the dye-sensitized solar cells is prepared by the deposition of TiO2 on 

the FTO glass substrate. These films are irradiated with H ions at flow rates of 2x1013, 2x1014 and 
2x1015 ions-cm-2. The films are soaked in N719 dye for 20 hours for better absorption. The Pt 
counter electrode is fabricated on an FTO substrate. The counter electrode and the photo anodes 
are sealed with parafilm to ensure no electrolyte leakage is possible. Through a tiny hole bored 
into the counter electrode, the iodide/tri-iodide electrolyte is injected between the sealed 
electrodes. 

 

 
 

Fig. 1. Diagrammatic illustration of a dye-sensitized solar cell . 
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After filling the electrolyte, the hole is sealed. Four dye-sensitized solar cells are 
fabricated in this way, in which one is pure, and three are prepared with H-irradiated TiO2 thin 
films. Figure 1 presents an illustration of these developed cells. The efficiency of the developed 
cells was assessed using the J-V measuring method. Surface profilometer is utilized for the 
measurement of the film thickness. 

 
 
4. Results and discussion 
 
4.1. XRD analysis 
The diffractogram exhibits the highest intensity peak (101) for both pure and H-irradiated 

TiO2 at 2θ values of 25.32°, 25.28°, 25.25° and 25.30° at fluence rates of 2x1013, 2x1014 and 
2x1015 ions/cm2 respectively. All the peaks are identical anatase having tetragonal symmetry 
verified by the JCPDS card No. 21-1272. In the diffractogram of all the plots of pure and H-
irradiated samples, the peak (101) has the highest intensity, indicating that all samples are anatase. 
The anatase peaks are shifting toward a lower angle, indicating that the interlayer distance between 
the adjacent layers is increasing due to H presence in the TiO2 crystal structure. The H is small 
ionic radii element that fills the interstitial spaces of TiO2, changing the lattice structure. Thus, the 
crystallinity of the resulting material after the irradiation process decreases, which is observed by 
the decrease in the peak intensity. As d and θ have inverse relation so, peak shifting towards a 
lower angle is observed [11]. The lattice strain at high fluence rate 2 x1015 ions/cm2 of H ion on 
TiO2 shifts peak again towards higher angle side. 

The average crystallite size is determined through the use of the Debye-Scherer equation, 
which is indicated by relation 1.  

 
𝐷𝐷 = 𝐾𝐾𝐾𝐾

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
                                      (1) 

 
Each of the three lattice parameters (a, b, c) are calculated by using the following relation  
 

1
𝑑𝑑2

= ℎ2+𝑘𝑘2

𝑎𝑎2
+ 𝑙𝑙2

𝛽𝛽2
                                          (2) 

 
In above relation the Miller indices are h, k and l, d is the separation between the adjacent 

atomic layers. The volume of the tetragonal crystal symmetry is calculated using relation given 
below 

 
𝑉𝑉 = 𝑎𝑎2x c            (3) 

 
The quantities determined by the above relations are summarized in Table 1 
The peak intensity was found to shorten after the irradiation process by hydrogen ions 

irradiated at 700 KeV, and peaks get broader is an indication that the crystallinity of the sample 
reduces. The peak broadening can be determined from the X-ray diffractogram illustrated in 
Figure 2 with the help of FWHM. The reduction of the peak intensity is also verified by the 
crystallite size, which for the pure sample is 21.75 nm. For the H-irradiated films at a flow rate of 
2 x1013 ions/cm2, 2 x1014 ions/cm2, and 2 x1015 ions/cm2 the average crystallite sizes are 14.83 nm, 
20.10 nm and 19.29 nm, respectively. So, a clear reduction trend in the crystallite size is observed 
with the H-irradiation process. This decrease in the peak intensity and peak broadening can be 
associated with the asymmetry in the crystal lattice due to the H atoms in TiO2. This H has small 
ionic radii (0.53 Å) compared to Ti (0.67 Å). The TiO2 crystal lattice becomes somewhat 
amorphous as a result of this tiny hydrogen filling the interstitial spaces. As a result, crystallite size 
decreases due to inhibition of crystal formation. As demonstrated by Figure 2, the crystallite size 
increases once more when the flow rate approaches 2 x 1015 ions-cm-2, probably as a result of the 
development of the rutile phase. 
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Fig. 2. Diffractogram of titania in various fluence rates, both pure and irradiated with H. 
 

 
Table 1. XRD investigations of TiO2 films at various fluency rates that are both pure and H-irradiated. 

 

Sample 2θ FWHM Interplanar 
spacing d(Å) 

Crystallite 
size D (nm) 

a=b 
(Å) 

c 
(Å) 

V 
(Å)3 

Pure TiO2 25.32 0.3914 3.517 21.75 3.788 9.468 135.86 

H irradiated-TiO2 at 2x1013 25.28 0.5738 3.523 14.83 3.784 9.653 138.21 
H irradiated-TiO2 at 2x1014 25.25 0.4233 3.527 20.10 3.801 9.460 136.67 
H irradiated-TiO2 at 2x1015 25.30 0.4413 3.520 19.29 3.787 9.543 136.85 

 
 
The volume of the pure TiO2 crystal lattice is 135.86 (Å)3. In contrast, this volume 

increases upon H-irradiation to138.21 (Å)3, 136.67 (Å)3 and 136.85 (Å)3 at fluence rates of 2 x 
1013, 2 x 1014 and 2 x 1015 ions/cm2 respectively. The reason for this volume rise is the inclusion of 
H ions in TiO2 crystal lattice because this H fills the interstitial spaces, resulting in an expansion of 
the volume. The volume decreases again when the fluence rate increases from 2 x 1014 ions/cm2 to 
2 x 1015 ions/cm2 because the high concentration of H, the lattice get contracted due to high strain 
value as an excess of H may get trapped inside the grain boundaries. 

 
4.2. UV visible spectroscopy 
UV visible spectroscopy helps in measuring various optical parameters like band gap 

energy, absorbance, band edges position, refractive index etc. The absorbance of the 
electromagnetic radiation in the pristine and H-irradiated samples at flow rates of 2x1013, 2x1014 

and 2x1015 ions/cm2 are calculated in the wavelength range of 200 nm to 500 nm illustrated in 
Figure 3. The relationship provided below is used to measure the band gaps values [12] 

 
   (𝛼𝛼ℎ𝜈𝜈)𝑛𝑛 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                           (4) 

 
where α is the absorption coefficient, h is Planck's constant, and v is the vibrational frequency, 
band gap Eg, A representing proportional constant. n=1/2 for an indirect allowed transition and 
n=2 for a direct allowed transition [13]. The Tauc illustration in Figure 3 can be used for 
estimating Eg values by extra plotting the curves obtained in the graph plotted between (αhν)2 vs 
hν. The point where the extra plotted line touching the x-axis is the energy band gap value Eg . 
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Fig. 3. Tauc plot for different fluence rates of pure and H-irradiated titania. 
 
 
For the pure TiO2, the band gap energy is 3.29 eV, but when irradiated with H ions, this 

band gap energy changes to 3.27 eV, 3.25 eV and 3.50 eV at a fluency rate of 2x1013 ions/cm2, 
2x1014 ions/cm2 and 2x1015 ions/cm2 correspondingly. The band gap value has decreased after H-
irradiation may be due to the slight atomic relaxation which is obtained when interstitial H forms 
weak bonds with neighboring oxygen [14]. Due to smaller ionic radii of hydrogen (0.53Å) can 
quickly diffuse into titania crystal lattice and covers the crystal's interstitial spaces, especially in 
the inorganic compounds. 

 
 

 
 

Fig. 4. Pure and H-irradiated titania's absorption spectra at different fluence rates. 
 
 
The equilibrium of the crystal changes when small or big size impurity enters the host 

material generating the crystal defects [15]. Therefore, being small, the H ions in TiO2 generates 
defects, and especially hydroxyl groups are created [16-18]. These species are the electron donor, 
the localized Ti–O(H)–Ti species [14, 19].  Thus, intermediate energy levels are created within the 
band gap of TiO2. These defects in the energy band gap of TiO2 provide a level for the 
accommodation of electrons excited from dye to TiO2. The defects created due to the incorporation 
of impurity atoms into the host crystal are categorized as deep or shallow-level defects [20]. The 
shallow-level defects are close to the conduction band, whereas the deep-level defects are away 
from the band edges, sometimes in the middle of the band. The species Ti–O(H)–Ti generated due 
to the hydrogen will donate electrons to the shallow traps, which are present close to the 
conduction band edge's bottom [21]. These trapped electrons leap into the CB when thin films 
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come into contact with electromagnetic radiation [19]. The crystal size of TiO2 does not 
significantly increases due to H insertion, but the band gap reduces due to the creation of shallow 
defects near the conduction band edge [22, 23]. At the fluence rate of 2x1015 ions/cm2, the 
concentration of H in TiO2 becomes high; thus, the extra amount of hydrogen will gather at the 
grain boundaries hindering the crystal growth and leading to the somewhat amorphous phase and 
disorder of the structure, leads to a rise in the Eg value [24].  

The absorption spectra for the H-irradiated TiO2 samples are better than the pure one and 
the red shift in the absorption was noticed for H-irradiated TiO2 samples [7]. The absorbance is 
inversely related to the transmittance; when the absorbance is high means less transmittance. The 
sifting of the absorbance band spectrum towards the visible region is due to the generation of 
oxygen vacancies below the conduction band edge. The electron requires less energy to jump these 
energy levels. This excitation energy is available in the visible light photons; thus, light is 
absorbed due to these energy levels of concerning the impurities in the titania band gap. The 
porosity of the films also increases upon the irradiation process, which leads to a higher rate of 
visible photons absorption [25].   

 
4.2.1. Band edges calculations 
The relative positions of the band edges are important for explaining the electron transport 

mechanism from the dye's HOMO to the semiconducting material's conduction band, i.e., TiO2. 
This electron shifting is essential for determining the efficiency of the DSSCs. The shifting of the 
bottom of the conduction band in the downward direction and the upper edge of the valance band 
in the upward direction is a desirable objective for obtaining high-efficiency DSSCs. For the 
obtaining the band edges values for the valance band edge and conduction band edges, we utilized 
the following relations. 

 
 𝐸𝐸𝐶𝐶𝐶𝐶 = 𝑋𝑋 − 𝐸𝐸𝐶𝐶 −

1
2
𝐸𝐸𝑔𝑔                                 (5) 

 
where    

 
X= 1

2
(𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐸𝐸𝑖𝑖𝛽𝛽𝑛𝑛) 

 
The band gap energy value is Eg in the relationships above, and Ec is 4.5 eV the energy on 

hydrogen scale for free electron. The initial ionization energy is Eion [26] and EEA is referred as the 
electron affinity. Using that given relation, one can compute the valance band edge.  

 
 𝐸𝐸𝑔𝑔 = 𝐸𝐸𝐶𝐶𝐶𝐶 − 𝐸𝐸𝑉𝑉𝐶𝐶                            (6) 

 
The values calculated from the utilization of the above relations are given in Table 2, and a 

diagram showing the band edges shifting is given in Figure 5.  
 
 

 
 

Fig. 5. Schematic for the band edges position for pure and H-irradiated TiO2. 
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It is observed that band edges move close to each other after the H ions irradiation process. 
When the band edges are close, the injection efficiency of photogenerated electrons into the 
conduction band (CB) of titania increases, thus, increasing the efficiency of dye-sensitized solar 
cells. Hence the recombination of electron-hole pairs is restricted due to the strong driving force 
[27]. For the pure TiO2 sample, the valance and the conduction band edges are far apart; thus, the 
injected electrons require a significant driving force to jump within TiO2's conduction band. The 
photons in the visible electromagnetic spectrum do not contain this amount of energy; thus, only a 
fraction of the electron can jump into CB of TiO2, which is carried by the UV photons. Therefore, 
due to the rapid rate at which electron-hole pairs recombination, the excited electrons quickly jump 
back to their parent energy level, decreasing the photoconversion efficiency of the fabricated 
DSSCs using TiO2 in pure form as photoanode semiconducting material. Due to these high 
recombination rates, the device's temperature also increases by the photons generated by the 
recombination process, which adversely impacts the device's efficacy. Due to irradiation of TiO2 
with hydrogen ions, the Eg of the samples decreases. The band edges come close to each other; 
thus, energy in the visible light is suitable for obtaining electrons by the photoexcitation process to 
produce electricity. The recombination rate reduces due to the closeness of the band edges. Thus, 
the device efficiency is enhanced by this close shifting of the band edges. The band edges are very 
close when the flux of H ions on TiO2 reaches 2x1014 cm-2, and the highest efficiency is obtained 
because of the highest driving force, which quickly shifts the photogenerated into the CB of TiO2, 
and the rate at which recombination occurs decreases. When the TiO2 film is implanted with H 
ions at flow rate of 2x1015 ions/cm2, the band edges shift away again, increasing the band gap 
energy of the resulting sample. This shifting is related to the disruption of TiO2's anatase phase and 
the emergence of just a small portion of the rutile phase.  The excess of the H ions in TiO2 at a 
fluence rate of 2x1015 ions/cm2 collected at the grain boundaries and restricted the crystal's growth. 
Thus, the smooth flow of photogenerated electrons is hindered, so the efficiency of DSSCs 
reduces. 

 
 

Table 2. Band edge values for pure and H-irradiated films in the conduction and valance bands. 
 

Sample Eg 
(eV) 

ECB 
(eV) 

EVB 
(eV) 

Pure TiO2 3.29 -1.11 -4.40 
H irradiated-TiO2 at 2x1013 3.27 -1.31 -4.58 
H irradiated-TiO2 at 2x1014 3.25 -1.09 -4.34 
H irradiated-TiO2 at 2x1015 3.50 -1.21 -4.71 

 
 
4.3. Photoluminescence analysis 
Photoluminescence analysis is utilized to determine electron-hole pairs recombination, 

transfer and trapping. Photoluminescence spectroscopy is essential for describing the response of 
the material under which it is exposed to electromagnetic radiation. The electrons of material, after 
absorbing energy, are excited to higher energy levels. As a material's excited state is unstable, the 
electrons transition from higher to lower energy levels, they release photons of energy 
corresponding to the existing energy levels within the material or lies between the band gaps, if 
any there. These illuminations indicate the number of energy states as the possible recombination 
process is taking place there are responsible for these emissions. The intensity of the PL peaks 
describes number of photons originating from the recombination process of the electrons with their 
counterpart, i.e., hole. The numbers of peaks are the number of possible energy levels facilitating 
the recombination process. The small value of PL is the higher separation between electron holes 
and less recombination.   

Pure TiO2 with the highest PL intensity means the highest recombination rate of 
photogenerated electron-hole pairs. The peak intensity indicates a decreasing trend upon the H 
ions irradiation process, and the small intensity is noticed at 2x1014 ions/cm2. The appearance of 
the peaks in the visible range of electromagnetic spectra because the vacancies present below the 
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conduction band, and these transitions are possible with low-energy photons. These are the oxygen 
vacancies facilitating the charge transfer process at low energy and reducing the recombination 
process. The emission peaks in the visible region are mostly caused by shallow or deep trap 
centres and excitons related to oxygen defects. 

The hydrogen ions present at the interstitial spaces in the TiO2 crystal lattice can generate 
deep level defect or shallow-level defects [28]. The shallow-level defects are close to the 
conduction band edge and are able to serve as donor states, whereas the deep-level defects are 
nearly at the centre of the band gap [16]. The shallow-level defects due to H-irradiation acts as the 
shallow donors [29]. At a flow rate of 2x1014 ions/cm2, three PL peaks are seen in the 
photoluminescence spectrum at 362 nm, 372 nm, and 495 nm. The emission peak at 495 nm (blue 
emission) is associated with the transition from the titania valence band to localized surface states. 
The peak intensities are less for H-irradiated as compared to pure samples at 2x1014 ions/cm2, is an 
indication that negligible recombination is observed. The shallow defects generated due to the H 
presence in TiO2 increase the lifespan of the photogenerated electrons, thus decreasing the 
probability for the electron-hole pair recombination. The implanted ions enhance the time it takes 
for photogenerated electrons to recombine with their parent hole and boost the effectiveness of 
charge separation by adding extra energy levels to the band gap of the semiconductor [30]. So, the 
impurity levels act as trapping centres for improving excited photoelectron lifetime, which is 
desirable for obtaining high efficiency of the fabricated DSSCs. On the other hand, at a fluence 
rate of 2x1015 ions/cm2, the defect levels are acting as recombination centres facilitating the 
recombination process resulting in a decrease in the photoconversion efficiency of the prepared 
dye-sensitized solar cell. Consequently, the higher concentration of H acts as a centre for electron-
hole pair recombination rather than promoting charge transfer, which lowers the efficiency of dye-
sensitized solar cells [31].  

 
 

 
 

Fig. 6. Photoluminescence spectra of pure and H-irradiated samples. 
 
 
4.4. Electrochemical impedance spectroscopy (EIS)  
EIS is utilized to analyze the flow of charges across the various interfaces. The 

electrochemical impedance spectra are obtained in the form of semicircles. The impedance curve 
is divided into the two regions named as the transport resistance is provided the interface of TiO2 
film, dye, and electrolyte, as well as the counter electrode is the recombination resistance. The 
electron transport resistances at each interface were evaluated using the EIS Nyquist plot [32]. Z'' 
and Z', which represent the imaginary and real parts of the impedance, respectively, have been 
plotted on a Nyquist plot. In EIS Nyquist plots, the circular arc radius correlated with the splitting 
of an electron-hole pair and charge transfer resistance [33].  
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Fig. 7. EIS illustration of H-irradiated and pristine TiO20. 
 
 
Figure 7 displays the corresponding EIS spectra for the pristine and H-irradiated TiO2 

photoanode at flow rates of 2x1013, 2x1014, and 2x1015 ions-cm-2, respectively. It is seen clearly 
that the radius of a semi-circle of the plots reduces upon the H-irradiation process. This decrease in 
the radius of the circles indicates that the conductivity in the flow of the charge carriers decreases, 
and the transportation of the charges is improving. The pace at which electron-hole pairs 
recombine at film/dye/electrolyte interfaces reduces because the impurity generated within the 
band gap is a trapping centre resisting the recombination process, thereby improving charges flow. 
The highest flow rate is noticed at a fluency rate of 2x1014 ions/cm2, whereas on further increasing 
fluence rate of 2x1015 ions/cm2, the recombination rate increases; thus, flow rate reduces. A boost 
in the band gap value can be linked to an increase in the rate of electron-hole recombination, due 
to which the band edges move away from each other and the smooth shifting of carriers to the 
conduction band reduces. 

 
4.5. J-V measurements 
The dye-sensitized solar cells' photoconversion efficiency is ascertained by J-V 

measurements. From the J-V curve, we can evaluate open circuit voltage (Voc), Fill factor (FF) 
and short circuit density (Jsc). Using these values, we can calculate the efficiency of DSSC from 
the relation given below.  

 
  η(%) = Jsc×FF×Voc

Pin
× 100      (10) 

 
 
The incident light power is pin. Table 3 provides the values derived from the J-V curve. 

For pure TiO2, the short circuit current density is 7.38 mA/cm2. An increase in the value is 
observed after H-irradiation reaching 7.92 mA/cm2. When the flow rate of H ions increases and 
reaches 2x1014 ions/cm2, the value increases, getting the highest value of 8.20 mA/cm2. Enhancing 
the density of short circuit current, Jsc is linked to inhibiting the recombination process. Also, the 
band edges come close to each other at a flow rate of 2x1014 ions/cm2, so the transfer of charges to 
the conduction band becomes smooth  [34]. The electron traps within the band gap that support the 
recombination process are removed by the presence of H ions, thus increasing the flow of charges. 
The higher value of the Jsc indicates that the contact between the interfaces, i.e. 
film/dye/electrolyte, has been improved, thus reducing the resistance by the H-irradiation process 
[35, 36] . The dye loading at this fluency rate is also maximum due to an enhancement in the 
porosity of the TiO2 film; thus, light harvesting ability of the device increases its efficiency. 
Therefore, 2x1014 ions/cm2 is the optimum value of the fluence of H ions on TiO2. On further 
increasing the H ions fluency rate to 2 x 1015 ions/cm2 in TiO2, the Jsc decreases to 7.73 mA/cm2. 
There are more crystallographic defects due to the increased fluency rate of lattice structure 
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deterioration. Higher H levels can also cause redox reactions with electrolyte ions that reduce Jsc 
[4].  

 
Table 3. Solar cells parameters. 

 

Samples 
Jsc 
(mA/cm2) 

Voc 
(V) FF  

Efficiency 
η (%) 

Pure TiO2 
 
7.38 

 
0.7814 0.5530 3.19 

H irradiated-TiO2 at 2x1013 
 
7.92 

 
0.7866 0.6033 3.76 

H irradiated-TiO2 at 2x1014 
 
8.20 

 
0.7870 0.6270 4.05 

H irradiated-TiO2 at 2x1015 7.73 0.7895 0.5776 3.53 
  

 

 
 

Fig. 8. J-V curve for pure and H-irradiated TiO2 photoanode DSSCs. 
 
 
A higher value of the fill factor FF indicates a lower recombination rate [37]. The highest 

value of FF of 0.627 is observed, which is confirmed by the PL spectra showing the lowest value 
at 2x1014 ions/cm2. Because the dye adhesion gets harmed by greater H ion concentrations, 
aggregation causes the absorption area to decrease as well as the short-circuit current density to 
decrease [38]. High implanted ion concentrations increase the number of trapping sites, which 
causes the quantum tunneling effect, which raises recombination. More injected ion concentration 
levels cause implanted ions to form recombination centres, which accelerates the recombination of 
electrons and holes [39]. High fluence will shrink the pores, resulting in less dye adsorption and 
decreased device effectiveness  [40].   

The open circuit voltage Voc of the dye-sensitized solar cells refers to the voltage obtained 
across the terminals of the device, a moment electromagnetic radiation comes into proximity to the 
device without externally applied voltage. It is an important parameter that describes the maximum 
voltage obtained under illumination and directly describes the fabricated device's efficiency. The 
quasi-Fermi level of the photoanode and the redox potential of the electrolyte can be utilized to 
calculate the photovoltage (Voc). The maximum value of the open circuit voltage, 0.627 V, is 
obtained at 2x1014 ions/cm2. This highest value of the open circuit voltage is associated with 
decreased band gap energy. By inhibiting the back electron transport, Voc and FF can be improved 
[41]. These changes in TiO2 film with H ions yield the maximum efficiency of 4.05%. 
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5. Conclusion 
 
The sol-gel approach has been effectively utilized to synthesize nanostructured TiO2. Thin 

films of synthesized TiO2 nano material are deposited on the substrate made of FTO glass by the 
dip coating method. XRD analysis confirms the anatase phase and tetragonal symmetry, and the 
reduction in the crystallite size is observed. The band gap energy reduces as the band edges shift 
close to each other, and the absorption band spectrum shows a redshift via hydrogen insertion. PL 
intensity decreases with the H-irradiation process and offers the lowest intensity of PL peak at 
2x1014 ions/cm2 fluency, thus the lowest rate at which electron-hole pairs recombine. The EIS 
analysis depicts an improved flow rate in the presence of H in TiO2. J-V characteristics show 
enhanced short circuit current density, open circuit voltage and fill factor at 2x1014 ions/cm2 
fluency rate, and maximum efficiency of 4.05 % is obtained. 
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