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Abstract
The current work investigates ion implantation of a transition metal (Ag) into MXene/TiO2 films utilizing low energy at dif-
ferent fluence rates of 5 ×  1012, 5 ×  1013, 5 ×  1014, and 5 ×  1015 ions-cm−2 respectively. The morphology and crystal structure 
of the transition metal-implanted MXene/TiO2 samples were characterized by field-emission scanning electron microscopy, 
x-ray diffraction, and Raman spectroscopy. In addition, x-ray photoelectron spectroscopy revealed the presence of Ag(I) 
oxidation state at 5 ×  1014 ions-cm−2 fluence, whereas at a higher fluence of 5 ×  1015 ions-cm−2, both Ag(I) and Ag(0) states 
were found. The optical properties of the transition metal-implanted MXene/TiO2 samples were also investigated via UV-
visible and photoluminescence studies. The transition metal implantation significantly enhanced the light absorption and 
reduced the charge recombination owing to the formation of defect states. Finally, the quantum dot-sensitized solar cell 
(QDSSC) device fabricated with 5 ×  1014 ions-cm−2 (Ag_3) exhibited the highest power conversion efficiency of 3.94% 
versus the unimplanted MXene/TiO2-based QDSSC (2.48%), which is attributed to enhanced absorption and minimization 
of charge recombinations, as confirmed by photovoltaic characteristics and Nyquist plots.

Keywords QDSSC · ion implantation · light harvesting · TiO2

Introduction

Third-generation quantum dot-sensitized solar cells 
(QDSSCs) have attracted significant interest due to their eco-
nomical production, streamlined manufacturing processes, 
and their ability to operate efficiently even under low illumi-
nation.1 QDSSCs can be conceptually considered an evolu-
tionary extension of conventional dye-sensitized solar cells 
(DSSCs). Nonetheless, in QDSSCs, quantum dots (QDs) 
are employed as a sensitizer in place of organic dyes, as 
QDs have exceptional properties including a tunable band 
gap, multiple exciton generation, and high extinction coef-
ficient, which make the solar cells more efficient.2 QDSSCs 

typically comprise a photoanode made of  TiO2 as an elec-
tron transport layer (ETL) sensitized with quantum dots, a 
polysulfide electrolyte as a hole transport layer (HTL), and 
a counter electrode (CE) composed of  Cu2S@brass.3

A conventional mesoporous  TiO2 (m-TiO2)-based pho-
toanode still suffers from various limitations, such as low 
light harvesting because of the wide band gap of  TiO2, and 
sluggish charge transport dynamics and numerous recombi-
nations owing to the large grain boundaries of m-TiO2. The 
light harvesting of the m-TiO2 photoanode can be enhanced 
by scattering the incoming light or, alternatively, expanding 
the absorption spectrum of the photoanode, enabling it to 
capture a wider spectrum of wavelengths. Further, electron-
hole recombinations can be reduced by establishing a more 
efficient transport network, facilitating the swift movement 
of electrons to the electrode. Additionally, creating new trap 
levels in the material can prevent electron–hole recombina-
tion, helping in the separation of charge carriers.4

The use of large nanostructures in the photoanode can 
effectively scatter incoming light, leading to an improved 
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light harvesting mechanism through the Mie scattering phe-
nomena.5 In this direction, different large-sized nanostruc-
tures, including large nanoparticles,6 nanofibers,7 nanobe-
ads,8 nanorods,9 and nanotubes,10 have been employed as 
effective light scatterers. Moreover, doping of the photo-
anode with noble metals such as Au, Ag, and Cu helps to 
broaden the absorption spectra through the induction of 
local surface plasmon resonance (LSPR) effects.11,12 Also, 
noble metal doping induces new impurity states positioned 
between the conduction band and valance band of  TiO2, 
serving the dual purpose of facilitating enhanced absorp-
tion at higher wavelengths and functioning as centers for 
charge separation, thereby mitigating the occurrence of 
charge recombination.13 In this context, Raguram et al.14 
demonstrated a reduction in the band gap of  TiO2 through 
Cu doping, leading to an improvement in current density 
values. Dong et al.15 reported a 22% enhancement in effi-
ciency for a photoanode based on Ag-TiO2, attributing it to 
the broadening of absorption edges.

Recently, a two-dimensional (2D) titanium carbide-
based MXene  (Ti3C2Tx) has gained considerable attention 
in photovoltaic technology owing to its efficient intrinsic 
properties, such as high electrical conductivity, thermal sta-
bility, and hydrophilic nature.16–18 In this regard, Agresti 
et al.19 incorporated the MXene into perovskite solar cells 
to tune the work function and band alignment, which led 
to a 26% increase in power conversion efficiency (PCE). 
Lemos et al.20 reported that  Ti3C3Tx MXene/TiO2 photo-
anodes showed 20% higher PCE than bare  TiO2 photoan-
odes, as highly conductive MXene provides a straight path 
for charge carries and prevents the recombinations at the 
photoanode/electrolyte interface in DSSCs. Another work 
explored CuSe/MXene as a counter electrode in QDSSC, as 
MXene has a larger specific surface area for higher catalytic 
activity and better charge transfer.21 In our previous report,6 
the partial oxidation of MXene into large-sized  TiO2 nano-
structures facilitated effective light scattering and enhanced 
electron transport through the photoanode. Numerous other 
 studies22–24 have explored the incorporation of noble metals 
into  TiO2 to generate metal nanoparticles that exhibited the 
LSPR effect. Nevertheless, the direct contact between the 
metal nanoparticles and the electrolyte induces corrosion, 
thereby compromising the stability of our device. Addition-
ally, metal nanoparticles exhibit the Fano effect through the 
destructive interference of light, reducing light absorption.25 
To address this concern, the ion implantation technique is 
considered as more precise and controllable, and favors the 
atomic-level doping of atoms in the  TiO2 lattice rather than 
the formation of metal nanoparticles. In this context, Bhul-
lar et al.26 implanted metal ions into a  TiO2 photoanode to 
enhance light absorption and reduce recombination by the 
creation of new trap states.

Taking into account the above, the present work focuses 
on the implantation of Ag ions in a MXene/TiO2-based 
photoanode for QDSSCs. First, MXene was incorporated 
into  TiO2 to enhance the light scattering and improve the 
electron transport. Then the photoanodes were implanted 
with Ag ions via a low-energy ion beam at fluence rates 
of 5 ×  1012, 5 ×  1013, 5 ×  1014, and 5 ×  1015 ions-cm−2. The 
crystallinity of the samples was studied by x-ray diffraction 
(XRD) and Raman spectroscopy. The substitution doping 
of Ag was confirmed by x-ray photoelectron spectroscopy 
(XPS), and the enhancement in absorption and reduction in 
recombinations due to the creation of new impurity states 
was confirmed by UV-visible and photoluminescence (PL) 
spectroscopy. Ultimately, the QDSSC device fabricated 
with Ag implanted at a fluence of 5 ×  1014 ions-cm−2 dem-
onstrated a 58% improvement in PCE compared to the refer-
ence QDSSC. This enhancement is attributed to the higher 
light absorption and reduced number of recombinations in 
the photoanode with Ag implantation.

Materials and Methods

Materials

Titanium(IV) isopropoxide (TTIP), hydrofluoric acid, 
cadmium acetate dihydrate (Cd(CH3COO)2·2H2O), zinc 
acetate dihydrate (Zn(CH2COO)2·2H2O), sodium sulfide 
nonahydrate  (Na2S·9H2O), methanol, acetone, isopropanol, 
fluorine-doped tin oxide (FTO), sulfur (S), sodium hydrox-
ide (NaOH), and dimethyl sulfoxide (DMSO) were all pur-
chased from Merck, India. The brass sheet was purchased 
from Alfa Aesar, and  TiO2 paste (T/SP, Ti-nanoxide) was 
purchased from Solaronix SA, Switzerland. MAX (M → 
early transition metal, A →13 and 14 group elements, and X 
→ carbon and/or nitrogen)  (Ti3AlC2) powder was procured 
from Nanoshel, USA. All chemicals were used as received 
without further purification.

MXene Synthesis

MAX powder (3 g) was slowly added to hydrofluoric acid 
(60 ml) in a Teflon beaker and stirred for 48 h at room tem-
perature for Al etching. Then, the obtained slurry was centri-
fuged at 3500 rpm for the removal of Al and washed several 
times with deionized (DI) water using vacuum filtration until 
a pH of 6 was attained. Afterwards, the dispersion was dried 
in an oven at 60°C. Further, the obtained powder was dis-
solved in DMSO for intercalation and stirred for 24 h. For 
the delamination of MXene sheets, the obtained solution was 
probe-sonicated for 1 h. Finally, to obtain MXene powder, 
the slurry was again filtered and dried at 60°C for 12 h.
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Preparation of Unimplanted MXene/TiO2 
and Ag‑Implanted MXene/TiO2 ‑Based Photoanodes

The preparation steps of photoanodes are shown in Fig. 1a. 
First, the FTO substrates (1.5 × 1.5 cm) were patterned 
and cleaned by ultrasonication in various steps: soap solu-
tion, DI water, acetone, methanol, and propanol for 15 min 
each. Then, the compact layer of TTIP was spin-coated 
onto the pre-cleaned FTO substrates as discussed in our 
previous work.6 After that, MXene/TiO2 photoanodes 
were prepared by mixing 30 wt.% of MXene in  TiO2 paste 
and doctor bladed on the prepared substrates followed by 
annealing at 450°C for 30 min. These photoanodes were 
then implanted with Ag ions at the low-energy negative 
ion beam facility at IUAC, New Delhi, India, at an energy 
of 80 keV with fluence rates of 5 ×  1012, 5 ×  1013, 5 ×  1014, 
and 5 ×  1015 ions-cm−2, designated  as Ag_1, Ag_2, Ag_3, 
and Ag_4, respectively. The unimplanted photoanode was 
prepared for reference and named Ag_0. XRD patterns 
were recorded for the prepared samples using a PANalyti-
cal XRD instrument equipped with Cu Kα radiation, and 
Raman spectra were recorded on a Renishaw micro-Raman 

spectrometer with argon laser at 514 nm wavelength. To 
determine the elemental composition of the prepared sam-
ples, XPS was performed using an ULVAC PHI VersaP-
robe III instrument with a binding energy (BE) range of 
1–1000 eV. The morphology of the samples was studied 
by field-emission scanning electron microscopy (FESEM) 
on a Carl Zeiss Supra 55 instrument. Next, CdS QDs were 
loaded on photoanodes via successive ionic layer adsorp-
tion and reaction (SILAR). Briefly, the samples were 
immersed in a 0.1 M Cd(CH3COO)2·2H2O for 1 min and 
washed with ethanol and then dipped into a solution of 
0.1 M  Na2S·9H2O and washed with respective solvent. 
This process was repeated for seven SILAR cycles. Addi-
tionally, a passivation layer of ZnS was deposited by 
SILAR for three cycles using 0.1 M Zn(CH2COO)2·2H2O 
and 0.1 M  Na2S·9H2O solutions. UV-visible spectra were 
then recorded for the unimplanted photoanode loaded with 
CdS QDs and the photoanode implanted with Ag using 
a Shimadzu UV–Vis–NIR 3600 spectrometer within the 
range of 300−700 nm. The PL spectra were also recorded 
using a PerkinElmer LS-55 spectrometer.

Fig. 1  Flowchart showing the (a) fabrication of the photoanode, (b) fabrication of the counter electrode, and (c) assembly of the QDSSC.
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QDSSC Fabrication

The  Cu2S@brass-based CE was prepared by etching of a 
brass sheet in HCl at 80°C for 90 min, then dipping it in a 
polysulfide electrolyte for 10 min (Fig. 1b). Finally, QDSSCs 
were prepared by sandwiching the prepared photoanodes and 
CE and injecting the polysulfide electrolyte between them 
(Fig. 1c). The prepared QDSSCs were illuminated under a 
solar simulator of 100 mW  cm−2 (OAI TriSOL) of inten-
sity 1.5 G AM, and a Keithley 2400 SourceMeter was used 
to record the photovoltaic characteristics. Electrochemical 
impedance spectroscopy (EIS) was performed using an 
Autolab potentiostat/galvanostat (PGSTAT302) at forward-
biased open-circuit voltage within the frequency range of 
0.01 Hz to 1 MHz, and Nyquist plots were fitted using EC-
Lab v.11.21 software with χ2 < 0.001.

Results and Discussion

The morphology of the pristine MXene, MXene annealed 
at 450°C, and the MXene/TiO2 photoanode were analyzed 
by FESEM. Figure 2a shows the successful formation of 
2D layered sheet-like morphology of pristine MXene. Fig-
ure 2b presents the morphology of pristine MXene when 
annealed at 450°C, where the growth of large-sized  TiO2 
nanostructures (100–200 nm) can be seen on the surface of 
MXene, leading to the oxidization of the MXene surface. 
Figure 2c presents the MXene/TiO2 hybrid-based photo-
anode, when  TiO2 paste mixed with MXene was annealed 
at 450°C, showing the formation of an m-TiO2 layer with 
nanoparticles 15-20 nm in size on the oxidized MXene 
surface. Notably, the morphology (Fig. 2c) of the MXene-
incorporated  TiO2-based photoanode with m-TiO2 nanopar-
ticles (15–20 nm) accompanied by the large-sized surface-
oxidized MXene nanostructure is beneficial for efficient light 
scattering and hence leads to enhanced light absorption.

The effect of Ag implantation on the surface morphol-
ogy of the samples was examined by FESEM as shown in 
Fig. 3. Samples at lower fluence (Ag_1 and Ag_2) show 
(Fig. 3a and b) almost identical morphology to that of the 
unimplanted MXene/TiO2 sample, whereas with increasing 
fluence, the Ag_3 sample exhibits (Fig. 3c) a large grain 
size due to the coalescence of the MXene/TiO2 nanopar-
ticles, leading to a smaller number of grain boundaries, 
enhancing the charge transport. Conversely, for the Ag_4 
sample (Fig. 3d), the high fluence led to distortion of the 
mesoporous structure, resulting in decreased QD loading 
and hence reduced light absorption.

XRD patterns of pristine MXene, annealed MXene, and 
MXene/TiO2 -based samples are illustrated in Fig. 4. Sharp 
peaks of pristine MXene were observed at 9.28° (002), 
18.49° (004), 35.97° (103), 41.94° (105), and 60.61° (109), 
confirming the successful formation of MXene nanosheets 
upon etching as shown in Fig. 4a.27 On annealing at 450 °C, 
MXene becomes partially oxidized to  TiO2, as evident from 
mixed peaks of MXene and an anatase  TiO2 phase. Further-
more, unimplanted and annealed MXene/TiO2-based sam-
ples exhibit sharp peaks at 25.14°, 37.56°, 47.85°, 53.79°, 
54.89°, 61.33°, and 62.57° corresponding to (101), (004), 
(200), (105), (211), (213), and (204) planes of anatase  TiO2 
(JCPDS no. 21-1272), whereas small peaks at 35.97° and 
41.94° corresponding to oxidized MXene upon anneal-
ing. Along with this, diffraction peaks of FTO substrate 
were also observed.28 Moreover, Ag-implanted MXene/
TiO2-based samples show similar XRD spectra (Fig. 4b) to 
the unimplanted MXene/TiO2-based sample, but a corre-
sponding decrease in the intensity of the peaks belonging 
to MXene was observed which further disappeared at high 
fluence (Ag_4), attributed to the oxidation of the MXene 
due to implantation. Additionally, in the XRD spectra of 
the Ag-implanted MXene/TiO2-based samples, the peaks 
corresponding to Ag were not found, which could be due to 

Fig. 2  FESEM images of (a) pristine MXene, (b) oxidized MXene, and (c) MXene/TiO2-based sample doctor-bladed onto FTO substrate.
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the low concentration or due to the solubility of Ag within 
the  TiO2 matrix.

The Raman spectra of MXene, annealed MXene, and 
MXene/TiO2-based samples were studied and the results are 
shown in Fig. 5. Raman spectra of MXene (Fig. 5a) repre-
sent mainly five in-plane and out-of-plane vibrational bands 
of MXene around 128  cm−1 (ω1(Eg)), 207  cm−1 (ω2(A1g)), 
365   cm−1 (ω5(Eg)), 633   cm−1 (ω4(Eg)), and 412   cm−1 
(ω3(A1g)).29 After annealing at 450°C, Raman spectra show 
bands corresponding to MXene and anatase  TiO2 owing 
to the partial oxidation of MXene, which is in accord with 
XRD results. Furthermore, an unimplanted MXene/TiO2-
based sample (Fig.  5a) shows four main Raman-active 
bands at 145  cm−1 (Eg), 399  cm−1 (B1g), 518  cm−1 (A1g), and 
640  cm−1 (Eg) belonging to anatase  TiO2 along with a small 
band around 207  cm−1 (ω2(A1g)) corresponding to MXene.30 
Moreover, implanted samples (Fig. 5b) show Raman bands 
of anatase  TiO2 as well as MXene, but with increasing flu-
ence, the band (ω2(A1g)) corresponding to MXene decreases, 
which is attributed to the oxidation of MXene with implanta-
tion. Again, here, no band corresponding to Ag is detected in 
the Raman spectra due to the solubility of Ag in  TiO2, which 
is in accord with XRD results.

XPS analysis was conducted to determine the elemen-
tal composition and to assess the interaction between the 

implanted Ag and  TiO2. In Fig. 6a–e, the survey spectra of 
both unimplanted and Ag-implanted samples reveal the pres-
ence of Ti, O, and C in the samples. Notably, the absence of 
discernible peaks corresponding to Ag in the survey spectra 
could be due to the low concentration of implanted Ag in the 
samples. The atomic % of different elements calculated from 
their core-level spectra are tabulated in Table I. The core-
level spectra for Ag_3 and Ag_4 are illustrated in Fig. 7, 
where Ag_3 exhibits (Fig. 7a) two distinct peaks at 368 eV 
(Ag-3d5/2) and 374 eV (Ag-3d3/2) confirming the presence 
of  Ag+ ions,31 which can generate the defects in the MXene/
TiO2 lattice within the valance and conduction bands.26 
These new defect states can increase the light absorption 
of the photoanode towards higher wavelengths which might 
act as charge separation sites to minimize charge recombi-
nations. In contrast, at higher fluence for the Ag_4 sample 
(Fig. 7b), the peaks can be deconvoluted into four peaks at 
368.3 eV and 374.3 eV corresponding to  Ag+ ions, and at 
368.8 eV and 375 eV corresponding to metallic Ag,32 which 
may act as a charge recombination center and degrade device 
performance.

The core-level spectra of Ti-2p (Fig. 8a–e), depicts two 
discernible peaks at 458 eV (Ti-2p3/2) and 464 eV (Ti-2p5/2). 
Subsequent deconvolution of each peak revealed another two 
distinct sub-peaks at 458.4 eV and 464.2 eV, corresponding 

Fig. 3  (a–d) FESEM images of Ag-implanted (Ag_1, Ag_2, Ag_3, and Ag_4) MXene/TiO2 samples.
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Fig. 4  (a) XRD patterns of MXene, annealed MXene, and unimplanted MXene/TiO2-based samples, (b) XRD patterns of Ag implanted MXene/
TiO2-based samples.

Fig. 5  (a) Raman spectra of MXene, annealed MXene, and unimplanted MXene/TiO2-based samples, (b) Raman spectra of Ag-implanted 
MXene/TiO2-based samples.
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to  Ti4+, whereas 457.6 eV and 462.4 eV belong to  Ti3+ oxi-
dation states.33 The  Ti4+/Ti3+ ratio was calculated from their 
respective peak areas for pristine and optimized samples. For 
the Ag_0 sample, the  Ti4+/Ti3+ ratio is 6.62, and after the Ag 
implantation (Ag_3), it was increased to 9.33, resulting from 
the oxidation of MXene to  TiO2 with implantation resulting 
from the fast and local temperature variation of the surface.34

The photovoltaic characteristics of fabricated QDSSCs of 
unimplanted MXene/TiO2 and Ag-implanted MXene/TiO2-
based photoanodes are shown in Fig. 9a, and corresponding 
photovoltaic parameters are compiled in Table II. The values 
of JSC exhibit an obvious increase with implantation from 
8.14 mA/cm2 (Ag_0) to 9.24 mA/cm2 (Ag_1), 10.58 mA/
cm2 (Ag_2), and reaching a maximum up to 11.56 mA/cm2 
for the Ag_3 sample-based QDSSC. Nevertheless, in the 
case of Ag_4, there was a noticeable decrease in the JSC 
value, reducing to 9.93 mA/cm2.

To explore the reason for this JSC trend, UV-visible 
spectra of unimplanted and Ag-implanted samples with 
CdS QDs-loaded photoanodes were recorded as shown in 
Fig. 9b. It is observed that the absorption edge lies within 
400–500 nm and absorption increases (around 420 nm) 
with Ag ion implantation, owing to the formation of new 
defect states between the valance band and conduction band 
of  TiO2. In the spectra, optimized Ag_3 shows maximum 
absorption with the highest JSC value of 11.56 mA/cm2; 
however, the decrease in JSC at the highest fluence (Ag_4) 
can be attributed to the decrease in light absorption by the 
photoanode, which results from the distorted mesoporous 
structure at higher fluence levels, as observed in the FESEM 
analysis, could resulting in the diminution of QD loading.

Further, EIS was conducted under forward-biased open-
circuit voltage conditions to investigate electron transport 
mechanisms and charge recombinations. The Nyquist plots, 
fitted with an equivalent circuit, are illustrated in Fig. 10a. 
Here, two semicircles in the Nyquist plots were observed, 
first at a lower frequency range corresponding to the charge 
transfer resistance (R1) at the electrolyte/CE interface, and 
at an intermediate frequency associated with charge trans-
fer resistance (R2) at the photoanode/electrolyte interface. 
The resistance R1 exhibits nearly the same value across all 
QDSSCs, as a similar CE was used for constructing each 
device. Table  II provides the R2 values calculated from 

Fig. 6  (a–e) Survey spectra of unimplanted (Ag_0) MXene/TiO2 and Ag implanted (Ag_1, Ag_2, Ag_3, and Ag_4) MXene/TiO2 samples.

Table I  Atomic % of Ti, O, and 
Ag present in Ag implanted 
MXene/TiO2 samples

Sample Ti O Ag

Ag_1 31.74 68.26 –
Ag_2 30.34 69.66 –
Ag_3 29.36 70.58 0.06
Ag_4 28.09 71.80 0.11
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Nyquist plots for all fabricated QDSSCs. The effect of Ag 
ion implantation on MXene/TiO2-based samples was also 
examined using Nyquist plots. It was found that as the flu-
ence increased from 5 ×  1012 to 5 ×  1014 ions-cm−2, the cor-
responding R2 value decreased from 163.1 to 30.7 ohm-cm2, 

respectively. Conversely, on further increasing the fluence 
(Ag_4), the R2 value again increases to 127.1 ohm-cm2, 
suggesting a higher number of recombinations. To further 
confirm the reduction in charge recombinations, before 
and after implantation of MXene/TiO2-based samples, PL 

Fig. 7  (a, b) High-resolution core-level Ag-3d XPS spectra of Ag implanted (Ag_3 and Ag_4) MXene/TiO2 samples.

Fig. 8  (a) High-resolution core-level Ti-2p XPS spectra of unimplanted (Ag_0) MXene/TiO2 and (b–e) high-resolution core-level Ti-2p XPS 
spectra of Ag-implanted (Ag_1, Ag_2, Ag_3, and Ag_4) MXene/TiO2 samples.
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spectroscopy was employed (Fig. 10b). It is widely rec-
ognized that the PL intensity correlates directly with the 
number of recombinations; the lower the PL intensity, the 
lower the number of recombinations. The PL spectra for all 
samples revealed two broad peaks situated at 420 nm and 
519 nm attributed to radiative recombination arising from 
surface-trapped excitons and free electrons and holes con-
fined around oxygen vacancies, respectively.34 Among all 
the samples, the Ag_3 sample exhibited the lowest PL inten-
sity, which is direct evidence of reduced charge recombina-
tion, due to the creation of new charge trap states between 
the valence band and conduction band of  TiO2. Moreover, 
the higher PL intensity of the Ag_4 sample indicates an 
increased number of recombinations at the higher fluence, 
which could be due to the formation of metallic Ag which 
acts as a recombination center. Thus, as a whole, QDSSCs 

based on Ag_3 achieved the highest overall PCE of 3.94%, 
which is 58% greater than that of the Ag_0 sample (pristine 
MXene/TiO2), attributed to higher light absorption and low 
charge recombinations.

Conclusion

In conclusion, MXene/TiO2-based photoanodes were suc-
cessfully fabricated with partial oxidation of MXene into 
large  TiO2 nanoparticles (100–200 nm). Upon annealing, 
they were found to be immersed within m-TiO2 nanopar-
ticles, which facilitates efficient light scattering. After-
wards, Ag implantation was performed for as-prepared 
MXene/TiO2-based samples at variable fluence (5 ×  1012, 
5 ×  1013, 5 ×  1014, and 5 ×  1015 ions-cm−2), and utiliz-
ing these photoanodes, respective QDSSCs were fabri-
cated. Among all of these, the QDSSC prepared with Ag 
implanted at fluence of 5 ×  1014 ions-cm−2 (Ag_3) exhib-
ited a maximum JSC value of 11.56 mA/cm2 with maxi-
mum PCE of 3.94%, which is 58% greater than that of the 
unimplanted MXene/TiO2-based QDSSC. This enhance-
ment in JSC value is attributed to enhanced light absorption 
and reduced number of recombinations owing to the for-
mation of new charge trap states between the conduction 
band and valence band, which was verified by UV-visible, 
PL, and EIS.

Fig. 9  (a) Photovoltaic characteristics, and (b) UV-visible spectra of unimplanted (Ag_0) MXene/TiO2 and Ag-implanted (Ag_1, Ag_2, Ag_3, 
and Ag_4) MXene/TiO2 samples.

Table II  Photovoltaic parameters of unimplanted and Ag-implanted 
QDSSCs

Bold indicates optimized parameters of fabricated cell

QDSSC JSC (mA/cm2) VOC (V) FF PCE (%) R2 (ohm-cm2)

Ag_0 8.14 0.53 0.57 2.48 163.1
Ag_1 9.24 0.54 0.62 3.11 153.6
Ag_2 10.58 0.55 0.60 3.46 118.7
Ag_3 11.56 0.55 0.62 3.94 30.7
Ag_4 9.93 0.55 0.61 3.34 127.1
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