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A B S T R A C T

This study explored the effects of Neodymium-doped graphene quantum dots (NdGQDs) on improving the 
performance efficiency of TiO2 based dye-sensitized solar cells (DSSCs). By employing in-situ physical assisted 
mixing, DSSCs with optimized NdGQDs in TiO2 photoanodes showed a power conversion efficiency of 8.76 %, a 
significant improvement compared to the 6.01 % efficiency of pristine TiO2-based DSSCs under 100 mW cm⁻2 

illumination (AM 1.5). Notably, the short-circuit current density increased by 74 %. HRTEM analysis revealed 
that the NdGQDs have a size range of approximately 7–9 nm. UV–visible spectroscopy and Mott-Schottky 
analysis revealed a positive shift in the Fermi level, promoting better electron transfer and increased photo-
current density at the expenses of the open circuit voltage. Electrochemical impedance spectroscopy charac-
terization of DSSCs incorporating NdGQD-modified photoanodes revealed a reduction in electron transfer 
resistance at the photoanode|dye|electrolyte interface, accompanied by an increase in recombination resistance 
within the device suppressing the electron recombination rate.

1. Introduction

Nanotechnology has revolutionized material science, leading to the 
discovery of advanced carbon-based materials with nanoscale di-
mensions and exceptional properties. This journey began with the 
identification of buckminsterfullerene (C60) in 1985, followed by car-
bon nanotubes in 1991, and graphene in 2004 [1]. Graphene, a 
two-dimensional, single-atom-thick carbon sheet, has drawn significant 
attention due to its large surface area, mechanical strength, high carrier 
mobility, and remarkable flexibility. Its extraordinary electronic prop-
erties, particularly its high carrier mobility, position it as a potential 
alternative to silicon in nanoscale electronic circuits [1–3]. The 
confinement of electronic states within graphene’s honeycomb lattice 
has given rise to scientific interest of graphene quantum dots (GQDs) in 

recent years. These are graphene-based structures with lateral di-
mensions of a few nanometers, combining the properties of graphene 
and traditional quantum dots. GQDs offer tunable electronic properties 
via quantum confinement effects, enabling bandgap engineering for 
diverse applications, such as third-generation solar cells [4–8]. The 
doping of GQDs introduces additional functionality, such as lumines-
cence, spin, and electron transport, making them promising candidates 
for energy conversion and photonic devices. However, challenges persist 
in synthesizing GQDs with high quantum yield, uniform size, and 
reproducibility [9–11]. Recent studies have shown that both the doped 
and un-doped GQDs can effectively be used in Dye-sensitized solar cells 
(DSSCs) [12–14]. DSSCs a third-generation photovoltaic technology, 
leverage nanostructured photoanodes to enhance light harvesting and 
electron transport. DSSCs are attractive due to their cost-effectiveness, 
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simple fabrication, and superior performance under diffuse light con-
ditions compared to silicon-based solar cells, which suffer efficiency 
losses under low-light or angled illumination [15–19]. A typical DSSC 
comprises three primary components: a TiO2-based photoanode coated 
with a sensitizing dye, an electrolyte, and a counter electrode. The ef-
ficiency of DSSCs heavily depends on the design of the photoanode, with 
advancements focusing on incorporating nanostructured TiO2 materials, 
such as nanoparticles, nanotubes, and mesoporous structures, to in-
crease the surface area for dye adsorption and improve light absorption 
[20,21]. Surface modifications, such as doping TiO2 with elements like 
nitrogen or carbon, further enhance the photoanode’s electronic prop-
erties, reducing recombination losses and improving electron mobility 
[22,23]. Recent innovations, such as embedding plasmonic nano-
particles like Ag or Au and developing composite structures (e.g., 
AgNW@TiO2 or Ag/AgBr/TiO2), have demonstrated significant effi-
ciency enhancements in DSSCs [24–27]. There are limited studies on the 
doping of TiO2 with rare-earth elements, including lanthanum (La) [28], 
cerium (Ce) [29], and neodymium (Nd) [30,31]. Doping with La and Ce 
has been shown to enhance the short-circuit current density (JSC) by 
increasing dye loading [32] and improving the electron injection rate 
[32,33]. Among these, neodymium is considered an excellent dopant for 
enhancing the electrocatalytic activity of TiO2, as the incorporation of 
Nd³⁺ ions into the TiO2 lattice effectively narrows its band gap [30,31,
34,35]. Tadge et al. utilizes the doping of rare earth elements to harvest 
NIR-visible range light to enhance the photovoltaic performance for 
their material Y2O3:Ho3+/Yb3+ into TiO2 [36]. Moreover, niobium is 
extensively utilized across various fields, primarily due to its exceptional 
corrosion resistance and high electrical conductivity, underscoring its 
critical role in ensuring durability and optimal performance [37].

Apart from that, recent studies have also shown that both the doped 
and un-doped GQDs can effectively be used in DSSCs [12–14]. The 
incorporation of carbon-based materials, particularly graphene quan-
tum dots (GQDs), has significantly enhanced the power conversion ef-
ficiency (PCE) of DSSCs. Pioneering studies by Lee et al., in 2014 
demonstrated that incorporating GQDs into TiO2 based DSSCs improved 
the PCE from 7.28 % to 7.95 %, reflecting a 9.2 % efficiency enhance-
ment [38]. Similarly, Fang et al., in 2014 achieved a 6 % increase in 
efficiency, reaching 6.10 % with GQDs-modified TiO2 photoanodes 
[39]. Salaman et al. documented a notable 29.31 % improvement, 
attaining an efficiency of 6.22 % using GQDs-decorated electrospun 
TiO2 nanofibers [40]. These advancements are attributed to enhanced 
electron transport, reduced charge recombination, improved dye 
adsorption, and superior visible light absorption. Further advancements 
include Riaza et al.’s work on nitrogen-doped carbon quantum dots 
(N-GQDs), which increased DSSC efficiency by ~15 %, achieving 8.2 % 
while improving device stability [41]. Kundu et al. reported a 43 % 
enhancement, achieving an efficiency of 11.7 % through N, F, and S 
co-doped GQDs [42]. Jahantigh et al. demonstrated a 35 % increase in 
efficiency, reaching 8.92 %, attributed to reduced charge recombination 
and improved charge collection efficiency [43]. Other studies explored 
alternative photoanode materials, such as ZnO with boron-doped GQDs, 
achieving 3.72 % efficiency [44]. GQDs have also been employed in 
counter electrode modifications. Chang et al. achieved a PCE of 9.59 % 
by integrating GQDs with graphene foam, leveraging the 
electro-catalytic properties of GQDs for improved photovoltaic perfor-
mance [45]. Apart from that, rare-earth metal ions doped GQDs have 
been also used for Near-IR In Vitro/In Vivo/Ex Vivo imaging applica-
tions [46]. Although extensive research has been conducted on GQDs 
and doping of Nd separately in various applications, the incorporation of 
NdGQDs in DSSCs remains unexplored. Therefore, we have decided to 
use a Nd as a dopant in the GQDs which shows the absorption in the 
range of visible to NIR and to integrate NdGQDS with mesoporous TiO2 
films and to investigate the optical, electrical, and its application in 
DSSCs towards the efficiency enhancement.

2. Experimental details

2.1. Preparation of Nd-doped graphene quantum dots (Nd-GQDs)

The materials utilized are extensively described in S 2.1 (Supporting 
Information). Neodymium (III) nitrate hexahydrate (8, 32, 128, and 256 
mM) aqueous solution and glucosamine hydrochloride (0.04 M) 
aqueous solution were prepared separately, combined, and stirred for 
30 min to synthesize NdGQDs at various concentrations. The mixture 
was transferred in 5 mL vials to the monowave 200 (microwave reactor) 
for 45 min at 180 ◦C and 12 bars of pressure to facilitate the hydro-
thermal process with the help of microwave heating. After that, the 
synthesized quantum dots were removed and cleaned several times in an 
ultracentrifuge at 20,000 rpm for 20 min.

2.2. Photo-anode preparation

Two-layer TiO2 photo-anodes on FTO substrates were fabricated 
according to the previously reported procedure [24]. Initially, for the 
compact TiO2 layer, 0.25 g of P90 TiO2 powder was mixed with 1 ml of 
0.1 M HNO3 and ground for 20 min using an agate mortar. The resulting 
paste was spin-coated for 60 s at 3000 rpm onto an FTO glass substrate 
that had been cleaned, and then it was sintered for 45 min at 450 ◦C. 
After cooling to room temperature, a mesoporous TiO2 layer was formed 
using P25 TiO2 powder. In particular, 0.02 g of Triton X-100 and 0.05 g 
of PEG 2000 were added as binders to 0.25 g of P25 TiO2 powder that 
had been crushed with 1 ml of 0.1 M HNO3, resulting in a creamy paste. 
Using the doctor-blading process, this paste was spread across a 0.25 
cm2 area to the previously sintered P90 TiO2 layer. The substrate with 
both layers was then sintered again at 450 ◦C for 45 min, resulting in a 
photo-anode with a porous TiO2 surface layer. Finally, the photo-anodes 
were soaked in an ethanolic solution containing 0.3 mM N719 dye at 
room temperature for 24 h. To assess the impact of incorporating 
Nd-GQDs into TiO2 on DSSCs performance, various amounts of 
pre-prepared Nd-doped GQDs solutions at different molar concentra-
tions were physically mixed with P25 TiO2. For the synthesis of 
TiO2-GQDs nanocomposites, physical mixing is the most straightforward 
technique. Numerous studies have reported synthesizing TiO2-GQDs 
nanocomposites using this approach, including Sun et al. [47] and Qu 
et al. [48]. In Sun et al.’s work, a P25 TiO2 (Degussa TiO2) nanomaterial 
is dissolved into an aqueous GQDs solution and stirred for a whole day. 
Here, it should be noted that, the weighed amount of 0.25 g of TiO2 P25 
powder sample, was first mixed with doping amounts of NdGQDs so-
lution and was grounded using a mortar and a pestle until it becomes a 
thick paste then the rest of the P25 layer preparation steps used in 
reference system starting from adding 0.1 M HNO3, 0.6 ml solution were 
carried out. Table 1 shows the quantities of NdGQDs used in fabricating 
various TiO2 photoanodes and their sample codes used.

2.3. Fabrication of DSSCs

Preparation of liquid electrolyte is given in the S 2.2 (Supporting 
Information). TiO2 photo-anodes with and without NdGQDs and Pt 
counter electrodes were sandwiched with the electrolyte ensuring that 
the active sides of both electrodes were facing each other. These elec-
trodes were held together with steel clips as shown in Fig. 1. Further 
characterization of the photoanode and the DSSCs device is detailed in 
the S 2.3 (Supporting Information).

3. Results and discussion

3.1. HRTEM studies of Nd-GQDs

Fig. 2 (a) shows the HRTEM of the NdGQDs. The estimated particle 
size of these NdGQDs was approximately ~7 ± 2 nm in size and they 
exhibit high crystallinity as can be seen by the fringes. Fig. 2(b) shows 
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the HRTEM of TiO2 nano particles obtained from the photoanode and 
the average crystallite size appears to be in the range of ~15–20 nm.

3.2. SEM studies on photoanodes

Fig. 3 illustrates SEM micrographs of photoanodes prepared with 
pristine (a) TiO2 and (b) with the optimized amount of NdGQDs doped 
TiO2. The optimal concentration of NDGQDs was determined through 
the fabrication and testing of a large number of DSSCs, as detailed in 
subsequent sections. The SEM images indicate that incorporating 
NdGQDs does not significantly alter the morphology of the TiO2 nano-
particles. The estimated average diameter of the TiO2 nanocrystallites is 
approximately 15–19 nm, which is consistent with the HRTEM results of 
TiO2.

The cross sectional SEM micrographs of the TiO2 photoanodes with 
and without NdGQDs are shown in Fig. 4. The estimated film thickness 

of TiO2 photoanodes with and without NdGQDs is approximately 
~14.06 μm and ~14.08 μm respectively. These results indicate that the 
incorporation of NdGQDs does not result in a significant change in the 
thickness of the photoanode.

Fig. 5 presents the XRD profiles of pristine TiO₂ and NdGQDs inte-
grated TiO₂ samples that were sintered at 450 ◦C. The diffraction peaks 
corresponding to the anatase phase (JCPDS No.: 01-084-1285) are 
evident from the crystal planes (101), (004), (200), (105), (211), and 
(204). These peaks appear at 2θ values of 25.30◦, 37.80◦, 48.03◦, 53.89◦, 
55.06◦, and 62.69◦, respectively. The collection of lines with 2θ values of 
27.39◦, 36.08◦, 41.23◦, and 54.27◦ is ascribed to the rutile phase (JCPDS 
No.: 01-089-0552) which corresponds to the crystal planes (110), (101), 
(111), and (211) respectively. Since the anatase to rutile phase ratio of 
the P25 TiO2 is 70:30 the dominance of pure anatase phase can be seen. 
It suggests that the addition of NdGQDs does not cause a phase shift.

In comparison to pure TiO2 nanocrystallites, the crystallite size of 
NdGQDs decorated TiO2 films rose from 15.38 nm to 19.27 nm, as 
determined by Scherrer’s equation (equation (1)). This is because, 
during grinding and calcination, some NdGQDs were able to enter the 
pores of TiO2 nanocrystalites. 

D = Kλ/β cos θ                                                                              (1)

Where K = 0.89 (Schere’s constant, λ = 1.54 Å and β = FWHM (in ra-
dians) and θ = Bragg’s diffraction angle (in radians) [47–50].

Prominent peaks indicating GQDs in the NdGQDs-TiO2 mixture are 

Table 1 
The quantities of NdGQDs used in fabricating various TiO2 photoanodes and 
their sample codes.

Seed Solution Doping 
amount

Sample description Sample 
code

NdGQDs 8 mM 
Solution

75 μl NdGQDs 08 mM(75μl)/ 
TiO2

8M1

100 μl NdGQDs 08 mM(100μl)/ 
TiO2

8M2

150 μl NdGQDs 08 mM(150μl)/ 
TiO2

8M3

200 μl NdGQDs 08 mM(200μl)/ 
TiO2

8M4

NdGQDs 32 mM 
Solution

75 μl NdGQDs 32 mM(50μl)/ 
TiO2

32M1

100 μl NdGQDs 32 mM(750μl)/ 
TiO2

32M2

150 μl NdGQDs 32 mM(100μl)/ 
TiO2

32M3

200ul NdGQDs 32 mM(150μl)/ 
TiO2

32M4

NdGQDs 128 mM 
Solution

75ul NdGQDs 128 mM(75μl)/ 
TiO2

128M1

100 μl NdGQDs 128 mM 
(100μl)/TiO2

128M2

150 μl NdGQDs 128 mM 
(150μl)/TiO2

128M3

NdGQDs 256 mM 
Solution

75 μl NdGQDs 256 mM(75μl)/ 
TiO2

256M1

100 μl NdGQDs 256 mM 
(100μl)/TiO2

256M2

150 μl NdGQDs 256 mM 
(150μl)/TiO2

256M3

TiO2 reference 0 Without Nd-QDs 0M

Fig. 1. Configuration of DSSCs with NdGRQD incorporated TiO2 photo anode 
and Pt counter electrode sandwiched with the electrolyte (Not in a scale).

Fig. 2. HRTEM image of (a) NdGQDs and (b) P25 TiO2.
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also missing from Fig. 5 due to the high surface coverage of TiO2 and the 
lower fraction of NdGQDs (100 μl). Moreover, the main peak of gra-
phene (2θ = 24◦) is obscured by the dominant peak of anatase TiO2 at 
(2θ = 25.1◦). In the same way, Nd-related peaks in the patterns of the 
nanocomposite samples are also lowered. Since XRD analysis of NdGQDs 
with TiO2, is not available in the literature, a comparison of our data can 
be somewhat linked and correlated with the results obtained by Ram-
achandran et al. [51] in the studies of NGQDs/TiO2 nanocomposites and 
the results published by Rawal et al. in the composites of N, S-GQDs 
anchored TiO2 nanocomposites [52].

Similar to the XRD data reported by previous researchers, the 
diffraction peak associated with GQDs is typically absent in the 
diffraction patterns of TiO2GQDs nanocomposites. However, when a 
significant amount of GQDs are incorporated with TiO2, the GQDs peak 
becomes discernible in the diffraction pattern. For instance, Rajender 
et al. [53] synthesized a TiO2-GQDs composite using equal weights of 
TiO2 and GQDs. Their observations showed that the strongest peak at 2θ 
= 25◦ is associated with the (101) plane of the anatase phase of TiO2. 
Additionally, another prominent peak at 2θ = 26.3◦ was attributed to 
the (002) plane of hexagonal sp2-hybridized carbon GQDs. This (002) 
peak is particularly intense due to the equal weight ratio of TiO2 and 
GQDs used in the hybrid sample preparation. Consequently, our results 
confirm the successful synthesis of a TiO2-NdGQDs hybrid with distinct 

crystalline phases [54]. The structural and optical properties of both 
pristine TiO2 and NdGQDs-doped TiO2 are summarized in Table 2. The 
lattice constants were calculated using the following equation (equation 
(2)): 

Fig. 3. Surface view SEM image of (a) Pristine TiO2 (b) Nd-GQDs/TiO2 
- photoanode.

Fig. 4. Cross-sectional SEM image of (a) pristine TiO2 (b) NdGQDs/TiO2.

Fig. 5. XRD profiles of (a) pristine TiO2 and (b) TiO2 with NdGQDs.
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1
d2 =

h2 + k2 + l2

a2 +
l2

c2 (2) 

Where d is the inter-planar distance and the Miller indices are (h,k,l). 
The parameters “a” and “c” are the lattice parameters of the tetragonal 
structure.

The table reveals a slight decrease in the average crystallite size (D) 
of TiO2 upon the addition of Nd-GQDs, as calculated using Scherer’s 
equation. This decrease can be attributed to the confinement effect of 
graphene, which influences the size of the sp2 domains, as noted by 
Ramachandran et al. [51]. Similar observations have also been docu-
mented by Gao et al. [54] and Zhang et al. [55]. The Rietveld refinement 
of the XRD patterns for both samples provided valuable data. As shown 
in Table S1 (Supporting Information), the lattice parameters "a" and "c" 
for both TiO2 nanoparticles (NPs) and the NdGQDs/TiO2 composite 
were calculated from the XRD patterns. We observed differences in the 
lattice parameters for both the anatase and rutile phases of TiO2, which 

indicates that the incorporation of NdGQDs affects the lattice structure 
of TiO2.

However, despite scanning the 2θ range of 20–25◦ (where GQDs 
typically show characteristic peaks), no significant XRD peaks corre-
sponding to GQDs were observed in the composite. We employed a finer 
scan rate in this region, but still found no discernible peak shifts or in-
tensity changes between the TiO2 and TiO2/NdGQDs composites. This 
suggests that, while NdGQDs appear to influence the lattice parameters 
of TiO2, their presence is not directly detectable in the XRD patterns 
within the scanned range.

Fig. 6(A) presents the UV–visible absorption spectra of TiO₂ with and 
without the incorporation of the optimal amount (100 μL) of 0.8 mM) 
NdGQD. Additionally, Fig. 6(B) illustrates the UV–visible absorbance of 
both pristine and modified TiO₂ in the presence of the dye. Consistent 
with the SEM analysis, the absorbance comparison was conducted using 
the optimized NdGQD concentration in the photoanode, which corre-
sponds to the highest JSC in the DSSCs.

The intrinsic properties of graphene quantum dots (GQDs)— 
including shape, size, and edge structures—play a crucial role in 
determining the positioning of absorption peaks in UV–Vis spectra. 
These properties are further influenced by factors such as functional 
groups, solvent interactions, and temperature variations. Curve (b) in 
Fig. 6 (A) shows that pristine TiO2 exhibits low absorption in the 
390–800 nm range, with a characteristic cut-off wavelength at approx-
imately 384 nm, primarily due to electron transitions from the valence 
band to the conduction band in titania, which has a wide band gap 
energy of 3.2 eV. This wide band gap restricts TiO2 to predominantly UV 
light absorption. In addition to that, the NdGQDs/TiO2 composite dis-
plays similar absorption characteristics in the visible and near-IR re-
gions. However, the absorption intensity of the NdGQDs/TiO2 
composite is higher than that of pristine TiO2 as can be seen from the 
curve (a) in Fig. 6(A). As it is evident from Fig. 6 (B) the NdGQDs- 
incorporated TiO2/Dye sample exhibits a significant red shift in the 
absorption peak, moving from 530 nm to 533 nm, following the depo-
sition of NdGQDs onto TiO2. This red shift enhances the photoresponse 
into the visible and near-infrared (NIR) regions, largely due to the wide 
absorption range of NdGQDs, which extends up to around 700 nm, as 
observed by Yu et al. [57]. Furthermore, the spectral intensity of the 
NdGQDs-incorporated sample is higher than that of the pristine TiO2 
sample. This indicates that the incorporation of NdGQDs enhances the 
visible light absorption of TiO2, resulting in increased sensitivity of the 
semiconductor to visible light [56–58].

The calculated optical bandgap curves of TiO2 nanoparticles (NPs) 
and NdGQDs/TiO2 are illustrated in Fig. 7 as in the supplementary in-
formation. These band gaps were derived using the Kubelka-Munk 
method by plotting (khν)½ against photon energy (hν). The findings 
reveal that the incorporation of NdGQDs into TiO2 reduces the energy 
band gap to 3.08 eV, contrasting with the pristine TiO2 band gap of 3.19 
eV.

As demonstrated by Lim et al. [58] and Bokare et al. [59], this 
notable blue-shift in the bandgap energy of NdGQDs/TiO2 is linked to 
the formation of Ti-O-C bonds between NdGQDs and TiO2 [60]. This 
interaction facilitates an efficient interfacial charge transfer between 
TiO2 and NdGQDs, resulting in an extended lifetime of the excited states 
due to enhanced charge separation within the nanocomposites. As a 
result, the integration of NdGQDs onto the surface of TiO2 modifies the 

Table 2 
The estimated structural and optical specifications for both pristine TiO2 (0M) and optimized Nd-GQDs in cooperated TiO2 (8M2) (Where λ is the X-ray wavelength 
(1.54178 Å), β is the FWHM of the diffraction peak, θ is the angle of diffraction, and D is the average crystallite size).

Sample code 2θ ◦ β (FWHM) (Deg.) D =
kλ

β cos θ 
(nm)

a =

(
λ2

4(sin θ)2
(
h2

+ k2
+ l2

)2

)1 /2 

(nm)
c =

λ
sin θ 

nm Energy Band gap (eV)

0M 25.410 0.389 22.820 0.377 0.948 3.200
8M2 25.336 0.529 16.780 0.378 0.949 3.080

Table 3 
Photovoltaic properties of DSSCs fabricated with different photoanodes 
incooprating NdGQDs under 100 mW cm⁻2 (AM 1.5) illumination.

Sample 
code

VOC (mV) ±
0.04

JSC (mA/cm2) ±
0.03

FF (%) ±
0.04

η (%) ±
0.05

8M1 723.20 16.20 57.27 6.71
8M2 709.05 21.20 58.25 8.76
8M3 724.70 17.10 58.14 7.21
8M4 710.00 16.30 59.54 6.90
32M1 732.80 15.50 58.91 6.69
32M2 752.20 15.50 59.88 7.03
32M3 720.00 16.90 60.43 7.35
32M4 732.70 15.00 59.65 6.62
128M1 723.20 15.30 58.78 6.50
128M2 709.50 17.00 59.04 7.12
128M3 719.70 16.4 58.71 6.90
256M1 745.50 14.40 59.98 6.43
256M2 740.4 17.00 58.02 7.29
256M3 739.70 16.20 58.32 6.99
0M 747.80 12.20 65.80 6.01

Table 4 
Photovoltaic characteristics of DSSCs fabricated with two different photoanodes 
(Pristine TiO2 and TiO2 with optimized amount of NdGQD).

Sample Sample 
code

Voc 
(mV)

Jsc (mA/ 
cm2)

FF 
(%)

η (%)

TiO2 (Reference) 0M 747.80 
±0.50

12.20 
±0.25

65.80 
±0.05

6.01 
±0.24

TiO2 with optimized 
NdGQDs

8M2 709.05 
±0.60

21.20 
±0.04

58.25 
±0.04

8.76 
±0.25

Table 5 
Estimated interfacial resistance in DSSCs with pristine TiO2 and TiO2 with 
optimized amount of NdGQDs photoanodes.

Electrode Sample code Rs (Ω) RCT1 (Ω) RCT2 (Ω)

TiO2 0M 11.35 ± 0.35 5.41 ± 0.55 10.80 ± 0.26
NdGQD.TiO2 8M2 09.48 ± 0.25 5.88 ± 0.15 33.23 ± 0.34
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optical bandgap, enabling the nanocomposite to generate electron-hole 
pairs under irradiation with longer-wavelength of light. Incorporating 
NdGDQ into TiO2 reduces the band gap and causes a corresponding shift 
in the quasi-Fermi level (EFn) or flat-band potential, leading to change in 
energy level differences between the redox potential and EFn [61,62]. In 
order to see this effect, Mott-Schottky measurements were employed to 
estimate the flat-band potentials of pure TiO2 and NdGQDs/TiO2 pho-
toanodes, as shown in Fig. 7(a) and (b). The EFn was derived from the 
x-axis intercept of the Mott-Schottky plots. A positive shift is observed in 
the EFn from − 0.457 V to − 0.317 V upon NdGDQ incorporation indi-
cating a lower EFn for NdGQD/TiO2 compared to that of TiO2. Since the 
open-circuit photovoltage (Voc) of a DSSC depends on the energy dif-
ference between the EFn and the redox potential of I3− /I− [63–65], this 
shift results in a slight decrease in Voc, as illustrated schematically in 
Fig. 8. However, despite this reduction in Voc, the energy gap between 
the LUMO level of the dye and EFn increases, enhancing the driving force 
for electron injection. This improvement boosts electron transfer effi-
ciency from the LUMO of the dye to EFnof TiO2, reducing recombination 
between injected electrons and dye cations or triiodide ions. Conse-
quently, the short circuit current density (JSC) is enhanced. Similar ef-
fects have been reported by others when modifying TiO2 as well as SnO2 
with various materials [62,64,65].

3.3. Cyclic voltammetry analysis of photoandes

The VOC value of DSSCs is determined by the relationship between 
the quasi Femi level of electrons (EFn) and the redox potential (Eredox) of 

the electrolyte. Assuming Eredox remains constant, VOC is primarily 
governed by EF,n of TiO2. The EFn is expressed as follows [66]: 

EF,n =ECB + kB T Ln
(

n
NCB

)

(3) 

Where, ECB is the conduction band edge of TiO2, T is the absolute tem-
perature, kB is the Boltzmann constant, NCB represents the effective 
density of states in the conduction band and n is the electron concen-
tration in TiO2. The electron concentration n is influenced by the carrier 
transfer processes such as electron injection and recombination [67].

According to equation (2) EFn can be increased either by shifting ECB 
closer to the vacuums level or by increasing electron concentration n in 
TiO2. These changes lead to an enhancement in VOC [67]. To examine 
the alterations in trap states induced by the incorporation of Nd-GQDs 
and their impact on VOC, cyclic voltammetry (CV) measurements were 
conducted. These studies were performed on TiO2 electrodes sensitized 
with N719 dye alone (curve a, Fig. 9 A) and in combination with 
Nd-GQDs (curve b, Fig. 9(A)) with a scan rate of 50 mV/s and the 
AgCl/Ag reference electrode. Platinum rod was used as the counter 
electrode.

CV studies can be employed to determine the energy distribution of 
acceptor states on the TiO₂ electrode surface. The measured current, I 
(V), is proportional to the differential capacitance (C) under linear po-
tential sweeps with a constant scan rate (dV/dt = v). The injected 
charge, Q, can be expressed as: 

dQ=
1
ν I (V)dV (4) 

By dividing the derivative dQ/dV by the elementary charge (e), the 
density of occupied states (DOS) is obtained [68,69] The total injected 
charge (Q) can be calculated by integrating the above expression, and 
the resulting values are plotted as a function of electrode potential in 
Fig. 9(B)

As illustrated in the figure, the onset potential for the TiO₂ electrode 
sensitized with N719 alone (Fig. 9 (B)) was approximately − 0.62 V. In 
contrast, the TiO₂ electrode incorporated with Nd-GQDs exhibited an 
onset potential around − 0.43 V. This shift suggests a slight lowering of 
the conduction band edge of TiO2, as well as the Fermi level (E) and 
eventually decrease in the VOC [70,71].

As described in the experimental section, TiO2 photoanodes were 
prepared with varying amounts of NdGQDs, derived from four different 
seed solutions containing Nd concentrations of 8 mM, 32 mM, 128 mM, 
and 256 mM. In each of these solutions, the amount of Nd is varied. 
From each seed solution, four different amounts of NdGQDs were used in 
the fabrication of photoanodes. Table 2 presents the doping concentra-
tions of Nd-GQDs used in the fabrication of TiO2 photoanodes and their 

Fig. 6. UV–Visible absorption spectra of (A): (a) Pristine TiO2 and (b) NdGQDs/TiO2 photoanodes and (B): (a) Pristine TiO2/Dye and (b) NdGQDs/TiO2/Dye. (With 
the optimum NdGQD amount 100 μl of 08 mm NdGDQ).

Fig. 7. Mott-Schottky analysis and the calculated flat band potential values of 
(a) TiO2 and (b) NdGQDs/TiO2.
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corresponding photovoltaic properties under 100 mW cm− 2 (AM 1.5) 
illumination. As can be seen from the table, the incorporation of 
NdGQDs into the TiO2 increased the photovoltaic properties of DSSCs. 
Eight DSSCs were tested in each composition to ensure that all of these 
devices could be repeated; the table shows any differences in efficiency 
ratings. As is observed from the table, the incorporation of NdGQDs from 
100 μl of 8 mM seed solution gave the highest efficiency in DSSCs. The 
optimal amount of neodymium NdGQDs for achieving the highest effi-
ciency in DSSCs is determined to be within the 100 μL of 8 mM seed 
solution. The highest photo-conversion efficiency (η%) is observed in 
DSSC with NdGQDs 08 mM (100 μl)/TiO2 which is 8.761 % with short 
circuit current density (JSC) of 21.2 mA cm− 2, Open circuit voltage (VOC) 
of 709.05 mV and 58.25 % fill factor (FF).

Fig. 10 presents the J-V characteristics of DSSCs fabricated using 
TiO₂ photoanodes, with and without the incorporation of optimized 
NdGQDs. The estimated photovoltaic parameters are tabulated in 
Table 4. The DSSCs fabricated with NdGQDs CEs showed a remarkably 
high JSC at the expenses of the VOC with more than a 45 % overall effi-
ciency enhancement. This phenomenon is correlated with the positive 
shift of the flat potential of TiO2 as observed in the Mott-Schottky 
analysis and the UV–Vis absorption of the photoanode with NdGQDs. 
The JSC and VOC of the DSSCs fabricated with NdGQDs/TiO2/Dye pho-
toanode are 20.03 mA/cm2 and 0.73V, respectively, which show im-
provements compared to cells with bare TiO2/dye. As a result, the DSSCs 
employing NdGQDs/TiO2/Dye demonstrated an enhanced power con-
version efficiency (PCE) of 8.76 %, whereas the DSSCs utilizing bare 
TiO2 achieved a PCE of 6.01 %. A significant enhancement in the JSC, 
approximately 74 %, is observed for the NdGQDs/TiO2/Dye cell in 

comparison to the TiO2/Dye cell. Consequently, the η of the NdGQDs/ 
TiO2/Dye cell exhibits an increase of approximately 46 %, attributed to 
the elevated Jsc (see Table 5).

Fig. 8. Schematic diagram showing the effect of incorporation of NdGQDs in TiO2 shifting of conduction band and the Fermi level of TiO2 towards the 
redox potential.

Fig. 9. (A) Cyclic voltammograms of pristine and NdGQD incorporated TiO2 photoanodes and (B) Energy levels at the TiO2/electrolyte interface.

Fig. 10. Current density vs voltage (J-V) curves of the DSSCs fabricated with 
different photoanodes (a) TiO2 and (b) TiO2 with optimized NdGQDs.
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Fig. 11 illustrates the incident photon-to-electron conversion effi-
ciency (IPCE) spectra for DSSCs throughout a wavelength range of 
300–800 nm. The DSSCs with optimized NdGQDs incorporated TiO2 
photoanode exhibited an approximately 10 % improvement in IPCE, 
achieving a peak value of 49 %, compared to the pristine TiO2 photo-
anode, which had a IPCE peak of 44 %. The IPCE spectrum data for the 
DSSCs utilizing NdGQD -incorporated TiO2 photoanode exhibit strong 
correspondence with their absorption spectra (Fig. 6) and the Jsc values 
derived from J–V measurements, as summarized in Table 3. Further, the 
Jsc values determined from both the J-V characteristics (21.20 mA cm⁻2) 
and the integration of the IPCE curve (20.85 mA cm⁻2) exhibit a close 
agreement.

The improved efficiency of these DSSCs can be attributed to two 
primary mechanisms. Firstly, the incorporation of NdGQDs enhances the 
porosity and surface roughness of TiO₂ crystallites, facilitating the 
adsorption of more dye molecules. This results in a higher generation of 
photoelectrons, as confirmed by IPCE studies, thereby increasing Jsc. 
Secondly, as revealed by UV–Visible absorption and Mott-Schottky 
analysis, NdGQDs induce a positive shift in the EFn and CB of TiO₂. 
This shift enhances the electron transfer rate from the excited dye 
molecules to the conduction band, as illustrated in Fig. 8. Consequently, 
this accelerated electron transfer reduces recombination with the 
oxidized electrolyte, aligning with findings from previous studies on 
various dopants in TiO₂ [28–30].

An electrochemical impedance study (EIS) might be used to discuss 
the interfacial charge transfer mechanism. Usually, EIS spectra or 
Nyquist plots consist of two semicircles: one in the high-frequency re-
gion and the other half semi-circle in the low-frequency range. The 
redox reaction of I − /I3− at the Pt/electrolyte interface is represented by 
the first semicircle in the high-frequency area, while the electron 
transfer at the photoanode/electrolyte interface (Rct) is shown by the 
second semicircle in the low-frequency zone [72].

Fig. 12 shows the corresponding Nyquist plots of the DSSCs fabri-
cated either with pristine TiO2 or NdGDQ/TiO2 photoanode. Impedance 
data obtained were analyzed using equivalent electrical circuit model 
(insert in Fig. 12(c)) and NOVA software, allowing estimation of EIS 
parameters. The following is a description of the fitting components. 
RCT1 is the charge transfer resistance of the Pt/electrolyte interface, 
while RS is mostly made up of the device’s series resistance. RCT2, 
sometimes referred to as the recombination resistance, is the charge 
transfer resistance at the photoanode/electrolyte interface. The com-
ponents in constant phase are CPE1 and CPE2. W is the element of finite 

Warburg impedance associated with the diffusion process. The re-
sistances RS (Ω), RCT1 (Ω), and RCT2 (Ω) were calculated from the fitting 
data and listed in Table 4.

As shown in Table 4, the RS values and the RCT1 values are nearly the 
same in both cases, regardless of whether NdGQDs is incorporated or 
not. The slight variations and reduction in RS and RCT1 observed in the 
NdGQD-incorporated cells can be attributed to modifications at the 
FTO/TiO2 interface caused by the presence of NdGQDs. The incorpo-
ration of NdGQDs likely enhances the electron-conducting pathways, as 
evidenced by the increased short-circuit current density (Table 3), 
thereby contributing to an overall improvement in device efficiency. In 
contrast, DSSCs containing NdGQDs incorporated TiO2 photoanode 
exhibited much higher RCT2 value than that of the DSSCs fabricated with 
pristine TiO2. This suggests that the recombination of the photoelectrons 
at the photoanode/electrolyte interface is reduced and effective electron 
transfer from TiO2 into the FTO layer is enhanced, resulting in the in-
crease in the short circuit current density as well as the overall efficiency 
of the DSSCs. These values are correlated with the higher JSC observed in 
the DSSCs with NdGQDs incorporated photoanode. The high charge 
transfers resistance (RCT2) is essential for suppressing dark current 
resulting from charge recombination thereby improving the short- 
circuit current density in DSSCs [73–76].

3.4. Raman spectroscopy studies on photo anodes with and without Nd- 
GQDs

Raman spectroscopy is widely recognized as a versatile, non-invasive 
optical technique that enables high-throughput analysis of graphene, 
including the assessment of structural defects, layer count, and doping 
levels. In order to see the existence of the NdGDQis in the photoanode 
Raman analysis have been carried out on the TiO2 electrodes with and 
without incooperation of NdGQDs and spectra are shown in Fig. 13.

The Raman spectrum of anatase TiO2 exhibits five prominent Raman- 
active modes at 151 cm⁻1, 199 cm⁻1, 397 cm⁻1, 515 cm⁻1, and 639 cm⁻1, 
as illustrated in Fig. 13. These peaks confirm that the anatase phase is 
the sole TiO2 structure present. The Raman spectrum of graphene is 
characterized by two key features: the G and D bands, each originating 
from distinct physical phenomena. The G band, observed at approxi-
mately 1580 cm⁻1, corresponds to the doubly degenerate E2g mode of 
graphite and arises from zone-center optical phonons, representing the 
in-plane vibration of sp2-bonded carbon atoms. The D band, located at 
around 1347 cm⁻1, is associated with structural defects and disorders. 
For exfoliated graphene, the intensity ratio of the D to G bands (ID/IG =

0.086) is remarkably low, indicating minimal defect density in the 
graphene [77]. Combined high-resolution transmission electron micro-
scopy (HRTEM) and Raman analyses of Nd-GQDs and NdGQD/TiO2 
confirm the presence of NdGQDs within the photoanode.

4. Conclusion

We have successfully explored that the incorporation of NdGQDs 
into the TiO2 photoanode impressively enhances the photovoltaic 
properties of DSSCs. Nd-doped GQDs were synthesized with an average 
size below 10 nm with four different dopant amounts (8, 32,128, and 
256 mM) of Nd. It was observed that the photoelectric conversion effi-
ciency of DSSCS reached a maximum of 8.76 % when 100 μl of 8 mmol 
NdGQDs were incorporated with TiO2 anodes in DSSCs. A remarkable 
enhancement in the short-circuit current density (Jsc), approximately 74 
%, is observed for the DSSCs with NdGQDs/TiO2 photoanode positive 
shift in the Fermi level is revealed by the UV vis and Mott-Schotkey 
analysis. The improved light absorption of the dye-adsorbed photo-
anode and the enhanced injection efficiency of electrons from the lowest 
unoccupied molecular orbital (LUMO) of the dye to the conduction band 
of TiO2 could be the cause of the enhancement in the photovoltaic pa-
rameters of the DSSCs with NdGQDs incorporated photoanodes. EIS 
analysis of DSSCs with NdGQD-modified photoanodes demonstrated a 

Fig. 11. The IPCE spectra of DSSCs with (a) pristine TiO2 and (b) NdGQDs/ 
TiO2 photoanodes.
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reduction in electron transfer resistance at the photoanode|dye|elec-
trolyte interface, along with an increase in the recombination resistance 
of the device. These factors collectively contributed to enhanced cell 
efficiency and a reduced electron recombination rate.
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