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Abstract 

Unambiguously layer by layer (LBL) assembly of graphene quantum dots (GQDs) and dye 

(GQDs/dye) on TiO2 photoanode is the traditional and straightforward approach in the fabrication 

of graphene quantum dot-sensitized solar cells (QDSSCs). Unfortunately, limited light absorption 

and low affinity of GQDs to TiO2 surface shadow the advantages of LBL and constrains its 

practical application. Herein, a new strategy of mixture configuration (GQDs+dye) was 

investigated. A distinctive nanoporous honeycomb hexagonal carbon network of GQDs was found 

with fewer defects single crystalline structure, and an average size of 9.87 nm was produced from 

cellulose. Experimental results demonstrated that LBL exhibited the highest efficiency of 16.76 % 

under low illumination but a lower efficiency (1.43%) than the mixture method (2.91%) under 

standard light. The increased Jsc (5.075 mA/cm2) and high charge collection efficiency (0.96) in 

the mixture sample indicated enhanced electron collection at TiO2.  The less -OH groups on TiO2 

provides a good surface intact of GQDs and N719. In addition to that, the high surface potential 

(33.47 mV) of the premixed sample restricted the photogenerated electrons to go into a deep state, 

reducing back electron transfer. Therefore, mixture assembly of co-sensitization is an effective 

approach for light-harvesting in QDSSC.  
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1. Introduction 

Pollution and energy demand have been increasing in the past years. To fulfill these 

incredibly high energy demands, renewable energy such as wind, biomass, and solar energy is 

introduced. As compared to other renewable energy sources, solar energy has proved to be 

extremely beneficial to both the environment and the economy. There are several types of solar 

cells, i.e., silicon solar cells, dye-sensitized solar cells (DSSCs), quantum dot solar cells, perovskite 

solar cells, and many more [1-3]. Among these solar cells, the conventional silicon solar cell has 

been widely used commercially due to its longer life and good efficiency. However, the drawback 

of silicon solar cells is the high manufacturing cost. It is at a great risk of losing its efficiency at 

higher temperatures (hot sunny days) and limiting its capabilities [3].  

A great effort has been made in developing third-generation solar cells as they are 

manufactured at a low cost, has a more straightforward fabrication method, possesses a moderate 

efficiency, and has a remarkable ability to perform during cloudy days [4-7]. DSSC can potentially 

replace the conventional silicon solar cell mainly because the dye acts as a photon collector, while 

the semiconducting nanomaterial acts as the electron transport carrier. Unlike the conventional 

silicon solar cell, the silicon acts as both the photon collector and electron transport carrier. 

However, the downfall of DSSC is its narrow absorption of the solar spectrum, having high charge 

recombination and low electron injection efficiency. Therefore, charge recombination should be 

reduced to increase the electron injection efficiency [8].  

To enhance conversion efficiency, the photoanode of a solar cell can be modified by adding 

carbon nanostructure. Graphene, a type of carbon nanostructure material, would be the preferred 

material used because of its excellent characteristics. However, the disadvantage of using only 

graphene is its characteristic of having a zero-band gap. Hence, graphene quantum dots (GQDs) 

are introduced due to its properties that include having a non-zero band gap, being non-toxic, and 

having stable photoluminescence (PL), good solubility, and most importantly, its ability to tune 

the bandgap. Typically, GQDs are synthesized via oxidative cutting of carbonic precursors using 

strong oxidizing agents, such as concentrated sulfuric acid (H2SO4) and nitric acid (HNO3) at harsh 

conditions [9, 10]. Researchers used both bottom-up [11,12] and top-down [13,14] approaches. 

For instance, Pan et al. used the top-down method by hydrothermally oxidizing graphene sheets in 

H2SO4 and HNO3 [15]. Meanwhile, Umrao et al. presented a bottom-up strategy by carbonizing 

acetylacetone under microwave irradiation [12]. 

Although these approaches produce size controllable GQDs, few drawbacks limit the 

development and applications of GQDs. These methods are toxic to the environment as strong 

oxidizing agents or organic solvents are required as well as the expensive raw materials like 

carbon-based materials (graphite, graphene, and CNTs) are hardly obtained. Moreover, the 

purification process to remove the acid residues and/or metallic ions are time-consuming, which 

indirectly increases the cost. Thus, a green production of GQDs is favorable to increase its 

application in photovoltaic (PV). Chen et al. reported a green synthesis of GQDs from cellulose, 

an abundantly available renewable natural resource [16]. The work is composed of cellulose and 

water with the absence of harmful potent oxidizing agents. The reaction includes hydrolyzation of 

cellulose to glucose and followed by ring-closure condensation of glucose to GQDs.    



GQDs have been employed in PV cells since 2010 as potential electron donors [17] and 

light absorbers [18]. Researchers added GQDs in all the main compartments of DSSC which are 

in photoelectrodes [19], light absorbers/sensitizers [18, 20-29], electrolyte [30] and counter 

electrode [31- 36]. Most researchers have used GQDs as light absorbers co-sensitized with various 

dyes, such as N719, N3, and D719 in quantum dot-sensitized solar cells (QDSSCs), which are 

analogous to DSSCs [22-26]. The highest reported efficiency to date utilizing GQDs-sensitized 

solar cell is around 11 % [24]. This approach follows the type-II alignment where the GQDs is 

placed in between the TiO2 and dye (GQDs/dye (layer by layer (LBL))) [37]. The dye plays dual 

roles where it accepts photons from the Sun and accepts the positively charged holes from HOMO 

of GQDs which acts as the donor and reduces the internal recombination in the cell. Therefore, 

GQDs assist in charge separation and collection where more electrons can be injected into the 

semiconducting oxide without recombining back into the dye hole. This event typically follows 

the type-II alignment, restricting the injected electron to recombine with the redox electrolyte [23]. 

Figure 1 shows the type-II alignment of GQDs and dye in QDSSC, where CB and VB represent 

conduction and valence bands, respectively. However, the potential use of GQDs cannot be fully 

utilized through this assembly (LBL).     

 The ultimate purpose of using GQDs in PV cells is to use the sunlight optimally. GQDs in 

the active region of PV cells convert ultraviolet light into visible light, where the ultraviolet light 

is usually wasted due to zero deep penetration into the cells. This conversion ability of GQDs 

allows maximum use of sunlight absorption, where PV cell harnesses additional sunlight and 

contributes to high conversion efficiency [24]. Besides that, LBL assembly also leads to poor 

affinity of GQDs on to TiO2 surface, which would reduce the amount of electron injected into the 

CB of TiO2 with low charge collection efficiency [18]. On the other hand, if the morphological 

configuration of GQDs as co-sensitizer in DSSC changes from LBL into mixed form (GQDs+dye), 

GQDs can be utilized wholly. The mixed form allows GQDs to follow the type-II alignment and, 

at the same time to harness the additional solar light (acting as light absorbers). Since quantum 

dots may excite multiple photons simultaneously, a significant number of electrons can be injected 

into the metal oxide. Therefore, this work presents a novel morphological configuration to provide 

efficient charge transfer and potential for higher power conversion efficiency (PCE) for DSSC. 

Two types of assembly methods are studied in this work that are LBL and mixed.  

 

2. Methodology 

2.1 Materials and reagents 

Oil palm empty fruit bunch fiber (OPEFB) mat was obtained from Malaysian Palm Oil 

Board, Malaysia. The chemical reagents, hydrogen peroxide (H2O2) (30% (w/w) in H2O), sodium 

hydroxide (NaOH) (>> 98%), poly(ethylene glycol) (PEG) (average Mn 400), and N719 dye, were 

purchased from Sigma-Aldrich (USA). Fluorine-tin oxide (FTO), titania paste (Ti-nanoxide D/S, 

electrolyte (Iodolyte HI-30), and platinum paste (Platisol T/SP) were obtained from Solaronix.  

2.2 Preparation of cellulose  



 Cellulose was produced from the OPEFB. The OPEFB fiber mat was cut and immersed in 

deionized water for 3 hours. After drying for two days under room temperature, the OPEFB was 

treated with 15% NaOH at 5:100 (m/mL) fiber to solution ratio. The sample was cooled to room 

temperature and rinsed with deionized water several times, followed by a bleaching process using 

H2O2 (10%) at 90°C-100°C for 1 h. The extracted cellulose was then dried in an oven at 60°C for 

1 h.  

2.3 Preparation of GQDs solution 

 GQDs were synthesized via a one-pot hydrothermal method. 20 mg of cellulose was added 

in 25 mL of deionized water. The suspension was then added with 0.2 g of PEG and homogenized 

with an ultrasonicator for 15 min. The suspension was subjected to a hydrothermal process in a 

100 mL Teflon-lined stainless-steel autoclave placed into a convection oven at 200°C for 24 h. It 

was then naturally cooled to room temperature, and the product of brown liquid was centrifuged 

at 12000 rpm for 15 min to produce GQDs solution.    

 2.4 Preparation of photoanodes and QDSSCs 

  The TiO2 photoanodes were prepared by the doctor blade technique. Two different methods 

were used to deposit GQDs solution onto the TiO2 photoanodes: LBL and mixture methods. For 

the LBL method, the TiO2 photoanodes were immersed in GQDs solution for 24 h and followed 

by N719 dye immersion on the next day for another 24 h. On the other hand, the mixture method 

involves mixing of 10 mL of GQDs solution and 5 mL of N719 solution (0.5 mM). The mixture 

was then stirred for 30 min on a hot plate using a magnetic stirrer. Then, the TiO2 photoanodes 

were immersed with the GQDs+N719 mixture for 24 h at 60 °C.  After the immersion process, the 

films were washed with ethanol to remove the excess dye. The QDSSC was assembled by dropping 

electrolyte into the space between the sensitized photoanode and platinum counter electrode, 

followed by sandwiching via binder clips. The morphological configurations using LBL and 

mixture assembly of QDSSC are illustrated in Figure 2. 

2.5 Materials and device characterization 

 The structural properties of GQDs were analyzed via a high-resolution transmission 

electron microscope (HRTEM) (JEOL JEM-2100F, 200 kV). Raman spectra were analyzed by a 

confocal Raman Microscopy (Technospex uRaman-Ci; Nikon Eclipse Ci L laser microscope). 

Optical characterization of GQDs and the photoanodes were analyzed using UV-vis spectroscopy 

(Perkin Elmer Lambda 35) and photoluminescence spectrometer (Perkin Elmer Lambda 35). 

Chemical characterization was analyzed using an x-ray photoelectron spectrometer (XPS) 

(Kratos/Shimadzu; Axis Ultra DLD) and Fourier transform infrared (FTIR) (Agilent 

Technologies; Cary 630). Atomic force microscopy (AFM) (Park Systems; NX 10) under the mode 

of current sensing-atomic force microscopy (CS-AFM) and scanning kelvin probe microscopy 

(SKPM) analysis was done to investigate the local electrical potential between the mixture and 

LBL methods. The current density-voltage (J-V) characteristics (AutoLab) of the QDSSC were 

measured under a low illumination level of 0.5 mW/cm2 using indoor lighting (halogen lamp). On 

the other hand, current density-voltage (J-V) characteristics under standard illumination level of 

100 mW/cm2 was measured using AAA class solar simulator (SSPN-X150T; Light Doctor Optical 



Corporation, Taiwan) with IVDN-250E source meter. From this measurement, PV performance 

parameters such as fill-factor (FF), short-circuit current density (Jsc), open-circuit voltage (Voc) 

and power conversion efficiency (η) were obtained. The electrochemical impedance spectroscopy 

(EIS) analysis was conducted using SMU-236 Keithly and Bard & Faulkner 2001) to study the 

electron transport in the QDSSC.       

 

3. Results and discussion 

3.1 Characterization of GQDs 

 Figure 3 shows the structural image of the synthesized GQDs. The thickness derived from 

AFM is 2.355 ± 0.86 nm corresponding to an average layer number of up to 5. The average lateral 

size determined by HRTEM is 9.87 ± 0.6 nm. The honeycomb hexagonal carbon network observed 

in the SAED pattern indicates that the GQDs are a single crystalline structure with fewer defects. 

It was later confirmed by the lattice (d) spacing of 0.2177 nm corresponding to graphene (100) 

planes. Figure 4 shows XPS and Raman analyzing the elemental compositions and functional 

groups. The high-resolution spectrum of C1s (Figure 4 (a)) is deconvoluted into three surface 

components, corresponding to C=C/C-C (284.8 eV), C-O (286.25 eV), and C=O (288.25 eV). The 

high-resolution spectrum of O1s (Figure 4 (b)) confirmed the presence of C=O (528.75 eV), C-

OH (529.8 eV), and O=C-OH (533.25 eV) bonds. The O 1s spectrum reveals hydroxyl (-OH) 

functional group in the produced GQD. Furthermore, the GQDs have five pronounced excitonic 

absorption bands centered at about 207, 225, 241, and 258 nm as seen in Figure 4 (c). The peak at 

258 nm was assigned to π-π* transition of C-O and aromatic C=C bonds in sp2 hybridization [23]. 

The common weak shoulder at 400 nm observed for GQDs was not present in the synthesized 

GQDs, indicating no sp3 defects within the graphene plane [23, 38]. The Raman spectrum of GQDs 

in Figure 4 (d) shows two prominent peaks around 1464 cm-1 (D-band) and 1527 cm-1 (G-band). 

The ID/IG intensity ratio is around 1.08 suggesting fewer structural defects in the graphene structure 

[29].       

3.2 Characterization of the morphological configuration  

3.2.1 Raman analysis 

The Raman spectra of the TiO2 and TiO2 immersed in N719 dyes and GQDs solution is shown 

in Figure 5 (a). There are four major peaks (green region) observed at 143, 394, 513, 637 cm-1, 

which correspond to the Eg, B1g, A1g, and Eg phonon modes of anatase TiO2 [39, 40]. Meanwhile, 

the peaks in the red region correspond to the N719 dye molecules. TiO2-LBL and TiO2-mixture 

samples with the addition of GQDs show a lower Raman intensity, which indicates a decrease in 

fluorescence signals. Figure 5 (b) is given by enlarging the red region (excluding the TiO2 

spectrum). The peaks ranging from 900 to 1800 cm-1 correspond to the C=C and C=N stretching 

bands of the bipyridine ring in the N719 dyes molecule structure. The small peak around 2100 cm-

1 which represents the vibrations of C=N in the thiocyanate (SCN) groups [41]. With the addition 

of GQDs, the Raman signals for N719 dyes experienced a fluorescence quenching by electron 

transfer to the surface of GQDs [42]. Furthermore, the TiO2-mixture sample exhibits lower 



intensity than that of TiO2-LBL due to a better π-π interaction between the GQDs and N719 
molecules, further enhancing the fluorescence quenching effect. This can also further explain the 

peak shifting observed in the UV-Vis analysis (Figure 7a). 

3.2.2 FTIR analysis 

Figure 6 shows the FTIR spectra of TiO2, TiO2-N719, TiO2-mixture, and TiO2-LBL. The peaks 

at 3744 and 3367 cm-1 correspond to Ti-OH bonding, which exist in the surface of TiO2 [40, 43]. 

A small peak around 1643 cm-1 indicates water molecules’ presence on the TiO2 surface [43]. 

Furthermore, the TiO2-N719 sample shows peaks at around 1955, 1723, and 1530 cm-1, which 

correspond to thiocyanate (NCS), carbonyl (C=O), and C=C double bond [44], respectively. The 

spectra indicate the presence of N719 dye molecules adsorbed on the surface of TiO2. Interestingly, 

the peaks which represent the N719 dye molecules were less dominant in TiO2-mixture and TiO2-

LBL sample due to the interaction between GQDs and N719 dye molecules, causing the N719 to 

become less polar/dipole moment and also less IR sensitive. The shifting of the peak towards the 

lower wavenumber (3367 cm-1) for the TiO2-mixture sample is due to the lesser hydroxyl groups 

present on the surface of TiO2, which allows a better surface intact of GQDs and N719 dye 

molecules on the TiO2 surface. 

3.2.3 UV-vis analyses 

Figure 7 shows the absorption spectra of GQD, N719, and the mixture solution. The optical 

band gap (Eg) was determined by extrapolating the linear portion to the respective photon energy. 

The Eg of GQD and N719 was calculated to be 4.8 and 3.8 eV, respectively.  

The peak deconvolution of the mixture sample (Figure 7b) is explained in detail in Figure 8. 

The peak at 230 nm corresponds to the C=C bonds of π to π* interaction and 300 nm attributes to 
the OH-C=O bonds of n to π* interaction. Meanwhile, 375 and 515 nm correspond to metal-ligand 

charge transfer of bipyridine ring and Ru2+”, respectively. Interestingly, the peak at around 230 

nm shows a peak shifting to 245 nm for mixture, indicating π-π interaction between N719 and 
GQDs. Figure 8 (a) illustrates the interaction among TiO2, N719 molecules, and triiodide 

molecules when it adsorbs light. The interaction between TiO2 and N719 molecules is due to the 

bidentate κ2 mode interaction between the carboxylic group on the bipyridine group of N719 

molecule and the TiO2 surface [44]. When the dye molecules adsorb photons, the aromatic 

bipyridine group excites its π electron to higher molecular orbitals excitation states. Then, the 
electron can be transferred to the TiO2 via bidentate interaction of the carboxylic group. At this 

point, the N719 molecule will be in an unfavorable electronic state as the molecules have lost 

electrons. Next, the triiodide molecules will interact with the sulfur atom in the isocyanate group 

in the N719 molecule and transfers the electron into the N719 molecule to balance the electronic 

transition state of the molecule. In contrast, the triiodide will dissociate into I2
- and I- molecules 

[45, 46]. At the cathode part, its surface is coated with Pt will act as a catalytic surface for redox 

reaction to reduce the I- molecules back to triiodide molecules [47]. 

Figure 8 (b) illustrates the π-π interaction between the GQDs and bipyridine group of the N719 
molecule. The π-stacking of the molecules can induce the free nonbonding π electron to experience 
electron transfer between two molecules when excitation of electron occurs. When photon excites 



the N719 molecules, the electron cloud of the N719 will be highly dense with free electrons that 

overlaps with the π molecular orbital of GQDs. Consequently, electrons are shared/transferred 

between these two molecules, which can avoid electron recombination and enhance the transfer of 

electrons into TiO2 photoanode. Thus, this phenomenon explains the improvement of electron 

transfer and charge separation, which further supports the QDSSC device test’s type-II alignment. 

3.2.4 AFM analysis 

 

The CS-AFM results figure out the current flow on the surface, as shown in Figure 9. An 

average current value of 1.284 pA was obtained for the GQDs sample measured at 2V, indicating 

the presence of GQDs on the surface. As for the mixture sample, the average current value dropped 

to 0.263 pA is due to the presence of N719 molecules, which disturbs the current flow between 

the surface and the cantilever probe.  

 

The SKPM results explain the surface potential of the samples, as shown in Figure 10. The 

overall surface potential of N719 samples was 4.89 mV. When the sample was premixed with 

GQDs and N719, the overall surface potential increased by ~ 8 folds (33.47 mV). This 

phenomenon later explains the high Voc value in the QDSSC device measurement due to the 

compatible interaction between N719 molecules and GQDs, enhancing the electron mobility 

towards the photoanode [48].  

 

3.2.5 Photoluminescence analysis 

Figure 11 shows that when the excitation wavelength changed from 300 to 360 nm the emission 

peaks shift to the right from 419 to 434 nm.  This range of peak emissions are due to the blue 

fluorescence of the GQD. The emission has a constant bathochromic shift of 50 nm with a rapidly 

decreasing intensity when the excitation extends to longer wavelengths. This phenomenon follows 

Stoke’s-shift (PL emission of GQD has greater wavelength than the light used to excite the GQD), 

which can improve light absorption in the photoanode, providing larger Jsc in QDSSC [23]. 

Interestingly, the PL of the GQDs emits an extra peak at 361, 386, and 413 nm for each excitation 

at 320, 340, and 360 nm, respectively. These peaks correspond to the -OH groups of water 

molecules as water is the only solvent used for the synthesis of GQD.  

Moreover, Figure 11 (a) shows the PL emission for TiO2, TiO2-N719, TiO2-LBL and TiO2-

Mixture to test the energy transfer between the GQD and the N719 in different morphological 

configurations. TiO2-LBL and TiO2-Mixture samples exhibit the same quenching rate at 419 nm 

(UV-region). However, TiO2-Mixture shows the highest PL quenching at the visible range, 

indicating a higher percentage of excited electrons have been injected into the CB of TiO2. 

Compared with the TiO2-N719 sample, the addition of GQDs provides higher PL quenching than 

that of without GQDs. The result reveals that mixture configuration gives efficient electron 

injection which assists in the high PCE of the solar cell. Furthermore, the overlapping of TiO2-

N719 absorbance and PL of GQD realizes the possibility of Forster resonance energy transfer 

(FRET) type charge transfer as observed in Figure 11 (c). The more considerable degree of overlap 

between the donor PL spectrum and the acceptor absorbance spectrum belonging to TiO2-Mixture 



indicates that a more generous amount of light can be utilized by N719 via the function of GQD 

as donor and FRET [25].   

3.2.6 Photovoltaic Performance 

The PV performance was investigated under two conditions: indoor lighting (low light 

illumination level) and sunlight (standard illumination level). Figure 12 shows the J-V curves 

measured under 0.5 mW/cm2 for the three TiO2-DSSCs using N719, mixture of GQDs+N719 and 

LBL of GQDs/N719 as photosensitizers. Subsequently, Table 1 lists the PV parameters obtained 

from the J-V curves.  

The TiO2-DSSC sensitized using the LBL method of GQD/N719 showed an improved PCE of 

32.54% (  = 16.76%) with respect to the TiO2-DSSC sensitized by a mixture of GQD+N719 (  

= 12.07%). Both are much higher than the TiO2-DSSC sensitized with a common dye of N719 (  

= 9.58%). The Voc values remain at 0.70 V for all cells. Figure 12 shows that the Jsc and Voc 

characteristics of GQD mixture and LBL method were higher than the TiO2-DSSC sensitized with 

N719. Moreover, the incorporation of GQD has sharply increased the FF value for the mixture 

method of GQD+N719, but the Jsc dropped to 0.186 mA/cm2. This is due to the very low light 

intensity of 0.5 mW/cm2 that affects the amount of photogenerated electron flow through the cell. 

This phenomenon also flattens Voc at 0.70 V and increases FF. Since Voc is defined as the 

difference between the Fermi level of TiO2 and redox potential of the electrolyte, Voc is diminished 

with the decrease in the amount of electrons in the TiO2 photoanode layer [49]. In contrast, it 

reported that DSSCs are less affected by light intensity [50]. Whereby under low light illumination, 

less oxidized dyes are generated, and those oxidized dyes are rapidly regenerated by the iodide 

ions (𝐼−) in the electrolyte and hence, less tri-iodide ions (𝐼3−) are regenerated at the surface of the 

counter electrode. Later, DSSC can provide sufficient charges for reducing tri-iodide ions but with 

less amount of electron. This event would then influence the decrease of Jsc. 

Figure 13 and Table 2 present the J-V curves and PV parameters obtained from the three TiO2-

DSSCs illuminated under 100 mW/cm2 xenon lamp, respectively. A comparison between low and 

standard illumination upon the cells includes increased Voc values from 0.70 V to 0.75 V 

(maximum value for GQD+N719 sample), indicating reduces in back electron transfer. The TiO2-

DSSC with the mixture of GQD+N719 also exhibited the highest Jsc of 5.075 mA/cm2 and  of 

2.906%. The same phenomenon occurs in the LBL sample, whereby the Jsc and  increase up to 

34% and 28.73%, respectively, compared to the cell sensitized with the N719 dye. Kumar et al. 

reported that GQD has a similar role as the dye, which can generate electrons by a single photon 

[51]. This ability will infuse more electrons into the TiO2 photoelectrode and, therefore, improve 

Jsc and  of the DSSCs. Moreover, Mustafa and Sulaiman stated that TiO2 decorated with GQD 

performs as a light scattering layer (LSL) and, therefore, increases the optical path length and 

increases incident light [52]. Hence, the LSL trapped extra light, excites more dye molecules, 

produces more electron (photocurrent), and increases the power conversion efficiency of the 

DSSC.  

In general, when DSSC is under illumination, the dye molecules absorb the light (photon) and 

excites electrons into the lowest unoccupied molecular orbital (LUMO) energy level before 



transfers to the CB of TiO2’s photoanode. Then, the electron moves to the transparent conductive 
substrate of the photoanode, travel through the external circuit, and is collected on the surface of 

the Pt counter electrode, while the redox system simultaneously regenerates the oxidized dye in 

the electrolyte solution of 𝐼− 𝐼3−⁄  [53, 54]. Figure 14 shows the respective electron mechanism in 

TiO2-DSSC sensitized with GQD and N719. It is clearly seen that this mechanism follows the 

type-II energy level. The position of CB for TiO2 is 4.45 eV versus the absolute vacuum scale, and 

the LUMO state of GQD is higher than the CB of TiO2. When the TiO2-DSSC is illuminated by 

visible light, the dye molecules absorb the light, and photogenerated electrons of GQD are aptly 

excited from LUMO energy level into CB of TiO2. 

Moreover, a mismatch between the LUMO states of the GQD and N719 induces a step-like 

energy band structure, which aids the electron from the N719 dye LUMO level descend to the 

TiO2 photoelectrode through the GQD LUMO level. This mechanism not just improve the electron 

injection but also gain higher efficiency. The role of GQD as a charge separator is also observed 

in Figure 14. The GQD between the TiO2 and N719 restricts the injected electron to recombine 

back with the redox electrolyte and restricts the electron-hole recombination in the HOMO of 

N719. Hence, the electron transfers from LUMO of GQD to TiO2 CB is thermodynamically 

promising [55].  

The results demonstrated that by introducing the GQD, the performance of the photoelectrode 

under low and standard illumination has significantly improved. Salam et al. reported the high 

efficiency of the DSSCs is due to the following factors [56]: 

1. highly porous nature of TiO2 nanoparticles with the addition of GQDs allows more N719 

dye molecules to get adsorbed, leading to a generation of a more significant number of 

photoelectrons and hence increase the value of Jsc,  

2. faster transport of photogenerated electrons from N719 dye to CB of TiO2 due to presence 

of GQD onto the TiO2 as shown by TEM analysis, 

3. reduction in back carrier recombination’s due to the highly conductive nature of GQD onto 

the TiO2 photoelectrode layer, which does not allow the photogenerated electrons to go 

into a deep state. 

Generally, the above factors contribute to the increased in the Jsc and FF of the DSSCs. Recently, 

Jahantigh et al. reported that the presence of amino functional groups on the GQD surface also 

attracted TiO2 nanocomposite surface structure and therefore leads to better charge injection and 

improved the DSSCs [55]. 

3.2.7 EIS Analysis 

The EIS analysis was conducted to investigate the electron transport properties inside the 

mesoporous TiO2 photoanode film, electron recombination event at the TiO2/electrolyte interface, 

charge transfer at the counter electrode and diffusion of redox couple in the electrolyte based upon 

the impedance response over frequency. The respective impedance spectra or Nyquist plots for 

TiO2-DSSCs sensitized with N719, a mixture of GQD+N719, and layer by layer of GQD/N719 

are shown in Figure 15, and their corresponding impedance parameters are listed in Table 3. A 

standard Nyquist plot comprises of three semicircles. The first semicircle at the high-frequency 



region represents a parallel combination of the counter electrode charge transfer resistance (RPt) 

and Helmholtz capacitance (CPt) at the platinum counter electrode/electrolyte interface. The largest 

semicircles at medium frequency correspond to charge transfer resistance of the charge 

recombination process at TiO2+GQD+N719/electrolyte interface (Rct) and chemical capacitance 

(Cdl) of the TiO2 film (photoanode electrode). The third semicircle at the low-frequency region 

resembles the finite Warburg impedance due to the diffusion process of iodide/tri-iodide ions in 

the electrolyte (Zd) [57-61]. However, the undefined semicircle shape that represents Zd cannot be 

seen in the obtained plot. Moreover, a simple equivalent circuit model (as shown in Figure 15 (c)) 

representing the DSSC is used to fit the Nyquist plot and obtain the electron transport parameters 

at different open-circuit voltage frequencies. 

Hence, charge collection efficiency (ηc) can be extracted from the EIS analysis using the 

following equation (1) [52], 

𝜂𝑐 = (1 + 𝑅𝑠𝑅𝑐𝑡)−1 (1) 

 

where Rs represents series resistance, including the sheet resistance of the TCO glass and the 

contact resistance of the cell. From the results in Table 3, TiO2-DSSC with GQD+N719 exhibits 

higher charge collection efficiency (ηc) of 0.96 compared to the LBL sample of QGD/N719 (ηc = 

0.94). Although the difference between the two values is meager (2.11%), it demonstrated a better 

light absorption effect than the latter. The results are also matching with higher Jsc values measured 

from the PV performance. Recently, Ali et al. reported an improvement in PCE of mixed 

GQD+N719 is due to rapid electron transport, enhanced electron collection at the TiO2 

photoanode, and improved light-harvesting efficiency of the cell [48]. Since the LUMO level of 

GQD is higher than CB of TiO2, the thermodynamics effect aids the electron transfer mechanism. 

Under illumination effect, more electron transfer occurs from the LUMO level state of GQD to the 

CB of TiO2 [62]. 

Moreover, the Bode plot analysis can be extracted from EIS analysis to analyze the samples’ 
effective electron lifetime (τeff). The values of τeff can be obtained from the maximum peak 

frequency (fmax) of the spectra that represents the photoanode in the medium frequency region. 

This maximum frequency also represents the effective rate constant for recombination with tri-

iodide ions (keff). These parameters can be correlated as in equations (2) and (3), 𝜏𝑒𝑓𝑓 = 1𝜔𝑐𝑡 = 12𝜋𝑓𝑚𝑎𝑥 (2) 

 𝜔𝑚𝑎𝑥 = 𝑘𝑒𝑓𝑓 = 1𝜏𝑒𝑓𝑓 (3) 

 

where ωct is an angular frequency of electron recombination reaction and ωmax is the maximum 

angular frequency at the state of electron recombination reaction with tri-iodide ions [57-59, 63]. 



As highlighted in Table 3, the mixture of GQD+N719 exhibit longer electron lifetime, τeff of 1.293 

ms compared to the TiO2 layered with GQD/N719 (τeff =1.264 ms). Whereby it indicates a suppress 

recombination event and therefore leads to higher efficiency. In contrast, Mustafa and Sulaiman 

reported bigger Rct will hinder the electron flow to complete the electron-regeneration process and 

increase internal resistance [52]. This phenomenon indicates that the incorporation of the 

GQD+N719 mixture increases the overall resistance of the TiO2-DSSC photoanode. 

 

Conclusion 

In summary, GQDs produced from a waste material of OPEFB without utilizing harsh acids were 

successfully employed in QDSSC. Interestingly, the LBL method exhibited the highest efficiency 

of 16.76 % under low illumination but a lower efficiency than the mixture method under standard 

light illumination. The high solar power conversion efficiency obtained by the mixture-QDSSC is 

mainly due to the π-π interaction between the GQDs and N719 molecules with a red-peak shift in 

UV-Vis, which further enhances the fluorescence quenching effect in Raman. Mixture-FTIR also 

reveals that fewer -OH groups were present on the surface of TiO2, which allows a better surface 

intact of GQDs and N719 dye molecules on the TiO2 surface, promoting good affinity between 

GQDs and TiO2. The significant increment of Jsc for the mixture sample under standard light 

illumination is an indication that the scattered N719 and GQDs molecules on top of TiO2 

maximized the light absorption covering from UV until the visible region. Accordingly, the 

mixture sample obtained high charge collection efficiency demonstrating enhanced electron 

collection at the TiO2 photoanodes, better light-harvesting efficiency, and longer electron lifetime. 

The highest PL quenching at the visible region for the mixture sample exhibited a large amount of 

photogenerated electrons in the CB of TiO2. Additionally, Voc was also improved from 0.7 (LBL) 

to 0.75 V (mixture), indicating a reduction in back electron transfer due to the highly conductive 

nature of GQDs onto the TiO2 photoelectrode layer does not allow the photogenerated electrons 

to go into deep state. This was evident when the sample was premixed with GQDs and N719; the 

overall surface potential increased by ~ 8 folds (33.47 mV). This conclusion is supported by the 

result obtained for mixture-QDSSC with the highest efficiency. The GQDs realized a cascaded 

type-II alignment of the energy level, and N719 dye absorbs light over the visible spectrum. This 

type-II system fulfills the primer conditions of: (i) greater overlap between the mixture absorbance 

and GQDs emission spectra, and (ii) larger gap of GQDs donor (4.83 eV) than the gap of dye 

acceptor (3.85 eV). Therefore, it is reasonable to conclude that the mixture morphological 

configuration of co-sensitization is an effective mediator for light-harvesting in QDSSC. 
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Figure Legends 

Fig. 1. Type-II alignment of GQD and dye in QDSSC 

Fig. 2. Morphological configuration of (a) LBL and (b) mixture assembly in QDSSC 

Fig. 3. (a) AFM image of GQDs height, HRTEM images of GQDs with (b) average diameter, (c) 

SAED pattern, and (d) lattice fringe 

Fig. 4. GQDs XPS spectra of (a) C1s and (b) O1s, (c) absorbance of GQDs, and (d) Raman 

spectrum of GQDs 

Fig. 5. Raman spectra of TiO2, TiO2-N719, TiO2-mixture, and TiO2-LBL with (a) full-spectrum 

and (b) zoomed-in image of red region from graph (a) excluding TiO2 spectrum 

Fig. 6. FTIR spectra of TiO2, TiO2-N719, TiO2-mixture, and TiO2-LBL 

Fig. 7. Absorbance of (a) peak fitting of GQDs, N719 and mixture solution, (b) peak 

deconvolution of mixture solution and Tauc plots of (c) GQD and (d) N719 

Fig. 8. Illustration of (a) interaction among TiO2, N719, and triiodide molecules, and (b) π-π 
interaction between GQDs and bipyridine group of N719 

Fig. 9. AFM topography of (a) GQDs and (c) mixture, and CS-AFM measurement of (b) GQDs 

and (d) mixture  

Fig. 10. AFM topography of (a) N719 and (c) mixture, and SKPM measurement of (b) N719 and 

(d) mixture  

Fig. 11. Photoluminescence of (a) GQDs, and (b) thin film samples and (c) absorbance of TiO2-

mixture and TiO2-N719 and photoluminescence of GQDs to support FRET mechanism 

Fig. 12. J-V curves measured under 0.5 mW/cm2 of low illumination for TiO2-DSSC sensitized 

with N719, mixture, and LBL 

Fig. 13. J-V curves under 100 mW/cm2 illumination for TiO2-DSSC sensitized with N719, 

mixture, and LBL 

Fig.14. Energy band structure and electron mechanism in the TiO2-DSSC sensitized with GQD, 

and N719 

Fig. 15 (a) A simple equivalent circuit, (b) fitted Nyquist plot and (c) Bode plot of TiO2-DSSC 

sensitized with N719, mixture, and LBL 



Figures

Figure 1

Type-II alignment of GQD and dye in QDSSC

Figure 2



Morphological con�guration of (a) LBL and (b) mixture assembly in QDSSC

Figure 3

(a) AFM image of GQDs height, HRTEM images of GQDs with (b) average diameter, (c) SAED pattern, and
(d) lattice fringe



Figure 4

GQDs XPS spectra of (a) C1s and (b) O1s, (c) absorbance of GQDs, and (d) Raman spectrum of GQDs

Figure 5



Raman spectra of TiO2, TiO2-N719, TiO2-mixture, and TiO2-LBL with (a) full-spectrum and (b) zoomed-in
image of red region from graph (a) excluding TiO2 spectrum

Figure 6

FTIR spectra of TiO2, TiO2-N719, TiO2-mixture, and TiO2-LBL



Figure 7

Absorbance of (a) peak �tting of GQDs, N719 and mixture solution, (b) peak deconvolution of mixture
solution and Tauc plots of (c) GQD and (d) N719



Figure 8

Illustration of (a) interaction among TiO2, N719, and triiodide molecules, and (b) π-π interaction between
GQDs and bipyridine group of N719



Figure 9

AFM topography of (a) GQDs and (c) mixture, and CS-AFM measurement of (b) GQDs and (d) mixture



Figure 10

AFM topography of (a) N719 and (c) mixture, and SKPM measurement of (b) N719 and (d) mixture



Figure 11

Photoluminescence of (a) GQDs, and (b) thin �lm samples and (c) absorbance of TiO2-mixture and TiO2-
N719 and photoluminescence of GQDs to support FRET mechanism



Figure 12

J-V curves measured under 0.5 mW/cm2 of low illumination for TiO2-DSSC sensitized with N719,
mixture, and LBL



Figure 13

J-V curves under 100 mW/cm2 illumination for TiO2-DSSC sensitized with N719, mixture, and LBL

Figure 14

Energy band structure and electron mechanism in the TiO2-DSSC sensitized with GQD, and N719



Figure 15

(a) A simple equivalent circuit, (b) �tted Nyquist plot and (c) Bode plot of TiO2-DSSC sensitized with
N719, mixture, and LBL


