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Abstract

Different graphene structures have received much attention due to their unique chemical
and electron properties. In this report, we use heteroatom-doped graphene to coordinate
Co?* for use in photoelectrochemical cells. Flower-like TiO2 photoelectrode morphology
was used as a semiconductor. Its surface was covalently modified with Co** coordinated
nitrogen and sulfur-doped graphene quantum dot (S, N-GQD). S, N-GQD was used to
improve visible light absorption and electron transport properties. Also, cobalt ions were
coordinated with pyridinic nitrogen in the GQD structure and, like the cobalt-bipyridine
complexes, acted as a catalyst for the water oxidation reaction. The modified
photoelectrode significantly improved cell performance and resulted in a photocurrent
density of 1.141 mA/cm?. To study the electronic structure of the compounds in more
detail, we also used density functional theory (DFT) calculations. The obtained results
confirmed the effective interactions of cobalt and S, N-GQD, and showed the energy levels

and band gaps in agreement with the experimental results. This study led to the presentation



of a new and robust strategy to improve the optical and catalytic performance of TiO2

nanoarrays in photoelectrochemical cells.

Keywords: Photoelectrochemical water splitting, S, N-doped graphene quantum dots, TiO2

nanorod arrays

1. Introduction

The production of green, low-cost, storable, and renewable chemical fuels is a significant
challenge for scientists and researchers[1,2]. The ideal way to generate energy is to use
low-cost energy sources and more available raw materials. Nature tells us that the best
source is solar energy, and the most readily available raw material is water. Therefore,
recently, solar water splitting has attracted researchers' attention Due to creating a bridge
between electrochemical and photocatalytic processes[3—6]. Using photoelectrochemical
(PEC) cells is one of the best ways to use sunlight to drive the water-splitting reaction. This
process has faced various challenges since its introduction, but researchers always have
good prospects for it in the future[7—11]. The mechanism of action is based on advancing
oxidation and reduction reactions through electrons and holes created by photons received
on the surface of the semiconductor. Although this technique has proposed a new path for
hydrogen production, it suffers from significant shortcomings such as low efficiency and
expensive materials for use in photoelectrodes. Various metal oxides and nitrides such as
a-Fe203, GaN, and WOs; are used as photoanodes in these cells[12—16]. TiO: is a unique
material among these semiconductors because of its outstanding features, such as low
price, high chemical stability, availability, and non-toxicity and for these reasons, it has
often been considered by researchers for use as the solar hydrogen production[17-26]. Of
course, the toxicity of TiO:; also depends on its size and structure. However, this

semiconductor's vast energy bandgap and fast charge carrier recombination have



challenged its use in the visible area[27,28]. Hence, various methods have been proposed
to overcome these limitations, which utilize dyes[29-32], co-catalysts[33], morphology
modification[34], and doping[35] as part of these efforts. Using 1-D single-crystal TiO»,
such as nanorods, has received much attention due to its easy synthesis, uniformity, high
electron transfer rate, scalability, and reduced charge recombination[36—38]. Liu et al.[39]
directly synthesized single-phase TiO2 nanorods on the FTO conductive substrate in a
strongly acidic environment by hydrothermal method. It is easy to obtain an optimal length
of nanorods with the best current efficiency[38]. In addition to nanorods, various other
morphologies such as nanotubes and urchin-like were synthesized for TiO2. Morphologies
that, in addition to providing better pathways for electron transport, can better absorb light
due to increased light inner reflection.

Numerous materials have been used as sensitizers for TiO2. From ruthenium complexes to
natural dyes, all have come with the help of TiO> to overcome the defect of visible light
absorption of this semiconductor. However, high prices and low efficiency are among the
disadvantages of various sensitizers. For example, Park et al. Used gold nanoparticles to
improve visible light absorption and photoelectrochemical activity of TiO2[40], or Swierk
et al. Used ruthenium complex as a sensitizer for TiO> semiconductors[41]. Since gold and
ruthenium are both expensive elements, the need to use metal free, inexpensive, and
available sensitizers instead of these compounds has always been considered by
researchers. Using quantum dots and TiO2 to overcome low visible light absorption was
one of the most practical ideas to increase cell efficiency. Graphene quantum dots (GQDs),
like graphene oxides, is one of the most important materials for use in photovoltaic cells
due to their optical and electrical properties[42—48] as well as their functionalization[49—
58]. The GQDs have advantages such as outstanding light absorption in the visible region,
non-toxicity, inexpensiveness, easy synthesis, and good electron transport capability.
Furthermore, adding other elements into these compounds' structures as dopants has
improved its photocatalytic properties[59]. However, the graphene quantum dots' high
solubility in water has limited their use in photoelectrochemical cells to conduct water-

splitting reactions.



In addition to light-absorbing materials, using an oxygen evolution reaction (OER) catalyst
also significantly affects PEC performance [60—-63]. Among the appropriate catalysts for
this reaction, such as IrO, and FeOOH, cobalt compounds and, in particular, cobalt
complexes have been widely used[64,65]. Ruthenium and iridium-based catalysts, in
addition to their high cost, have complex structures that pose challenges in their application
in all fields. Duan et al., For example, have proposed a molecular water oxidation catalyst
based on the ruthenium complex[66], which, in addition to excellent performance, faces
challenges such as high cost and complexity of structure and synthesis. Swierk et al. Also
used iridium oxide as a catalyst for water oxidation[41]. This combination, despite its good
performance, is still a component of high-priced compounds. Cobalt-containing
compounds as inexpensive materials, such as cobalt phosphide and cobalt sulfide, have a
very positive effect on electron transport from the electrode-electrolyte interface and often
accelerate the oxidation process of water by creating appropriate interfaces. Some of these
compounds are inexpensive and efficiently synthesized[67—70]. Of course, there still seems

to be a great deal to study.

This study reports a new strategy for functionalizing TiO2 nanoarrays surface with Co** by
coordination with S, N-codoped graphene quantum dot. The application of this complex
improved both the semiconductor optical and catalytic properties. On the one hand, the
addition of sulfur and nitrogen to the quantum dot structure improved the visible light
absorption of the system. On the other hand, the cobalt-pyridine structure of Quantum Dot
accelerates the oxidation reaction of water through the formation of the cobalt (IV)
intermediate. To prevent S, N-GQD, and cobalt ions from dissolution in the aqueous
electrolyte, the nanoarrays surface was modified with the aminosilane compound. Then,
Coordinated Cobalt with S, N-GQD was bonded to the nanoarrays modified surface using
dicyclohexylcarbodiimide (DCC) and dimethylamino pyridine (DMAP). This system
exhibited significant PEC water splitting performance improvement by photocurrent
density of 1.141 mA/cm? at 1.23 V vs. RHE. Furthermore, the covalently modified

photoanode showed a very stable current density compared to a non-covalent modified



electrode. In addition to structural analyzes density functional theory calculations were
performed to investigate the interaction of cobalt ions with quantum dot graphene. HOMO
and LUMO levels of the compounds used in this study were accurately calculated and

compared with the values obtained from experimental analyzes.
2. Experimental
2.1 Materials and methods

Citric acid (CA), thiourea, urea, Cobalt chloride Hexahydrate(CoCl,.6H,0), Hydrochloric
acid (HCI 37%), Ethanol, Acetic Acid (HOAc), N, N-Dimethylformamide (DMF 99%)
was purchased from Merck, and titanium(IV) isopropoxide (TTIP), (3-
aminopropyl)trimethoxysilane  (APTMS), dicyclohexylcarbodiimide (DCC) and
dimethylamino pyridine (DMAP) purchased from Sigma-Aldrich company. All of the
reagents were used without further purification.

The TiO: nanoarrays (TNR) were grown by hydrothermal method from a mixed acid
media[48]. In a typical process, the mixture of 8 ml of HOAc, 8 ml of deionized water, 4
ml of HCI 37%, and 0.8 ml of TTIP was stirred into a container. The mixture was then
stirred for a few minutes until completely homogenized and poured into a 100 ml Teflon-
lined stainless steel autoclave. Then, a 2x1 cm? piece of FTO substrate, prepared by
ultrasonication in a mixture of water/detergent and ethanol, was put into the reactor. The
reaction was conducted at 180 °C for 4 hours. After hydrothermal synthesis, the autoclave
was cooled to room temperature slowly, and the FTO glass substrate was washed with
double distilled water and annealed at 450 °C for 30 minutes.

To amine functionalization of TiO2 (NH2-TiO3) surface, 100 pL. of APTMS was added to
the mixture of 10 ml of EtOH and 50 pL of deionized water and stirred for 10 min. Then
the FTO-coated TiO2 nanoarrays were placing in the solution, and stirring stopped. The
reaction mixture was heated at 65 °C for 30 minutes. The FTO was removed from the

mixture and, after washing with EtOH, dried at ambient temperature for three hours.



The hydrothermal method was used for graphene quantum dot synthesis[71]. Typically, In
a 100 ml Teflon-lined stainless steel autoclave, 25 ml of deionized water, 1.05 g of CA,
and 1.15 g of thiourea were poured and stirred until complete dissolution. After sealing the
autoclave, the synthesis was performed for 6 hours at 180 °C. After cooling to room
temperature, ethanol was added to the reaction product. Then, by centrifugation at 8000
rpm for 15 minutes, the product was separated from the excess impurities and dried at 100
°C for five hours. Finally, 1.37 g of dry product was obtained, which shows a 63%
efficiency for synthesis. In addition to S, N-GQD, N-Doped graphene quantum dot (N-
GQD) was synthesized using citric acid and urea instead of thiourea in the same way and
the same amounts for all materials to be used as a comparison in the analyzes. 1.46 grams
of N-GQD was obtained from the product, which shows a 67% efficiency for the reaction.
Finally, for modification of TNR surface with Co-S,N-GQD (TNR-Co-S,N-GQD), 0.2 g
S, N-GQD (for TNR-Co-S,N-GQDy.), and 25 mg CoCl,.6H>O were added to 10 ml of
EtOH and stirred for 1 hour. In another container, 20 mg DCC, 20 mg DMAP, and 10 ml
of DMF were mixed for 30 minutes. Then the functionalized FTO was put in the mixture,
and stirring was stopped. The first mixture was poured slowly in the second and heated at
40 °C for 5 hours. After that, the FTO was removed, rinsed with EtOH, and dried at 100
°C for 4 hours. In order to investigate of the GQD quantitative effect on the overall
efficiency of the cell, two other electrodes with 0.1 g (TNR-Co-S,N-GQDo.1) and 0.4g
(TNR-Co-S,N-GQDo4) of S,N-GQD were made.

All the synthesis steps and surface modification of the photoelectrode are shown in scheme

1.



a)

Scheme 1. Schematic representation of TiO2 growth on FTO substrate a) S, N-GQD synthesis b) and modification of
TiO; surface with Co-S, N-GQD c¢).

2.2 materials Characterization

Surface morphology and the electrode surface elemental analysis were evaluated with
FESEM (Mira 2-XMU) and TEM (Philips). X-ray diffraction technique was used for the
crystalline analysis of the products. After the preparation of KBr tablets, the synthesized



samples were characterized using the Bruker equinox 55. X-ray photoelectron
spectroscopic (Bes Tec,10'° mbar) analysis was used to investigate the surface
composition of the synthesized sample. UV-visible (Perkin Elmer lambda 950) and
photoluminescence analysis (Perkin Elmer) were also used to investigate the products'

optical properties.
2.3 PEC measurements

Various photoelectrochemical analyzes were performed using a 3-electrode system with a
glass cell with a quartz window. Ag/AgCl and platinum wire electrodes were used as the
reference electrode and the counter electrode in the system. The phosphate buffer
electrolyte with pH=6.8 was selected as the electrolyte, and we performed the tests without
the use of any hole scavengers. The potentials obtained from the experimental data vs.
Ag/AgCl electrode were converted to RHE using the following equation that obtained from

Nernst equation:

(1) Exyp = Eag Iagct + E} + 0.059pH

9
/AgCl

Where Erue represents the potential versus RHE, Eagacci represents the potential vs.

Ag/AgCl reference electrode that is practically obtained, E Xg ) = 0.1976 V and the
AgcCl

pH=6.8 which has been fixed at 6.8 with the help of phosphate buffer. 0.059 is obtained by
placing constant values such as the universal gas constant, the Faraday constant, and the

ambient temperature in Kelvins in the Nernst equation.

The following equation was used to calculate the photoconversion efficiency:

mA
J 1.23-V,
(2) photoconversion efficiency (%)= (sz)[(mw i x 100

cm?2

Where J is the current density produced by the photoelectrode, Vapp represent the potential applied,
and P is the intensity of the incident light (100mW/cm?).



Photoelectrochemical tests were performed using an AM 1.5G sunlight simulator and in
100 mW/cm? intensity. All the electrochemical measurements were conducted using a

potentiostat (Ivium) with the Iviumsoft as software.

2.4- Computational analysis of electronic properties

In order to gain more insights into the electronic properties of the TNR-Co-S, N-GQD structure,
we have done density functional theory (DFT) calculations[72,73]. The Vienna ab initio simulation
package (VASP)[74,75]was applied by using plane-wave basis set and The generalized gradient
approximation (GGA)[76]in the Perdew-Burke-Ernzerhof (PBE) [77]formalism for optimization
with the projected-augmented wave (PAW)[78]method.

To get the correct band gap, GGA+U approximation [79] with effective U parameter of 8 for Ti
3d orbitals and Heyd-Scuseria-Ernzerhof (HSEQ)[80]hybrid functional were used for TiO; and

Co-S,N-GQD respectively.

3. Results and discussion

To use TiO2 semiconductor in the visible region, it seems necessary to improve its optical
and catalytic properties. Therefore, adopting a proper strategy to make these improvements
is very important. Our primary strategy in this study was to use inexpensive materials and
facile synthesis and preparation methods. Thus, we decided to use a single compound to
improve the semiconductor's optical properties and be a suitable catalyst for the water
oxidation reaction. The final choice was a combination of cobalt ions as the central metal
and S, N doped GQD as the ligand for the metal ion. This complex alone is responsible for
improving the optical and electron properties of the semiconductor. Then, due to the high

solubility of these compounds in the aqueous electrolyte, we decided to use covalently



attached to the surface of the semiconductor. The purpose of nitrogen doping in the
quantum dot structure was to form pyridine rings in the graphene structure. Pyridine
structures can easily form coordinate bonds with transition metals due to the nitrogen
electron pairs. Since the pyridine and cobalt structures together dramatically increase the
rate of water oxidation reaction, it seemed that if the nitrogen-doped graphene quantum dot
could act as a ligand for cobalt would have the same catalytic properties. On the other hand,
doping sulfur in the quantum dot structure improves the visible light absorption of this
compound. The bond of Co-S also reduces the charge transfer resistance of the electrolyte-
electrode interface by increasing the electron transfer kinetics and, as a co-catalyst, leads
to a significant increase in the output current efficiency of the photoelectrochemical cell.
The strategy of using sulfur in the structure can be considered dual. On the one hand, by
adding in the structure of GQD, it leads to an increase in the permissible transitions in the
visible region and the absorption of visible light significantly improves, and on the other
hand, by establishing a bond with cobalt (Co-S), it creates a structure that facilitates
electron transfer[70]. The addition of sulfur can create more transitions in the visible region
by increasing the electron levels, thus increasing the absorption of visible light by graphene

quantum dot.

The schematic representation of synthesis processes was shown in scheme.l. The TiO:
nanoarrays were hydrothermally grown on FTO substrate in step 1(scheme.la). The S, N-
graphene quantum dot synthesized in autoclave by hydrothermal method stirred with Co?*
ions to coordinated with heteroatoms in graphene quantum dots (scheme.1b) and the last
step, the functional graphene quantum dots covalently attached on the surface of TiO»
nanoarrays by DCC/DMAP functionalization. The combination of DCC and DMAP was
used to activate the carboxylic acid groups in S, N-GQD to be easily attacked by amine
groups on the surface of TiOz, and the acidic group became an amide group. A graphene

quantum dot is attached to the surface of the nanoarrays.



3.1 structure characterization

The rutile TiO2 nanoarrays were synthesized on FTO substrate by using the mixed acid
media[81]. In addition to simplicity, the method leads to the synthesis of highly ordered
arrays and single-crystal TiO2 semiconductor that provides a direct pathway for charge
transport. The morphology was investigated by FESEM in cross-section and top of the
surface view. Fig.1a and b observed the cross-section and top view of the nanoarrays,
respectively. The nanorods' structural parameters, such as height and diameter, were
controlled using the reaction time (4 hours)[38]. The nanorod arrays were grown on the
surface with a length of about 2 um and a diameter of less than 50 nm(30-40nm). In the
synthesis method, vertical rods tend to form densely and close together perpendicular to
the substrate surface. The proximity of the rods to each other provides a better pathway for
transporting electrons from the semiconductor to the conductive substrate. However,
scattering may occur less due to less light penetrating the side of the rods. In addition,
adding acetic acid in the synthesis, resulting in a slight increase in the rods' diameter, leads

to improving the photocurrent generated in the cell[81].

Fig.1c and d showed the top view pictures of the TiO, surface. Flower-like structures were
formed on the nanorod structures, and photoelectrodes with dual morphology were
synthesized. Flower-like nanostructure helps increase light scattering and, thus, better
electrode efficiency. These structures compensate for the reduction in light scattering due
to the formation of the dense structure of the nanorods. In fig.1e and f, the up view surface
images are related to surface-modified nanoarrays with S, N-GQD. As shown in the figure
with the arrow, very tiny particles of quantum dots are placed on the flower-like structures.
However, due to the small size of the quantum dots, it is not easy to detect them by FESEM

analysis.
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Figure 1- FESEM images of TiO; nanoarrays in cross-section (a and b), top view (¢ and d), and TiO> arrays modified

with Co-S, N-GQD (e and f) in various magnification.




TEM images were used to more accurately study the structure and morphology of the
synthesized quantum dot. As shown in Fig.2a and b, quantum dots are synthesized as
spherical (or hexagonal) shapes. These quantum dots appear to be between 5 and 10
nanometers in diameter. However, their structure has aggregated in these images because
the quantum dots have been dispersed in ethanol. The aggregation of these particles has
made it a bit difficult to determine their exact size. Unassembled structures appear to be
less than 10 nm in diameter. The TEM images of TNR-Co-S,N-GQD are also shown in
Fig.2 c and d. As can be seen, the quantum dots are well placed on the surface of the

semiconductor.



Figure 2- TEM image of S, N-GQD a), b) and TNR-Co-S,N-GQD c), d) in various magnification

Fig3 shows the energy-dispersive spectroscopy (EDX) of the TNR-Co-S, N-GQD
electrode surface. By the analysis, the element percentages of the photoelectrode surface
were obtained. As expected, titanium, carbon, and oxygen are the main constituents of the
photoelectrode. It is found that the percentage of N and S in the structure of S, N-GQD is
close to each other, and the amount of Co is close to half a percent. As expected, cobalt

was deposited on the photoelectrode surface and did not dissolve inside the electrolyte.



On the other hand, the presence of sulfur and nitrogen on the electrode surface indicates
the proper stability of the quantum dot on the semiconductor surface against dissolution in
the electrolyte. Data from other analyzes, such as XPS, suggest that the percentage of
nitrogen in the quantum dot structure is higher than that of sulfur. In contrast, EDX analysis
has shown the percentage of these two elements close to each other. Therefore, we can
infer that sulfur tends to be on the outer surface of the quantum dot and thus play a positive

effect on the visible light absorption of the quantum dot.
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Figure 3- a) FESEM and Ti, S, N, O, C and Co mapping of TNR-Co-S, N-GQD photoelectrode and b)EDX analysis
of TNR-Co-S, N-GQD

Fig.4 (a-b) shows the XRD patterns of TNRs on FTO substrate, S, N-GQD, and Co-S, N-
GQD, respectively. In the spectrum in fig.4a, the rutile TiOz phase's diffraction pattern is
shown along with the FTO substrate's peaks. The six peaks observed in 28 values of 27.5°,
36.3°, 41.3°, 54.4°, 62.8°, and 65.2° are all related to the structure of the rutile. The plane
attributed of peaks is shown in Fig.4a. The most significant tetragonal rutile phase peaks,

including planes (101) and (002), are specified in the pattern (JCPDS file no. 21-1276)[37].



The peak intensity of 002 indicates that the TiO> nanostructures are well synthesized in
one direction (001). Because graphene quantum dot has an amorphous structure, the peaks
in this compound's diffraction pattern are not sharp (fig.4b). The broad peak around 23°
corresponds to the 002 planes of graphitic carbon[49]. Fig.4b shows the diffraction pattern
for [Co-S, N-GQD]. The graphitic carbon peak has shifted slightly to a lower angle (21),
indicating an increase in the distance of the layer. The shifting may be due to the placement
of Cobalt metal between the plates. On the other hand, the diffraction pattern of S, N-GQD

is not the same as before, which indicates that the structure of the compound has undergone

significant changes.
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Figure 4-XRD pattern of a) TiO» nanorod arrays on FTO substrate and b) S, N-GQD and Co-S, N-GQD

XPS analysis was used to investigate the synthesized surface composition further and
confirm the elements' chemical states. Fig.5a shows the survey spectrum of [Co-S, N-
GQD] with peaks for C, S, N, Co, CI, and O. As shown in the spectrum, the elements
carbon, nitrogen, and oxygen are the main constituents of graphene quantum dot. Sulfur
and cobalt have lower peak intensities than other elements due to their lower amount in the
final structure of the quantum dot. In fig.5b, the high-resolution peak corresponding to C
Is is deconvoluted in five peaks. The C-C and C=C bond appear in region 284.6 eV related
to C in graphene structure[82]. The peak of C-N and C-S bonds in region 285.9 eV[83],



the peak of region 286.8 eV corresponds to the bond of C-OH[84], the peak of region 287.9
eV belongs to the C=0 bond, and the peak of region 289.5 eV belongs to the COOH
group[82,85]. As shown in the spectrum, due to the high percentage of heteroatom doped
in the structure, the highest peak intensity is related to the carbon-nitrogen and carbon-
sulfur bonds. The intensity of peaks at the edge of the sheet, including the COOH, C=0,
and C-OH peaks, constitutes a significant percentage of the peak level. These peaks

indicate that the edges of the graphene sheet are often edge-functionalized.

According to Fig.5c, the deconvoluted spectrum of N 1S can be divided into four peaks.
Peaks of pyridinic, pyrrolic, and graphitic N in 398.8 eV, 401.5 eV, and 402.3 eV have also
appeared in this spectrum[86]. The presence of a peak in 398.5 eV indicates the formation
of the bond between Cobalt and Nitrogen, which confirms the coordination of metal-
nitrogen in the structure [87,88]. The spectrum shows that the highest percentage of
nitrogen is related to pyridine nitrogen. Hence, the possibility of a bond between cobalt
and nitrogen increases.

In order to study the synthesized structure in more detail, high-resolution XP spectrum of
O 1s was also studied. As shown in Fig5.d, the O 1s peak was divided into two peaks. The
first peak, which appears in area 532.2 eV, is related to the C=0O bond. The peak in 533.4
eV also corresponds to the C-O bond[89-92]. As shown in the fig5.d, the double bond
forms a higher percentage (about 70%) of the oxygen bond and the single bond is
lower(about 30%.

Fig.5e shows the deconvoluted spectrum of S 2p that can be divided into four peaks. S-C
and S =C bonds appeared in 162.8 eV, 163.7 eV, and S=0O bonds appear in 165 eV [93].
The presence of another peak in area 161.5 is also related to the bond between Co and S

that is Another evidence of the bonding between cobalt and heteroatoms in the structure of

S, N-GQD [93,94].

Fig.5f shows the high-resolution spectrum of Co 2p. The peak of area 781.3 is related to

the presence of Co?* in the composition [93,95]. Given that Co's peak appeared in the area



of 781.3 eV, it can infer that the peak is related to Co?* in the Co-N bond [88]. It seems
more than the region corresponding to the cobalt oxide peak(779-780). Metallic cobalt also
appears in area 779 eV. The formation of cobalt and graphene quantum dot complexes and
the construction of cobalt-nitrogen bonds positively affect electron transport and catalytic

properties in the photoelectrochemical cell.
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FTIR analysis was used to investigate further the structure and functionalization of the
compounds (fig6). In TNR spectra, the peaks appearing in the pre-1000 cm™ region are
related to the tensile vibrations of TiO2[60,61]. In NH>-TNR spectra, which deals with
amino silane-modified TiO,, the peak in area 2931 cm! is related to the C-H bending
vibration. The 1630 cm! peak is associated with the NH> group of aminopropyl
trimethoxysilane[62]. In the S, N-GQD spectrum, the peak appearing in 1717 cm™! is
related to the acidic carbonyl bonds present in the structure[50,63]. The peaks in areas 1575
cm’! and 1413 cm™ are related to the tensile vibrations of C-C and C-N[50]. In the final
spectrum for compound TNR-Co-S, N-GQD, graphene quantum dot peaks cover the peaks
related to TiO». However, the peak of carboxylic acid, which appeared in 1717 cm’!, was
shifted to 1627 cm™, indicating carboxylic group conversion to amide groups and GQD

attachment to the surface of functionalized TiO».
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Figure 6- FTIR spectra of TNR, NH,-TNR, S, N-GQD and TNR-Co-S, N-GQD



UV-visible spectroscopy was used to investigate the effect of doping heteroatoms on the
structure of GQD on its optical properties. As shown in Fig.7a, the presence of four
additional peaks in the visible area has caused a difference in the optical absorption
behavior of these two compounds. Both spectra recorded sharp peaks in the 334 nm region.
Due to the presence of the carbonyl group in the structures of both compounds, the peak is
related to the n—n* transition of the bond. In addition to this peak, S, N-GQD has shown
visible light absorption in 402 nm, 550 nm, 591 nm, and 626 nm. These absorptions
indicate a much better performance of the compound in visible light absorption. The four
added peaks in the S, N-GQD spectrum are related to the addition of sulfur to the structure
and bonds such as C=S and S=0. The addition of these bonds to the structure of GQD has
led to the addition of n—n* and n—n* transitions of the functional groups and has led to
the absorption of more appropriate light in this region. The Tauc plot of [S, N-GQD] is
shown in the inset of Fig.7a inset. Using the following equation, the optical band gap of S,

N-GQD was calculated:
(3)ahv = Ay(hv — E,)"

Where o indicates the absorption coefficient, Ao is a proportionality constant, n=1/2 or 3/2
for direct allowed transition and indirect allowed transition respectively, Eg indicates the
band Gap material, and hv indicates the corresponding photon energy. According to the
Tauc plot, we calculated the material's optical bandgap to be 2.3 eV that is less than the
TiO, band gap (3.04 eV), and has made the two together perform well use

photoelectrochemical cells.
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Figure 7- a) UV-visible spectrum of S, N-GQD and N-GQD and, Tauc plot of S,-N-GQD inset and b) PL spectrum of
S, N-GQD and Co-S, N-GQD.

Photoluminescence spectroscopy is used in the field of photoelectrochemical reactions to
study the behavior of charge carriers. The spectroscopy is based on the transfer behaviors
and lifetime of electrons and holes. Specifically, lower photoluminescence intensities
indicate the longer lifetime of electrons and holes, resulting in less charge
recombination[96]. Fig.7b shows the photoluminescence spectrum of the S, N-GQD, and
[Co-S, N-GQD]. The S, N-GQD spectrum shows a peak emission at 480 wavelengths.
However, when Co** ions were added to the quantum dot by 2% by weight, the emission
intensity dropped dramatically. This intensity initially indicates an excellent interaction of
quantum dot with Co?*. Quantum dots have also been used to build a selective sensor to
detect cobalt ions[97]. By studying the spectrum, it is concluded that the coordination bond
between cobalt ions and quantum dot will increase the lifetime of charge carriers and
reduce their recombination, which will improve the photoelectrochemical performance of
the final compound.

To investigate the effect of S, N-GQDs adding on light absorption properties of TiO:
nanoarrays, diffuse reflectance spectra of both samples were analyzed. Fig.8a and b show

these two spectra with the corresponding Tauc plots for each sample. As it turns out, TiO2



does not offer much absorption in the visible region. This compound has a good absorption
in the UV, and by entering the visible area, its intensity of absorption peak is gradually
reduced. The bandgap of this compound was estimated at 3.04 (rutile). Examining the
spectrum of the mixture of TiO2 and S, N-GQDs, we can see that the absorption spectrum
of the region before 400 nm has affected the absorption behavior of TiO», and the bandgap
has been reduced to 2.75 eV. This spectrum shows a combination of TiO> and quantum dot
spectra. Proper absorption in the UV region, which is related to TiO»2, and improved
absorption in the range of 350 to 600 nm, which is achieved due to the addition of quantum
dot to the structure. This improvement has led to the semiconductor being more sensitive
to visible light. Therefore, we can expect an improvement in the photoelectrochemical

performance of the semiconductor due to the improved light-harvesting efficiency.

Using PL analysis, the structure of the edges of the GQD sheets can be understood[98].
The edges have a zigzag, armchair, or edge-functionalized structure. The presence of
emission peaks in 405 nm, 441 nm, 480 nm, and 521 nm corresponds to the zigzag-edge,
armchair-edge, carboxylic acid-functionalized edge, and carbonyl-functionalized edge,
respectively. To understand the exact structure of GQDs, the peak appearing in the PL
spectrum was divided into its constituent peaks. As shown in Figure 8c, the area below the
zigzag edge peak, which appears at 405 nm, accounts for a small percentage of the total
peak, indicating that most of the edges of the quantum dot are armchair. As expected, a
high percentage of graphene sheet edges are functionalized by the carboxyl and carbonyl
groups because of the intensity of the peaks that appear in the region of 480 and 521 nm,
were correspond to the carboxyl and carbonyl edges, respectively. Table 1 shows the exact
percentage of edge formation using deconvolution of the PL spectra emission peak at the

excitation wavelength of 360 nm.

Table 1-percentage of edge structure of S, N-GQOD sheets based on PL spectrum

Edge structure peak area (nm) percentage

(%)




Zigzag-edge 405 3.55

Armchair-edge 441 32.02
Carboxyl functionalized-edge 480 40.03
Carbonyl functionalized-edge 521 24.41
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N> adsorption-desorption measurements were used to evaluate the porosity and BET surface area
of S,N-GQD and Co-S,N-GQD. Fig9.a shows diagram of N> adsorption-desorption for these two
structures. Table 2 shows the parameters related to the porosity and the size of the pore obtained
from this diagram. As it turns out, the addition of cobalt to the structure has led to an increase in
the surface area of the structure from 4.78 m%/g to 15.58 m?/g. Also, the average pore diameter has
decreased from 45.82 nm to 19.67 nm.

Thermogravimetric analysis (TGA) was used to investigate the temperature behavior of Co-S,N-
GQD. Fig9.b shows the TGA diagram of this compound. As it turns out, the sample goes through
a weight loss step from 25°C to 169°C. During this step, the sample loses 7.74% of his weight.
Loss of less than 10% by weight below 200°C may indicate the removal of physically adsorbed
water. In the next stage, the sample loses 6.2% of its weight from 169 °C to 253°C, which can also
be related to nitrile oligomerization or the exit of other gaseous products. After this stage, the

intensity of weight loss increases and up to 600°C, another 33% of the sample mass is lost.
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Figure 9- a) N, adsorption-desorption diagram of the S,N-GQD and Co-S,N-GQD. b) TGA curve of Co-S,N-GQD
in N atmosphere with heating rate of 10°/min



Table 2-BET parameters of S,N-GOD and Co-S,N-GQD

asBeT (M?/g) average pore diameter (nm) vm(cm®/g)
S.N-GQD 4.78 45.82 1.09
Co-S,N-GQD 15.58 19.67 3.58

3.3 DFT calculations

Fig.9 shows the structures and their corresponding density of states (DOS) of the TNR-Co-S, N-
GQD. The structure of rutile TiO2 (001) and its DOS are shown in Fig.9a. According to the DOS,
band gap energy of TiO: is 2.99 eV which agrees well with the UV spectrum band gap result of
3.04 eV. From Fig.9a, it is found that while the conduction band (CB) of TiO: structure is
dominated by d orbitals of Ti atoms with energy of 2.971eV, the VB is mainly occupied by p
orbitals of O atoms (-0.022 eV). The structure of Co-S, N-GQD with its DOS is illustrated in
Fig.9b. In order to mimic the experimental observations, we constructed GQD with armchair edge
based on the Lerf-Klinowski [99] model suggesting that the GO terminates with oxygen containing
functional groups of hydroxyl and carboxyl. The DOS of Co-S, N-GQD, Fig.9b, shows the energy
band gap of 2.36 eV, where its LUMO and HOMO energies are 5.102 and 2.745 eV, respectively.
The greater LUMO energy of Co-S, N-GQD (5.102 eV) than CB of TiO2 (2.971 eV) confirms the
photoexcited electron transfer from the excited states of GQD complex to the CB of TiO2, which

is also seen in other studies[100,101].



1000

800

600

400

[
[=]
o

I
wun

DOS (arb. Unit)
=]

20

15

10

4 -3 2 -1 0 1 2 3 4 5 6 7 8
Energy (eV)
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3.2 PEC performance

The photoelectrochemical performance of the synthesized materials was investigated in the
form of various electrochemical analyses. These tests, which were performed on 3-

electrode cells, used phosphate buffer with a pH of 6.8 as the electrolyte, and all of the tests



were measured at 100 mW / cm?. The first step was to study the linear sweep voltammetry
test, in which the current behavior of the cell was investigated based on potential. To better
express the optical behavior of photoelectrodes, measurements were performed in both
dark and light conditions. As shown in Fig.11a, no current was observed in the dark for
TNR-S,N-GQD. In TNR photoelectrode, the current density is 0.477 mA/cm?. The current
density increases to 0.681 mA/cm? when S, N-GQDo4 sensitizes the electrode surface.
After modifying the photoelectrode's surface with [Co-S, N-GQD], the photocurrent
density increases to 1.141 mA/cm?, which is about 2.5 times compared to unmodified
nanoarrays. In Figl1.b, the photoconversion efficiencies of each electrode were reported.
As it turns out, TNR-Co-S,N-GQD has the highest return with a efficiency of 0.577% at a
potential of 0.68V vs RHE. Different amounts of S,N-GQD were also used to investigate
the quantitative effect of quantum dot on cell efficiency. As shown in Fig.11b, the highest
returns were related to TNR-S,N-GQDy.. Fig.11c shows the chronoamperometry test for

different electrodes at 1.23 V regarding light on and off.
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To evaluate the stability of the fabricated electrode, chronoamprometry test was performed
for a long time (figl 1.d). In this test, a comparison was made between covalently modified
surface photoelectrode and non-covalent photoelectrode coated on TNRs. As shown in the
figl1.d, the covalently modified electrode does not show a significant reduction in current.
In contrast, the non-covalent electrode significantly reduces the current over time.

In fig.1le, we investigate the transfer characteristics of charge carriers using
electrochemical impedance spectroscopy. With the analysis help, the charge transport
resistance at the electrolyte interface and the photoelectrode were investigated. In this part,
the photoelectrodes of TNRs and TNR modified with S, N-GQD (TNR-S, N-GQD), and
TNR modified by [Co-S, N-GQD] (TNR-Co-S, N-GQD) were analyzed under simulated
light and one sun intensity and at the 1.23 V vs.RHE. As shown in the diagram, the TNR-
Co-S, N-GQD photoelectrode has a lower charge transfer resistance. The charge carriers
pass through the interface between the electrolyte and the photoelectrode at the modified
electrode faster than the unmodified nanoarrays, increasing the photocurrent. This analysis
is entirely consistent with the current-voltage analysis. Interestingly, the presence of cobalt
on the surface of the photoelectrode, while interacting with pyridines in the quantum dot
structure, significantly increased electron transfer from the interface between the electrode

and the electrolyte.

Figll.f deals with the mott-Schottky (M-S) analysis of TNR and [Co-S, N-GQD]
photoelectrodes. The analysis was used to determine the density of charge carriers and the

potential of the flat band. Using the M-S equation:

2

ecggNp

@ 2 = (=2 [V = Vip) ==

which Ny represents the charge carriers concentration, C represents the capacitance of
space charge region, Vs represents the flat band potential, g, represents the vacuum

permeability, € represents the dielectric constant (here it refers to the TiO2 layer, which is



considered to be 55), V represents the applied potential, T represents the ambient
temperature, k represents the constant Boltzmann and e represent the charge of an electron.
According to the equation, from the slope and the extrapolation of the diagram, the values

of the charge carrier concentration and the flat band potential can be obtained, respectively.

On the other hand, the slope of the diagram indicates the type of semiconductor. As shown
in the fig.10d, the positive slope of the curves indicates the n-type semiconductor.
Photoelectrode of [Co-S, N-GQD] shows a lower slope than TNR, indicating a higher
charge density and a more extensive discharge layer. The flat band potential can be
determined from the diagram's intercept specified in the fig.10d. As shown in the fig.10d,
the flat band potentials of TNR and [Co-S, N-GQD] are estimated to be -0.17 V and -0.54

V, respectively.
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with Co?* and nitrogen bond by Co*" as an intermediate.

Scheme.2a schematically shows the equivalent circuit for the modified photoelectrode. The
results of impedance analysis and fitting the data on the interfaces, exact numbers related
to the different resistances in the circuit were obtained. In the circuit, the Rs corresponds
to the photoelectrode's resistance of the substrate. The Rcr corresponds to the resistance of
the charge transfer between the photoelectrode and the electrolyte interface, which is

related to the transport of electrons from the quantum dot to semiconductor and from



semiconductor to the substrate. Table 3 represents the Rs and Rer and C bulk values for
the three electrodes TNR, TNR-S, N-GQD, and TNR-Co-S, N-GQD[102]. The Rcr
obtained from the impedance analysis for three photoelectrodes shows that cobalt in the
photoelectrode structure significantly reduced the electron transfer from the electrolyte to

the electrode surface and increased in current density.

Table 3-calculated charge transfer resistance by the fitting of EIS data

C bulk ([CPE)/uF) Rs (2 cm?) Re (Q cm?)
TNR 2.11 2.38 22.4
S.,N-GQD 3.96 2.78 17.1
[Co-S,N-GQD] 5.67 3.11 15.7

Scheme.2b shows the proposed mechanism for electrons and holes that photogenerated in
the photoelectrochemical cell. The photons absorbed by S, N-GQD caused electrons to be
excited to the compound's conduction band. With the help of the energy bandgap obtained
from uv-visible analysis and the flat band energy obtained from the mott-Schottky
equation, the valence band energy level of the compounds can also be obtained. A specific
mechanism can be provided for how charge carriers are transported to advance the water-
splitting reaction by analyzing the obtained energy levels. Since the conduction band of S,
N-GQD is slightly higher than the conduction band of TiO> nanoarrays, the photoexcited
electrons transport to the conduction band of TiO2 and, through transfer to the substrate,
transferred to the platinum electrode to conduction the proton reduction half-reaction.

On the other hand, due to the formation of the N-Co bond in the structure, the bond leads
to better separation of the produced charges and faster transport to the photoelectrode
surface. Due to Cobalt-pyridine compounds in the photoelectrode structure, these

compounds catalyze the OER reaction. The presence of cobalt complex and pyridine ligand



dramatically improves electron transfer. On the other hand, a half-reaction of oxidation
occurs when water is converted to oxygen gas and releases two electrons. It leads to an
increase in the photocurrent generated in the photoelectrochemical cell.

The proposed mechanism for catalyzing the half-reaction of water oxidation was presented
in the scheme.2c according to previous reports[103,104]. In the first step, the water
molecule is displaced by chlorine ligands around cobalt, and an intermediate cobalt
complex with five ligands is formed. Then, Co** is converted to Co*" by losing two
electrodes and losing two protons, and forming a double bond with oxygen by the effect of
holes. The Co** formed is a perfect place for the oxidation of water. Therefore, another
water molecule is absorbed by the species so that the oxidation of water occurs. After
absorbing water, cobalt is converted back to Co**, releasing two electrons and two protons.
In the last step, the two remaining oxygen are separated from the catalyst surface as oxygen
gas. The important point in these steps is the role of the photogenerated holes to convert
Co?* to Co* because Co*" is a strong oxidant and the main driving force of the water
oxidation reaction.

Fig.12 compares the photoelectrochemical cell performance of various reports that have
used TiO» nanostructures, GQDs or carbon dots to improve cell efficiency[105—-113]. What
is clear is that graphene quantum dot affects cell performance in several ways, and this

combination has attracted a great deal of attention in recent years.
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Figure 12- some recent report on TiOsbased or quantum dot-semiconductor based photoelectrode using in

photoelectrochemical water splitting

4-conclusion

We proposed a new strategy in simultaneous use of the visible light absorption properties
of GQD compounds and the OER reaction's catalytic properties by cobalt-pyridine
complex compounds. Doping of S and N heteroatoms in GQD structure improved the
optical and electronic performance. It provided the conditions for the formation of
Nitrogen-Cobalt bonds within this structure. The Co-N and Co-S bands play a crucial role
in enhancing the transfer characteristics and separation of charge carriers and, like Cobalt-

bipyridine complexes, dramatically improves the performance of the photoelectrochemical



cell[67,114—119]. In this report, TiO2 nanoarrays were used as semiconductors on the FTO
conductive substrate. S, N-GQD was used due to the lack of absorption of visible light by
TiO:> to enhance the cell efficiency with proper absorption in the visible region. Besides,
due to its high solubility in water, S, N-GQD was covalently bonded to the surface of TiO»
nanoarrays to enhance the photoelectrode's stability. Various structural and
electrochemical analyses were performed to confirm the photoelectrochemical cell's
performance. The results showed the significant effect of each photoelectrode component,

especially the cobalt ions structure of GQD.
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