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Abstract. In this paper, molybdenum disulfide (MoS,) was hybridized with graphene carbon nitrite (g —
C;N,) and CuxO in order to enhance the photoelectrochemical (PEC) activity and increase the light
absorption range of Cu2O thin film. The melamine powder was poured in an empty container and then
heated in a furnace to attain theg — C;N, powder. The ternary hetero-epitaxial growth was achieved by
growing of MoS,/g — C;N, on the Cu,0 hybrid by a partial thermal oxidation process. The characteristics of
MoS,lg — C3N,/Cu,0 hybrid film were investigated through XRD, FT-IR and photoelectronchemistry-related
measurements. The PEC behavior of the ternary hybrid electrode was investigated using current-voltage
test under illumination. The efficiency calculated from current-voltage test under illumination shows that the
presence of graphene carbon nitrite and molybdenum disulphide within the film networks, despite its low
content, could stimulate substantial improvement in maximum photoconversion efficiency from 0.036% to
0.33%. This improvement is attributable to the enhancement of the electron-transferring proficiency upon
the insertion of g — C;N, and MoS,, as confirmed by X-Ray Diffraction Analysis (XRD). The PEC test results
signify that the photoelectrochemical activity of the MoS,/g — C3N,/Cu,0 ternary hybrid is much higher than
that ofCu,0 subtrate. The mechanisms accountable for the enhanced PEC behavior of the MoS,/g —
CsN,/Cu,0 ternary hybrid are discussed in detail.

Keywords: Cuprous oxide, J-V characteristic, Hetero-structure, Photoelectrochemical, Thermal
oxidation

Introduction

The Industrial rebellion has brought about a fabulous increase in the world's population, and the
ultimatum for energy is increasing [1]. It is anticipated that about 9 billion people will live on the
planet by 2050, and about 30 TW of energy will be required to sustain this population.
Nevertheless, more than 70% of our energy needs are currently met by finite fossil fuels, which
will soon be exhausted [2-5]. Therefore, using a green backup energy source has become a big
challenge for people. As a nearly limitless source of green energy, solar energy has received
substantial attention in recent years. To this end, photoelectrochemical (PEC) cells are
considered to be efficient devices for converting solar energy into hydrogen chemical energy by
water splitting [6-7]. Photoelectrodes, usually made of semiconductors, play the most important
roles in light absorption, electron-hole pairing and charge transfer in PEC cells [8-9]. However,
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due to their large bandgaps, most semiconductor materials can only absorb a small fraction of
sunlight in the UV range, which severely limits their potential applications [10].

In order to improve the PEC efficiency of photoelectrodes, doping with compounds or elements
and fabrication of semiconductors with heterostructures have been investigated in detail due to
the different interactions between different semiconductor materials [11-12]. Among them,
cuprous oxide (Cu20) has been considered as the state-of-the-art candidate of photocathode [13-
14]. Cu0 is a typical p-type semiconductor with a band gap of ~ 2 eV, with which it could achieve
a theoretical photocurrent of -14.7 mAcm-2 for water splitting and a solar to hydrogen conversion
efficiency of 18.1 % on the AM 1.5 spectrum [14].

Moreover, it is scalable, earth-abundant, environmentally benevolent and compatible with
inexpensive fabrication processes, which are important requirements to placate the terawatt-scale
global energy demand [15]. The practical application of Cu2O in the PEC process is still limited
by two major drawbacks despite the aforementioned advantages: (1) sky-scraping recombination
rate of photogenerated electron-hole carriers, partly ascribed to its mismatched electron diffusion
length (usually 20—-100 nm) with the light absorption depth (about 10 um) [16]; (2) Deprived
photostability because of self-photocorrosion in electrolyte solution [17].

Structure engineering has been reported to effectively address the above limitations of Cu2O.
Currently, owing to the simple preparation process, most of Cu,O-based photocathode for PEC
water splitting is built basing on CuzO film, usually showing a low photoelectric conversion
efficiency [18-19]. In contrast, its Cu2O nanowire/nanorod-based counterparts show significantly
improved efficiency. This is mainly attributed to more efficient light harvesting, more efficient
separation and transport of photogenerated charge carriers, larger surface area for fast interfacial
charge transfer, and electrochemical reactions [20-21].

In addition to structure engineering, heterojunction engineering is widely considered as another
effective strategy to improve PEC water splitting performance of Cu,O through efficient separation
of photogenerated charge carriers. [22-23]. The Cu.O-bound semiconductor is not only a key
element in forming the pn junction, but in some cases also acts as a protective layer that slows
down the corrosion of the latter [24-25].

Owing to its layered structure, MoS; possesses highly exposed catalytic edge sites, while, g-CsN4
possess good visible-light absorption property and relatively high surface area [26]. However, the
photocatalytic activity of pristine g-CsN4 has been found to be low owing to possible recombination
of electron-hole pair. Therefore, for enhanced H, generation activity, g-CsN4 is normally coupled
with other materials for effective charge separation [27-28].

Despite tremendous efforts, Cu,O-based photocathode challenges still remain, and the
combination of the above two strategies will lead to the development of a novel and efficient Cu,O-
based photocathode with potential applications in PEC water splitting. It indicates that the
continuing need to further explore the photocathode could go further. This work deals with his
PEC investigation of his Cu20 films produced by thermal oxidation. Copper forms two different
oxides, Cu.0, with a direct bandgap of 2.1 eV [29-30], so it strongly absorbs only at wavelengths
below 600 nm, whereas CuO with a bandgap of 1.21-1.51 eV [31-32] absorbs the entire visible
range. In addition, other reasons for choosing Cu,O as a material in this study are (a) its
abundance in nature, (b) non-toxicity, (c) low cost of production, (d) stability and (e) fairly good
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electrical properties. The effects of ternary hybrid deposition of MoS,/g — C3N,/Cu,0 film's PEC
behavior were investigated. In addition, the films were also characterized in terms of structure
and phase discrimination using XRD, |-V characteristic curve and FTIR, respectively.

Materials and Methods
Synthesis of Cu,O thin film

Commercial pure copper (99.98%) in foil form (0.1 mm thick) was cut into standard size wafers of
2 cm x 2 cm. The sample was pickled on the rim of the bottle to make it smooth, immersed in
dilute nitric acid, rinsed thoroughly with distilled water several times, and then dried to remove
impurities on the film surface. After cleaning, the copper film was thermally oxidized by furnace
annealing in air. The oxidation temperature was controlled over a wide range from room
temperature (RT) to 450 °C. The heating rate was about 10 °C./min, and once the preferred
maximum temperature was reached, it was held for 30 minutes to allow copper oxide to form.
After oxide formation, the furnace was allowed to cool for 2 hours. Slow cooling was maintained
to minimize possible thermal stress and film cracking.

Preparation of g-C3N4

In a typical synthesis, the g- CsN4 photocatalyst was synthesized separately from melamine [33].
3.0 g of melamine was taken in alumina crucibles with cover and calcined at 500 °C with a heating
rate of 3 °C min™. It is further heated to 520 °C for 2 h at a heating rate of 2 °C min* and allowed
to cool down to room temperature. A yellow product was collected and ground into fine powder.
The sample was named as CN.

Synthesis of MoS,/g — C3N 4/Cu,0 hybrid film

The method used to grow MoS; was chemical vapor deposition (CVD) [34-35]. The substrate was
placed under specific temperature and pressure conditions and one or more precursors were
chemically reacted on the surface of the substrate to produce a high-quality large-area thin film.
The application of CVD in the preparation of single-layer TMDs starts with MoS; growth. The
heating rate was set to 10 °C per min, the growth temperature was 650 °C, and the temperature
was held for 30 min. Once the temperature was dropped to 400 °C, the lid was opened. The MoS;
structure was obtained when the temperature decreases to room temperature. The experimental
process was shown in Figure 1. CVD can effectively produce monolayer and multilayer MoS,/g —
C3N,. It was able to grow high-quality single-crystal materials and produce thin films uniformly
distributed over large areas, which were useful in later fabrication of optoelectronic components.
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Deposited MoS, /g — C3N, on
top of the surface of Cu,0

Figure 1. Schematic of a growing MoS,/g — C3N,/Cu,0 film.

Photoelectrochemical tests

For this purpose, MoS,lg — C3N,/Cu,0 and Cu electrode were arranged and dipped into
transparent plastic container. To prepare the electrolyte, the 1 g of NaCl powders were mixed with
25 ml of distilled water, stirrer gently until the electrolyte was dissolved completely. The PEC
performance of the hybrid electrodes was evaluated using Current-Voltage measurements
(Figure 2). The photoelectrochemical tests were performed via a two-electrode electrochemical

system. A working electrode (MoS,/g — C3N,/Cu,0) and a copper plate were employed as the
counter electrodes, respectively. The multimeter was employed to accomplished electrical route
of the photocurrent density and photo voltage of electrodes under illumination (AM 1.5 G) within
the potential window using 1 g of NaCl electrolyte as a mediator between the two electrodes. The
approach described in this study provides a simple and novel method to synthesize thin film
materials, ready for practical applications such as the photoelectrochemical solar cell and
hydrogen production.

Sunlight

<«— SolarIrradiance meter

Transparent plastic

container — ' p—
MoS,/g — C3N4/Cu,0 Cathode “oF uonede
« Electrolyte
\__’/
Figure 2. lllustration of the fabricated Cu — MoS,/g — C;N,/Cu,0 Photoelectrochemical solar cell
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Results and Discussion
Structural analysis

The crystal structure and the crystalline nature of the thermally oxidize MoS,/g — C3N,/Cu,0 films

were investigated by XRD analysis. Figure 3 shows the XRD patterns of MoS,/g — C3N,/Cu,0
thin films deposited at different thermally oxidized temperature. XRD patterns reveal that the
deposited Cu0O films are polycrystalline in nature and belong to cubic structure. In addition, all
slightly increasing characteristic peaks from the ternary samples were been examine entirely and
their peaks are at 26 values of 29.01°, 36.52°, 42.11° and 61.11° corresponding to (110), (111),
(200) and (220) diffraction plane of Cu,O (JCPDS card no. 05-0667), respectively, were detected
[36-38]. Thermally oxidized MoS, the observed peaks at 33.6° correspond to (101) 37.158°
display peak corresponding to (212) plane of g — C3N,, [39-42]. 38.9°, 43.8° and 52.2°
corresponding to CuO (111), Cu (111) and Cu (200) [38]. MoS; also displays peaks that
correspond to (101) at 33.4°, (104) at 46.1° and (008) at 61.7° [43-44]. Table 1 and Figure 4
displayed the analysis result of the ternary sample.
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Figure 3. XRD pattern of MoS2/g-C3N4/Cu20

Table 1. Analysis Results of the sample

No. Phase name Formula Figure of merit
1 Cuprite Cu,0 0.950
2 Molybdenite-2H MoS, 2.970
3 Copper Cu 2.448
4 Iron Fe 1.003
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Cuprite, Molybdenite, Copper, Iron
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Figure 4. Analysis report of the synthesized sample
FT-IR spectra analysis

FT-IR analysis (Figure 5) was performed to analyze the chemical and structural properties of
bare g-CsN4, M0S;, and Cu,0 thin films. Pure g-CsN4 exhibits a characteristic IR peak at 1632
cm?, whereas peaks at 1245, 1320 and 1417 cm™ are assigned to the C-N heterocyclic stretch of
g-CsN4 [45-46]. Broad shoulder bands in the regions of 3150, 3320 and 3350 cm™ correspond to
the stretching modes of the terminal NH groups at the aromatic ring defects [44-45]. The presence
of oxygen-related bonds was due to the presence of sharp bonds about 3620 cm™ [47-48]. The
peak at 3405 cm is attributed to O-H groups [47-48], and 839 cm™ and 893.39 cm™ are broad
absorption bands attributed to MoS; [49-50]. The peak at 3506 cm™ is due to the oxygen related
compound [47-48]. A peak of about 1730 cm™ indicates the presence of C = O bonds in the
sample. The 2325-2425 cm band represents the P-H stretch. 2998-2959 cm? is assigned to
symmetric C-H stretch vibration. From Figure 5 it is observed that, the characteristic peaks for
Cu,0 (630 cm™) shift (towards lower wavenumber) after the incorporation of g-CsN4 and MoS,,
which indicated that there was an interaction between g-CsN4, Cu20 and MoS,. From the spectra,
all the characteristic peaks of both g-CsN4, Cu2O and MoS; appeared in the M0S2/g-C3N4/Cu;0,
which is in accordance with the Fourier infrared spectra.
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Figure 5. FTIR spectra of MoS,/g — C3N,/Cu,0
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I-V Curve analysis

The efficiency, maximum power, photo voltage and photocurrent was obtained under illumination

as outline in Table 2 and the Cu- MoS,/g — C3N,/Cu,0 PEC solar cell showed characteristic
curves of a number of external parameters followed by transition power efficiency deduce from
Figure 6 and Figure 7. When analyzing the prototype, the calculated external parameters of the

prepared samples Cu-Cu,O and MoS,/g — C3N,/Cu,0 are stated as shown in Table 2. Two
different readings are recorded using a multimeter and numerous solar irradiances in order to
study the solar cell parameters, two dissimilar graphs are studied for two different samples for
testing photo response and photo voltage of the electrode under illumination. In Table 2 it can be

seen that for the synthesized MoS,/g — CsN,/Cu,0, the deposited of 2D materials increases the
photo response at the same time increasing the efficiency of the sample. It also works as an
absorber layer to generate charge carriers (electrons and holes) under solar light irradiation. A
Comparison of some Findings of Isc, Voc and n with other Works in Literature displayed in Table 3
below.

Table 2. The photocurrent, maximum power, efficiency and photo voltage of dissimilar reading of
Cu-Cu20 and Cu- MoS,/g — C3N,/Cu,0 photoelectrochemical solar cell

S/N Sample I,.(mA) V,.(mV) (%)
1 Cu,0 0.14 11.0 0.036
2 MoS,lg — C3N, 1.20 60 0.33

The first row in Table 2 is for Cu-Cu20 synthesized using thermal oxidation method while the

subsequent row is for - MoS,/g — C3N,/Cu,0 layer deposited by partially thermal oxidation
method.
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Figure 6. The graph of Cu-Cu20 photoelectrochemical solar cell before surface modification
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Figure 7. The graph of Cu- MoS,/g — C;N,/Cu,0 photoelectrochemical solar cell after surface
modification

One can see from Figure 6 and Figure 7 that there is change in all the solar cells external
parameters can be enhancement which is attained for lengthy wavelength light, when majority of
electron-hole pairs are generated outside of the space charge region (SCR) and high lifetime
values are required for participation of carriers in PEC reactions. On the other hand, the similar
enhancement of power conversion efficiency due to deposition of MoS,/g — C;N, adding up to the
thermal oxidation is observed also for a short wavelength light, which is absorbed mainly in the
thin near-surface part of film as shown in Table 2 and Table 3.

Table 3. Comparison of Findings with other Works in Literature
Authors (Year) Structures Method Efficiency Findings Ref.
J. Herion et al. (1979) Cu20 1% Voc [51]
Cu/Cu20 Partial thermal 0.4%

oxidation

R. P. Wijesundera (2010)  Ti/CuO/Cu20/Au Electro- 0.02% FF, lsc,Voc [52]
deposition

Katayama et al. (2004) Cu20/Zn0O/ITO Electro- 0.117% FF, lsc,Voc [53]
deposition

Septina et al. (2011) Cu20/AZ0O Electro- 0.60% FF, Isc,Voc [54]
deposition

Seyed, A.J (2013) Cu20 Electro- 0.082% FF, lsc,Voc [55]
deposition

Y.-K. Hsu et al. (2015) Cu20 Electro- 0.42 FF, Isc,Voc [56]
deposition

Abdu Y (2017) Cu20 Thermal 0.08 FF, lsc,Voc [57]
oxidation

Vijayaraghavan et al. CdTe SPD technique 0.062 FF, lsc,Voc [58]

(2018)

Roza et al. (2014) ZnO Hydrothermal 0.050 FF, lsc,Voc [59]

Abdurrahman (2019) Cu20 Thermal 0.046 FF, Isc,Voc [60]
oxidation
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Authors (Year) Structures Method Efficiency Findings Ref.
Sutripto et al. (2019) CdO chemical method 0.21 FF, lsc,Voc [61]
Tadatsugu Minami et al. Zn2GeO0qy Thin film 0.12 FF, Isc,Voc [62]
(2016) deposition
Tadatsugu Minami et al. ZnzSiO4 Thin film 0.03 FF, lsc,Voc [62]
(2016) deposition
Tadatsugu Minami et al. ZnSn0s Thin film 0.01 FF, lsc,Voc [62]
(2016) deposition
This work Thermal 0.33 FF, lsc,Voc

oxidation
Abdurrahman (2022) Cu20 Thermal 4.80 FF, lsc,Voc [4]
oxidation

Conclusions

A ternary hybrid composed ofMoS,, g— C3N, and Cu,0 thin film was synthesized for
photoelectrochemical solar cell applications. The MoS,/g — C3N, binary hybrid was prepared by
partial thermal oxidation processing of MoS, and g — C3N, in a sealed high temperature furnace.
The epitaxial growth of MoS, and that of g — C3N, on the surfaces of Cu,0 thin film were taken
place during the partial thermal oxidation process. Full structure and PEC analysis indicate that
the enhanced PEC activity could be attributed to the synergy between the two 2D materials. In
addition, 2D materials exhibit a passivation effect that not only improves photo-excitation voltage
and current by reducing the recombination rate of charge carriers, but also increases surface
photoelectrochemical to enhance the photocurrent by rushing the separation of the surface
charge and utilization. The corresponding stronger electric filed strength in the space charge layer
significantly increases the separation efficiency of photogenerated electron-hole pairs and
eventually improves their PEC performances. The synthesized MoS,/g — CsN,/Cu,0 showed a
higher efficiency of 0.33% than that of the Cu,0 0.036% sample.

References

[1] Asif M., Muneer T, Energy Supply, Its Demand and Security Issues for Developed and
Emerging Economies, Renew. Sustain. Energy Rev. Vol. 11, pp. 1388-1411, 2007.

[2] Jacobson M.Z., et al, 100% Clean and Renewable Wind, Water, and Sunlight Allsector
Energy Roadmaps for 139 Countries of the World, Joule, 1, pp. 108-121, 2017.

[3] Panwar N.L., Kaushik S.C., Kothari S, Role of Renewable Energy Sources In
Environmental Protection: A Review, Renew. Sustain. Energy Rev. 15, pp. 1513-1524,
2011.

[4] Abdurrahman M., Burari F.W, and Olasoji O.W, Photo Electrochemically Manufactured
Hgo/Cu,O Monolayer With Augmented Photovoltaic Features, Computational and
Experimental Research in Materials and Renewable Energy (CERIMRE) Volume 5, Issue
2, pp. 142-151, 2022, doi : 10.19184/cerimre.v5i2.31858.

[5] Mishra A., Mehta A., Basu S., Shetti N.P., Reddy K.R., Aminabhavi T.M, Graphitic
Carbon Nitride (G—CsN.)—Based Metal-Free Photocatalysts For Water Splitting: A Review,
Carbon, 2019.

97



Computational and Experimental Research .

in Materials and Renewable Energy (CERIMRE)  Submitted : March 23, 2023

Volume 6, Issue 2, page 89-101 Accepted : November 29, 2023

eISSN : 2747-173X Online : November 30, 2023
DOI : 10.19184/cerimre.v6i2.38493

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Hisatomi T., Kubota J., Domen K, Recent Advances In Semiconductors For Photocatalytic
And Photoelectrochemical Water Splitting, Chem. Soc. Rev. 43, pp. 7520-7535, 2014.
Tachibana Y., Vayssieres L., Durrant J.R, Artifcial Photosynthesis For Solar
Watersplitting, Nat. Photon. 6, 511, 2012.

Gr' atzel M., (2001), Photoelectrochemical Cells, Nature 414, 338.

Hara K., Horiguchi T., Kinoshita T., Sayama K., Sugihara H., Arakawa H, Highly Efficient
Photon-To-Electron Conversion With Mercurochrome-Sensitized Nanoporous Oxide
Semiconductor Solar Cells, Solar Energy Mater, Solar Cells Vol. 64, pp. 115-134, 2000.
Basavarajappa P.S., Bhojya N.H., Seethya N.G., Eshwaraswamy K.B., Kakarla R.R.
Enhanced Photocatalytic Activity and Biosensing of Gadolinium Substituted BiFeOs;
Nanoparticles, Chemistry Select Vol. 3, No.31, pp. 9025-9033, 2018.

Venkata R.C., Neelakanta Reddy I., Akkinepally B., Reddy K.R., Shim J, Synthesis and
Photoelectrochemical Water Oxidation of (Y,Cu) Codoped a-Fe;Os; Nanostructure
Photoanode, J Alloys Comp. Vol. 814, 152349, 2020.

Akansha M., Amit M., Soumen B., Nagaraj P. Shetti, Kakarla Raghava Reddy, Tawfk A.
Saleh, Tejraj M. Aminabhavi, Band Gap Tuning and Surface Modifcation of Carbon Dots
for Sustainable Environmental Remediation and Photocatalytic Hydrogen Production—A
Review, J. Environ. Manage. Vol. 250, 109486, 2019.

Roger I., Shipman M.A., Symes M.D, Earth-Abundant Catalysts for Electrochemical and
Photoelectrochemicalwater Splitting, Nature Reviews Chemistry, (2017) Vol. 1, 1-13,
2017.

Huang Q., Ye Z., Xiao X, Recent Progress in Photocathodes for Hydrogen Evolution, J.
Mater. Chem. A 3, 15824-15837, 2015.

Yang Y., Xu D., Wu Q., Diao P. Cu,O/CuO Bilayered Composite as a High-Efficiency
Photocathode for Photoelectrochemical Hydrogen Evolution reaction, Sci. Rep. Vol. 6
35158, 2016.

Zhang Z., Dua R., Zhang L., Zhu H., Zhang H., Wang P, Carbon-layer-protected cuprous
oxide nanowire arraysfor efficient water reduction, ACS Nano. 7, pp. 1709-1717, 2013.
Mavrokefalos C.K., Hasan M., Rohan J.F., Compton R.G., Foord J.S., Electrochemically
Deposited CuzO Cubicparticles on Boron Doped Diamond Substrate as Efficient
Photocathode for Solar Hydrogen Generation, Appl. Surf.Sci. 408, pp. 125-134, 2017.
Bicer Y., Chehade G., Dincer Il., Experimental Investigation of Various Copper Oxide
Electrodeposition Conditionson Photoelectrochemical Hydrogen Production, Int. J.
Hydrogen Energy 42, pp. 6490-6501, 2017.

Shyamal S., Hajra P., Mandal H., Bera A., Sariket D., Satpati A.K., Kundu S., Bhattacharya
C., Benign Role of Bi on an Electrodeposited Cu,O Semiconductor Towards Photo-
Assisted H, Generation from Water, J. Mater. Chem. A 4, pp. 9244-9252, 2016.

Luo J., Steier L., Son M., Schreier M., Mayer M.T., Graetzel M., Cu.O Nanowire
Photocathodes for Efficient Anddurable Solar Water Splitting, Nano Lett. 16, pp. 1848-
1857, 2016.

Li X., Yu J., Jaroniec M., Hierarchical Photocatalysts, Chem. Soc. Rev. 45, pp. 2603-2636,
2016.

98



Computational and Experimental Research .
in Materials and Renewable Energy (CERIMRE)  Submitted : March 23, 2023

Volume 6, Issue 2, page 89-101 Accepted : November 29, 2023
elSSN : 2747-173X Online : November 30, 2023

DOI : 10.19184/cerimre.v6i2.38493

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]

Liu Y., Ren F., Shen S., Fu Y., Chen C., Liu C., Xing Z., Liu D., et al., Efficient
Enhancement of Hydrogenproduction by Ag/Cu.0/ZnO Tandem Triple-junction
Photoelectrochemical Cell, Appl. Phys. Lett. 106, 123901, 2015.

Cui W., An W., Liu L., Hu J., Liang Y., Novel Cu,O Quantum Dots Coupled Flower-like
BiOBr for Enhancedphotocatalytic Degradation of Organic Contaminant, J. Hazard. Mater.
280, pp. 417-427, 2014.

Xu X., LiuY., ZhuY., Fan X., Li Y., Zhang F., Zhang G., Peng W., Fabrication of a Cu,O/g-
CsN4/WS, Triplelayer Photocathode for Photoelectrochemical Hydrogen Evolution,
Chemelectrochem Vol. 4, pp. 1498-1502, 2017.

Zhang P., Wang T., Zeng H., Design of Cu-Cu-0/g-C3N, Nanocomponent Photocatalysts
for Hydrogen Evolution Under Visible Light Irradiation Using Water-Soluble Erythrosin B
Dye Sensitization, Appl. Surf. Sci. Vol. 391, pp. 404-414, 2017.

Jaramillo TF, Jargensen KP, Bonde J, Nielsen JH, Horch S, Chorkendorff I., Identification
of Active Edge Sites for Electrochemical H, Evolution from MoS; Nanocatalysts, Science
317, 2007.

Wang Y, Shi R, Lin J, Zhu Y., Enhancement of Photocurrent and Photocatalytic Activity of
ZnO Hybridized with Graphite-like C3N4, Energy Environ Sci Vol. 4:2922-9, 2011.
Shiraishi Y, Kofuji Y, Kanazawa S, Sakamoto H, Ichikawa S, Tanaka S, Hirai T., Chem
Commun 50:15255-8, 2014.

Golden TD, Shumsky MG, Zhou Y, Nander Werf RA, Van Leeuwen RA, Switzer JA.
ChemMater 8:2499, 1996.

Nair MTS, Guerrero L, Arenas OL, Nair PK, Appl Surf Sci 150:143, 1990.

Marabelli F., Parraviciny G.B., Drioli F.S., Optical Gap of CuO, Phys Rev B, Vol. 52 pp.
1433, 1995.

Ghijsen J., Tjeng L.H., Elp J.V., Eskes H., Westerink J., Sawatzky G.A., Czyzyk M.T.,
Electronic Structure of Cu,O and CuO, Phy Rev B, Vol. 38, No. 16, pp. 11322-11330,
1988.

Yan S.C., Li Z.S., Zou Z.G., Photodegradation of Rhodamine B and Methyl Orange Over
Boron-Doped g-CsN4 Under Visible Light Irradiation. Langmuir, Vol. 26, No. 6, pp. 3894—
3901, 2010.

Wang Q., Lei Y., Wang Y., Liu Y., Song C., Zeng J., Song Y., Duan X., Wang D., Li Y.,
Atomic-Scale Engineering of Chemical-Vapor-Deposition-Grown 2D Transition Metal
Dichalcogenides for Electrocatalysis. Energy Environ. Sci. Vol. 13, pp. 1593-1616, 2020,
https://doi.org/10.1039/d0ee00450b.

Najmaei S., Liu Z., Zhou W., Zou X., Shi G., Lei S., Yakobson B.I., Idrobo J.C., Ajayan
P.M., Lou J., Vapour Phase Growth and Grain Boundary Structure of Molybdenum
Disulphide Atomic Layers, Nat. Mater.,, Vol. 12, pp. 754-759, 2013,
https://doi.org/10.1038/nmat3673.

Almeida B.M., Melo Jr M.A., Bettini J., Benedetti J.E., Nogueira A.F., A Novel
Nanocomposite based on TiO./Cu,O/Reduced Graphene Oxide with Enhanced Solar-
Light-Driven Photocatalytic Activity, Appl. Surf. Sci., Vol. 324, pp. 419-431, 2015.

99



Computational and Experimental Research .
in Materials and Renewable Energy (CERIMRE)  Submitted : March 23, 2023

Volume 6, Issue 2, page 89-101 Accepted : November 29, 2023
elSSN : 2747-173X Online : November 30, 2023

DOI : 10.19184/cerimre.v6i2.38493

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Ganesan K.P., Anandhan N., Marimuthu T., Panneerselvam R., Roselin A.A., Effect of
Deposition Potential on Synthesis, Structural, Morphological and Photoconductivity
Response of Cu2O Thin Films by Electrodeposition Technique. Acta Metallurgica Sinica
(English Letters), Vol. 32, pp. 1065-1074, 2018, https://doi.org/10.1007/s40195-019-
00876-5.

Ma Q.B., Hofmann J.P., Litke A., Hensen E.J.M., (2015), Cu,O Photoelectrodes for Solar
Water Splitting: Tuning Photoelectrochemical Performance by Controlled Faceting. Solar
Energy Materials & Solar Cells, Vol 141, pp. 178-186, 2015,
http://dx.doi.org/10.1016/j.solmat.2015.05.025.

Quilty C.D., Housel L.M., Bock D.C., Dunkin M.R., Wang L., Lutz D.M., Abraham A., Bruck
A.M., Takeuchi E.S., Takeuchi K.J., Marschilok A.C., Ex Situ and Operando XRD and XAS
Analysis of MoSz:A Lithiation Study of Bulk and Nanosheet Materials, ACS Applied Energy
Materials, Vol. 2, pp. 76357646, 2019, 10.1021/acsaem.9b01538.

Surikanti G.R., Bajaj P., and Sunkara M.V., g-C3N4-Mediated Synthesis of Cu.O To
Obtain Porous Composites with Improved Visible Light Photocatalytic Degradation of
Organic Dyes, ACS Omega, Vol. 4, No. 17, pp. 17301-17316, 2019,
http://pubs.acs.org/journal/acsodf.

Wang X.C, Maeda K., Thomas A., Takanabe K., Xin G., Carlsson J.M., Domen K.,
Antonietti M., A Metal-Free Polymeric Photocatalyst for Hydrogen Production from Water
Under Visible Light. Nat Mater, Vol. 8, No. 1, pp. 76-80, 2009.

Wang Y., Wang X.C., Antonietti M., Polymeric Graphitic Carbon Nitride as a
Heterogeneous Organocatalyst: from Photochemistry to Multipurpose Catalysis to
Sustainable Chemistry. Angew Chem Int Ed Engl., Vol. 51, No. 1, pp. 68-89, 2012.

Visic B., Dominko R., Gunde M.K., Hauptman N., Skapin S.D., Remskar, M. Optical
Properties of Exfoliated MoS, Coaxial Nanotubes-Analogues of Graphene. Nanoscale
Res. Lett., Vol. 6, No. 593, 2011.

Martinez-Merino P., Alcantara R., Gomez-Larran P., Berdugo I.C., Navas J., MoS;-Based
Nanofluids as Heat Transfer Fluid in Parabolic Trough Collector Technology, Renewable
Energy, Vol. 188, pp. 721-730, 2022 https://doi.org/10.1016/j.renene.2022.02.069.
Wang Y., Shi R., Lin J., Zhu Y., Enhancement of Photocurrent and Photocatalytic Activity
of ZnO Hybridized with Graphite-Like C3sN4. Energy Environ Sci., Vol. 4, pp. 2922-2929,
2011.

Chai B, Peng T, Mao J, Li K, Zan L. Graphitic Carbon Nitride (gC3N4)ePt-TiO2
Nanocomposite as An Efficient Photocatalyst for Hydrogen Production under Visible Light
Irradiation, Phys. Chem. Chem. Phys., Vol. 14, pp. 16745-16752, 2012.

Nandiyanto, A. B. D., Andika, R., Aziz, M., and Riza, L. S., How to Read and Interpret
FTIR Spectroscope of Organic Material. Indonesian J. of Sci. and Tech., Vol. 3(2), pp. 82-
94, 20109.

Nandiyanto, A. B. D., Andika, R., Aziz, M., and Riza, L. S., Working Volume and
MillingTime on the Product Size/Morphology, Product Yield, and Electricity Consumption
inthe Ball-Milling Process of Organic Material, Indonesian J. of Sci. and Tech., Vol. 3(2),
pp. 82-94, 2018.

100


https://doi.org/10.1007/s40195-019-00876-5
https://doi.org/10.1007/s40195-019-00876-5
http://dx.doi.org/10.1016/j.solmat.2015.05.025
https://doi.org/10.1016/j.renene.2022.02.069

Computational and Experimental Research .
in Materials and Renewable Energy (CERIMRE)  Submitted : March 23, 2023

Volume 6, Issue 2, page 89-101 Accepted : November 29, 2023
elSSN : 2747-173X Online : November 30, 2023

DOI : 10.19184/cerimre.v6i2.38493

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

Zhang, Y.; Chen, P.; Wen, F.; Huang, C., Wang, H. Construction of Polyaniline/ Molybdenum
Sulfide Nanocomposite: Characterization and its Electrocatalytic Performance on Nitrite. lonics,
Vol. 22, pp. 1095-1102, 2016.

Jaleel, U.C.; Devi, K.R., Madhushree, P., Statistical and Experimental Studies of M0S./g-
C3N4/TiO2: A Ternary Z-Scheme Hybrid Composite. J. Mater. Sci., Vol. 56, pp. 6922—6944,
2022.

Herion J., et al., Preparation and Analysis of Cu.0 Thin-Film Solar Cells., J. of Applied
Metalworking, pp. 917-924, 1979. Available on https://doi.org/10.1007/978-94-009-9487-
4 106.

Wijesundera R. P., Fabrication of the CuO/Cu.O Heterojunction using an
Electrodeposition Technique for Solar Cell Applications, Semiconductor Sci. and Tech.,
Vol. 25, pp. 045015, 2010.

Katayama J., et al., Performance of Cu.O/ZnO Solar Cell Prepared by Two-Step
Electrodeposition,"J. of Applied Electrochemistry, Vol. 34, pp. 687-692, 2004/07/01, 2004.
Septina W., et al., Potentiostatic Electrodeposition of Cuprous Oxide Thin Films for
Photovoltaic Applications,"Electrochimica Acta, Vol. 56, pp. 4882-4888, 2011.

Seyed, A.J., Electro Deposition of Cuprous Oxide for Thin Film Solar Cell Applications,
pp. 04— 39, 2013. Available on https://publications.polymtl.ca/1285/.

Hsu Y.-K, et al. Fabrication of Homojunction Cu,O Solar Cells by Electrochemical
Deposition, Appl. Surf. Sci, Vol. 354 (A), pp. 8-13, 2015. Available on
http://dx.doi.org/10.1016/j.apsusc.2015.05.142

Abdu Y., Fabrication and Study of the Electrical Properties of Copper (Cu) — Cuprous
Oxide (Cu20) Photoelectrochemical Solar Cell, Bayero J. of Sci., Vol. 8, pp. 180 — 186,
2017.

Vijayaraghavan S.N., Aditya Ashok, Gopika Gopakumar, Harigovind Menon,
Shantikumar V. Nair , Mariyappan Shanmugam, All Spray Pyrolysis-coated CdTe TiO-
Heterogeneous Films for Photo-electrochemical Solar Cells, Materials for Renewable and
Sustainable Energy, Vol. 7(12), 2018. Available on doi.org/10.1007/s40243-018-0120-1 .
Roza L., Rahman M.Y.A., Umar A.A., Salleh M.M., Direct Growth of Oriented ZnO
Nanotubes by Self-selective Etching at Lower Temperature for Photo-electrochemical
(PEC) Solar Cell Application, J. of Alloys and Compounds, Vol. 618, pp. 153-158, 2014.
doi: http://dx.doi.org/10.1016/j.jallcom.2014.08.113.

Abdurrahman, M. Manufacture and Study of the Electrical Properties of Copper (Cu) —
Cuprous Oxide (Cu20) Photoelectrochemical Solar Cell, FUDMA J. of Sci. (FJS) Vol. 3
No. 2, pp. 167 — 172, 2019.

Sutripto Majumder, Avinash C. Mendhe, Dojin Kim, Babasaheb R. Sankapal, CdO
nanonecklace: Effect of air annealing on performance of photo electrochemical cell, J. of
Alloys and Compounds, Vol. 788, pp. 75-82, 2019. Available on
https://doi.org/10.1016/j.jallcom.2019.02.159.

Tadatsugu Minami, Yuki Nishi, and Toshihiro Miyata, Cu.O-based Solar Cells using Oxide
Semiconductors, J. of Semiconductors, Vol. 37 (1). , 2016. doi: 10.1088/1674-
4926/37/1/014002.

101


http://dx.doi.org/10.1016/j.jallcom.2014.08.113

