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Abstract: In this study, a systematic investigation of MoS; nanostructure growth on a SiO, substrate
was conducted using a two-stage process. Initially, a thin layer of Mo was grown through sputtering,
followed by a sulfurization process employing the CVD technique. This two-stage process enables the
control of diverse nanostructure formations of both MoS, and MoQOj3 on SiO, substrates, as well as the
formation of bulk-like grain structures. Subsequently, the addition of reduced graphene oxide (rGO)
was examined, resulting in MoS, /rGO(n), where graphene is uniformly deposited on the surface,
exposing a higher number of active sites at the edges and consequently enhancing electroactivity in
the HER. The influence of the synthesis time on the treated MoS, and also MoS, /rGO(n) samples is
evident in their excellent electrocatalytic performance with a low overpotential.
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1. Introduction

The present state of humanity is genuinely concerning due to the predominant use of
current fuels, specifically fossil fuels. Not only are these fuels the primary contributors to
climate change through the release of carbon dioxide [1,2], but they also pose a direct threat
to human health. Additionally, relying solely on these fuels is unsustainable in meeting
the growing energy demands, impacting both industries and modern civilization. This
situation poses a significant risk to the global economy and the well-being of humanity
as a whole [3,4]. For these reasons, there is a growing interest in the search of cleaner
fuels, with hydrogen emerging as the most promising alternative [5]. Several processes
for the production of hydrogen have been explored, including photovoltaic, wind and
electrochemical water splitting [5-11], the electrochemical one being the most striking
alternative, due to the evolution of hydrogen (HER) [12-14].

In this context, although the division of water by HER plays a fundamental role in
the generation of hydrogen from hydrogen, it implies that the electrocatalyst to be used
must possess outstanding physicochemical properties, such as fast kinetics in electron
and proton transfer, a large number of active sites, a low energy barrier in water division,
rapid adsorption/desorption of hydrogen ions, high electrocatalytic performance and low
overpotential [15-17]. However, the electrocatalysts with the aforementioned characteris-
tics, such as Pt [18], Re [19], Pd [20], Ir [21], Rh [22] and Au [12], are noble metals that are
both scarce and expensive, hindering their industrialization [23-25]. Therefore, researchers
aiming for the industrialization of hydrogen fuel have shifted their focus to exploring
new electrocatalysts made from more abundant materials, especially transition metals [26].
Among these, the most attractive options are transition-metal dichalcogenides (TMDs)
such as WSy, ZrSy, MoSey, ZrSey, WSe,, ZrSSe and MoS; [27-31]. The most striking of the
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dichalcogenides for HER applications is molybdenum disulfide (MoS,), since it offers high
electrocatalytic properties due to its high number of active sites, a highly stable crystalline
structure, and a mode of highly efficient mass transport to the active center, favoring HER
applications [32]. These properties can be seen through theoretical calculations made by
Norskov et al., revealing that MoS, ranks at the top of the “hydrogen adsorption volcano”.
They reported a Gibbs free energy value in hydrogen adsorption (AGyy) of ~0.08 eV, which is
comparable to the previously mentioned precious-metal-based electrocatalysts [16]. Due to
its remarkable electrocatalytic properties, various MoS, synthesis strategies have been pro-
posed such as mechanical stripping [33], colloidal methods [34], liquid phase stripping [35],
chemical intercalation [36], etching [37], electrodeposition [38,39], the heterogeneous struc-
ture method [40,41], green synthesis [42,43] and chemical vapor deposition (CVD) [44]. The
heterogeneous structure synthesis method involves the growth of molybdenum disulfide
on the substrate surface, with interactions with carbon-based nanomaterials [45]. This
method holds significant promise for potential use in large-scale industrial hydrogen pro-
duction. In this context, several research groups have actively been searching for new
materials with electrocatalysts properties [46-51].

Therefore, this work differs from the traditional methods of MoS; synthesis previously
described, particularly from CVD methods that typically involve MoOs powders, which
do not allow control over the homogeneity of MoS; deposition. In this study, a systematic
investigation of MoS, nanostructure growth on a SiO, substrate was conducted using a
two-stage process. Initially, a thin layer of Mo was grown through sputtering, followed by
a sulfurization process employing the CVD technique. This two-stage process enables the
control of diverse nanostructure formations of both MoS, and MoOj3 on SiO, substrates, as
well as the formation of bulk-like grain structures. Subsequently, the addition of reduced
graphene oxide (rGO) was examined, resulting in MoS, /rGO(n), where graphene is uni-
formly deposited on the surface, exposing a higher number of active sites at the edges
and consequently enhancing electroactivity in the HER. The influence of the synthesis
time on the treated MoS, and also on MoS, /rGO(n) samples is evident in their excellent
electrocatalytic performance with a low overpotential.

2. Results and Discussion
2.1. Materials’ Characterization by SEM, EDX, XPS and Raman

The FE-SEM images in Figure 1 show the formation of elongated microstructures of
MoS; corresponding to the CVD-treated sample derived from a Mo thin film deposited for
25 min using sputtering. The color images correspond to EDS mappings of Mo, S and C in
the micrographs. It is noticeable that the structures are primarily composed of S and Mo,
represented by the highlighted colors in Figure 1. Additional information regarding the
SEM images is provided in the Supplementary Material in Figures S1 and S2. From these
figures, it can be observed that as the deposition time of the Mo thin film exposed to CVD
thermal treatment increases, the type of formed structures changes. In Figure S1, for the
thermal treatment carried out on the Mo thin film deposited for 15 min, only island-like
structures are formed, whereas with an increase in the deposition time in sputtering, and
consequently, the thickness of the Mo film, larger structures in the form of disks or bars
are observed; the size of the MoS, nanoparticles can be seen in Table S1. As shown in
Figure S2, EDS mappings are presented alongside the SEM images. In these mappings,
sulfur is detected in the structures for each case; however, this could be attributed to false
readings due to overlap with the molybdenum peak. Subsequent Raman and XPS analyses
clarify this effect.
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Figure 1. (A) SEM image and EDS element mapping of (B) Mo, (C) C and (D) S signal in MoS, /rGO(2).

XRD is an important characterization method for reflecting the composition and crystal
structure of synthesized materials. Figure S3 shows the XRD of MoS, heterostructures. The
peaks at 14.4°, 33.00° and 61.7°, correspond to the (002), (101) and (110) 2H MoS; phase
planes (JCPDS card n°. 37-1492).

The Raman spectra were obtained for MoS, growth at several deposition times.
Figure 2 show the characteristic peaks of MoS, appearing at 387 and 412 cm !, observed in
the sample at 25 min. The separation between those peaks (~25 cm~!) suggests a bulk-like
structure [52]. In the sample deposited for 30 min, a characteristic band of MoO3 is observed
at 823 cm~!, corresponding to the M=0 stretch mode [53] for MoOs. In the case of the
sample deposited for 15 min, the presence of MoO3 or MoS; is not observed, indicating
either a very thin deposition or the absence of material.

Intensity (a.u.)
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Figure 2. Raman spectra of various MoS, samples.
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In Supplementary Material Figure 54, a survey spectrum of the growth samples is
presented. In these spectra, notable peaks include Mo 3d and Mo 3p, S 2p, corresponding
to MoS,, along with Si 2p, Si 2s and O 1s peaks associated with the SiO; substrate. Finally,
the C 1s peak attributed to adventitious carbon and rGO is observed. XPS high-resolution
spectra of the Mo 3d region are show in Figure 3A. The spectra of sample growth at 25 min
showed the Mo(IV) oxidation state (magenta) at 229.5 eV and its doublet at 232.7 eV of
binding energy. The presence of the S 2s state at 227 eV (green), characteristic of MoSy, is
also observed. The metal Mo 3d5/2-3/2 peak typically appears at 227.8 eV with a splitting
of ~3.13 eV. For samples grown for 15 and 30 min, the Mo(VI) oxidation state (blue) was
observed at a binding energy of 233.2 eV [54]. In the XPS high-resolution spectra of the S
2p region in Figure 3B, a shift in the S 2p region was found at 163.9 eV [55] for the sample
grown for 25 min.

(A) (B)
Mo' (o); 4 15 min
i S‘Zs

115 min

20 min

1 25 min

counts (a.u.)
counts (a.u.)

130 min { 30 min

. '_\Fh/_‘\_‘\x————\_—-\_/
240 238 236 234 232 230 228 226 224 166 165 164 163 162 161 160 159
Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS synthesis of MoS, /rGO(n) at 15, 20, 25 and 30 min (A,B). Magenta lines of group A
correspond to Mo(IV) and the blue ones are Mo(VI) (A). High-resolution XPS peak-shape of Mo 3d
and S 2p, respectively.

In the 15 min sample, the observed shift corresponds to the characteristic sulfur
transition in a non-stoichiometric molybdenum sulfide compound. In the 30 min sample,
no sulfur presence was observed, corroborating the findings of the micro-Raman spectra,
which only detect the characteristic transition of Mo(VI) species at 233.1 eV.

2.2. Electrochemical Characterization

To determine the optimal growth time of MoS, on the SiO, surface with prominent
electrocatalytic properties for HER applications, a study of the catalytic properties of the
MoS; synthesized for 0, 15, 20, 25 and 30 min was carried out by means of the LSV technique
in 0.5 M H,SO, with a scan rate of 2 mV s~ ! (Figure S5). The study revealed overpotentials
(measured at 5 mA cm’z) of 0.761, 0.533, 0.423, 0.320 and 0.421 vs. RHE for 0, 15, 20, 25
and 30 min, respectively. Therefore, based on the polarization curves and supported by the
XPS in Figure 3, we can conclude that the optimal synthesis time for MoS; was 25 min. At
15 and 20 min, there is a mixture of Mo(IV) and Mo(VI), and after 30 min, it begins to
resemble MoQOj (see Figure S4). On the other hand, the influence of rGO to improve the
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catalytic properties of MoS, was explored; On the other hand, the influence of rGO to
improve the catalytic properties of MoS; was explored; as was recently reported, due to the
strong van der Waals, the electrostatic interactions between rGO and MoS, are strong [56,57].
In this sense, MoS; (synthesized for 25 min) was doped with different concentrations of
rGO (1,2 and 4 mg L’l), as seen in Figure S6. The correlation in the improvement of water
reduction is evident in the LSV curves shown in Figure S5. The best performance for the
HER was achieved with the MoS, /rGO(2) electrode instead of the MoS, /rGO(4). This
could be attributed to the aggregation caused by the m—m interactions between the layers
of rGO [58]. This effect decreases the active sites of MoS, and causes MoS, /rGO(4) to
require a higher overpotential than MoS; /rGO(2). Figure 4A depicts the LSV curve of the
as-obtained Pt/C, bare SiO5, M0S,, SiO, /rGO and MoS, /rGO(2) at a scan rate of 2 mV s~ 1.
As it can be seen, the MoS, /rGO(2) electrode exhibited excellent electrocatalytic activity
for HER compared to that of SiO,, MoS, and SiO, /rGO electrodes. Accordingly, a shift
in the onset potential towards a less negative potential value and a benchmark current
density of 10 mA cm~2 at a very low overpotential (—0.176 V) can be noticed. An important
aspect is to see by which mechanism it produces hydrogen, in which the adsorption of
hydrogen is vital [59], and why the HER mechanism exists and whether it is Volmer-Tafel or
Volmer-Heyrovsky, considering these Tafel plots were carried out. The catalytic activity of
all the synthesized electrocatalysts was further investigated and studied via Tafel slope, as
presented in Figure 4B. The Tafel slope was calculated using the observed LSV curves. The
HER pathways and related kinetics were identified using the Tafel plots, generated with the
equation overpotential (n) =a +blog |j|, where b is the Tafel slope, a is the intercept, 1] is the
overpotential and j is the current density [60]. The long-term durability of the MoS; /rGO(2)
electrode was tested by recording LSV polarization curves before and after 1000, 2000 and
3000 consecutive potential cycles (scan rate 2 mV s~ 1), and by applying a constant current
of 15 mA cm ™2 for 27 h. The interaction between the nanostructures (interstitial S atoms)
and rGO improves its stability and catalytic properties. Significant changes in the LSV were
observed in MoS,; however, this did not occur in MoS, /rGO(2) (Figure 4C), as it was also
evident in the chronopotentiometric curve (Figure 4D). This suggests that the MoS, /rGO(2)
presents efficient catalyst durability for HER applications, indicating that the interaction
between MoS, and rGO improves its catalytic properties and provides greater stability.
The overpotentials and Tafel slopes of the above-described materials were compared with
those of other catalysts recently described in the literature (Table 1). The MoS, derivatives
presented good electrochemical parameters, but MoS; /rGO(2) exhibited the best ones, and
is expected to outperform all the others for HER.

Table 1. Comparison of HER performances non-noble metals.

Overpotential 119

Material (@V) Tafel Slope (mV/dec) Ref.
MoS, /rGO(2) 176 63.7 This work
MoS, 447 141.3 This work
Fe-Co—CN/rGO-700 213 97 [61]
Co,B NPs 328 924 [62]
NiS, /MoS; HNW 204 65 [63]
NiO/rGO/NF 268 100 [64]
NiSx-W0O2.9/NF 220 66 [65]
WP nanoparticles 254 65 [66]

S-gCN/NiV 560 79 [67]
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Figure 4. HER performance for LSV polarization curves recorded in 0.5 M H,SO4 solution with SiO,
(black), MoS; (red), SiO, /rGO (blue), Pt/C (green) and MoS, /rGO(2) (magenta) electrodes at the
scan rate of 2 mV s~! (A) and corresponding Tafel plots (B). Durability measurement of the MoS, and
MoS, /rGO(2) in 0.5 M H,SO4 solution after 1000, 2000 and 3000 cycles (C) and chronoamperometric
curves of at applied potentials of 447 and 176 mV, respectively, for 27h (D).

3. Experimental Section
3.1. Chemicals and Apparatus

Sulfuric acid (HpSOy), molybdenum 99.95% (Mo), sulfur powder (S, 99%), reduced
graphene oxide (rGO) and argon (Ar) were received from Merck (Rahway, NJ, USA) and
Lesker (Hastings, UK). All solutions were prepared with Milli-Q water (18 MQ) cm). The
working electrode (WE) was used SiOp, MoS; or MoS, /rGO, a silver/silver-chloride (KCI
sat.) electrode served as the reference electrode (RE), and a platinum wire was used as the
counter electrode (CE). A Solartron model analytical potentiostat with Corrware software
2.0 was used for all electrochemical measurements. In this work, all the potentials were
reported (E(RHE) = E(Ag/AgCl) + 0.197 V) vs. reversible hydrogen electrode (RHE).

3.2. Materials Synthesis

The growth of MoS; /rGO(n) nanostructures was conducted in a two-stage procedure.
Initially, metallic molybdenum (Mo 99.95%) was deposited using sputtering on a 285 nm
of thermal silicon dioxide for different synthesis times (15, 20, 25 and 30 min). Then, a
treatment was performed using chemical vapor deposition (CVD) at 700 °C for 20 min. For
this, 10 mg of sulfur powder was placed at the furnace entrance, and a mixture of Ar/H,
gases in a 4:1 ratio was introduced. The distance between molybdenum and sulfur was
kept at 10 cm. After the reaction, the oven was cooled to room temperature. To determine
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the optimal synthesis time for MoS,, 30 pL of aqueous reduced graphene oxide (rGO)
was added via drop casting at different concentrations (1, 2 and 4 mg mL~!) to obtain
MoS, /rGO(1), M0S, /rGO(2) and MoS, /rGO(4), in order to observe the influence of rGO
on the catalytic properties of MoS;.

3.3. Materials Characterization

For the Raman spectroscopy characterizations, a Witech Alpha300 micro-Raman sys-
tem (Oxford Instruments, Abingdon, UK) was used, employing a 514 nm laser with a 2 mm
spot size and a power of 2 mW. XPS spectra were obtained using a Surface Analysis Station
1, model XPS RQ300/2 equipped with a DESA150 detector/2700 V (STAIB Instruments,
Minneapolis, MN, USA), with aluminum X-ray radiation of 1486.6 eV. The shift due to
charging of the XPS spectra was corrected using the characteristic peak of adventitious
carbon (C 1s) at its position of 284.8 eV. The spectra were analyzed using Casa XPS software
(version 2.3.25), and for fitting, a 70% Gaussian/30% Lorentzian symmetric line-shape
was employed. High-resolution electron microscopy analyses were performed using the
SU500 Hitachi equipment (Hitachi, Tokyo, Japan). The surface morphology of the MoS,
(20, 25 and 30 min) and MoS,;/nGO was investigated using a FE-SEM, Hitachi Brand,
model SU5000, equipped with XFlash 6130 detectors (Bruker brand, Billerica, MA, USA).
The composition and distribution of the MoS, (20, 25 and 30 min) and MoS, /GO(n) were
ascertained by performing elemental analysis using an EDX instrument.

4. Conclusions

A two-stage method was proposed for synthesizing MoS; nanostructures on the sur-
face of a bare SiO; electrode, involving sputtering and chemical vapor deposition. The
chemical composition of MoS; was controlled by maintaining a constant temperature of
700 °C during the thermal treatment, and the formation of nanostructures was explored
using different thicknesses of molybdenum film. The two-stage method proposes an im-
provement in controlling the type of MoS, nanostructures and the formation of bulk-like
grains, according to Raman spectroscopy analysis. Also, XPS spectra reveal the presence
of oxidation states corresponding to Mo(IV), and the shift in the peaks of the S 2p orbital
confirms the formation of MoS;. Subsequently, the synthesized MoS, was functional-
ized with rGO, and MoS,/rGO(2) demonstrated the best electrocatalytic performance.
MoS; /rGO(2) exhibited enhanced electrocatalytic activity with a smaller Tafel slope of
63.7 mV dec! and a more positive onset overpotential of 176 mV, making it a promising
electrocatalyst for HER in practical applications. The HER was observed to be strongly
modulated by the heteroatom nature and content within the graphenic structure, as well
as the interaction with MoS,. These results reveal the best performance for the HER in
acidic media for MoS, /rGO(2). This is attributed to a precise amount of interstitial S atoms
between graphene layers, which facilitates an increase in electron transfer. Additionally,
the strong interaction between MoS, and rGO contributes to an expansion degree of the
5-Mo-S bonds. The HER activity was improved by adjusting the ratio of MoS; and rGO.
These results indicate that the MoS, /rGO electrocatalyst is a promising and cost-effective
alternative for manufacturing electrodes, offering a potential solution for industrial-level
hydrogen production.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29020523 /51, Figure S1: SEM images for MoS, samples
grown through the thermal treatment of Mo thin films deposited via sputtering for 15 min (A),
20 min (E), 25 min (I) and 30 min (M). High magnification images are shown for MoS, surfaces
prepared on Mo thin films deposited via sputtering for 15 min (A-D), 20 min (E-H), 25 min (I-L) and
30 min (M-P); Figure S2: SEM images for the MoS; samples grown via thermal treatment of Mo thin
films deposited by sputtering for (A) 15, (D) 20, (G) 25, and (J) 30 minutes and EDS element mapping
of Mo (B, E, Hand K) and S (C, F, I and L) for each respective sample; Figure S3: X-ray diffraction
patterns of MoS,; Figure S4: Survey spectra for the samples after the CVD process. The highlighted
regions correspond to the different spectral peaks of the elements involved in the CVD process, Mo,
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Si, O and S; Figure S5: The linear sweep voltammograms (LSV) test at various synthesis time of MoS,
in 0.5 M H,SOy solution 0 (black line), 15 (red line), 20 (blue line), 25 (pink line) and 30 minute (dark
green line). Scan rate: 2 mV s~ !; Figure S6: The HER LSV with MoS, /nrGO modified electrodes
prepared with composites containing different proportions rGO, SiO; (black line), SiO, /rGO (red
line), MoS, /rGO (1) (blue line), MoS, /rGO(2) (pink line) and MoS; /rGO(4) (blue line). Scan rate:
2 mV s~1; Table S1: The size of MoS, nanoparticles.

Author Contributions: F.G.-O.: Conceptualization; Formal analysis, writing—original draft; L.P.H.-S.:
Data curation, Methodology, Writing—original draft; R.N.: Writing—review and editing; M.d.1.A.P::
Formal analysis and E.V.: Formal analysis. All authors have read and agreed to the published version
of the manuscript.

Funding: The equipment: Raman-AFM Proyecto Fundacién Andes C-13876 2005-2006, XPS FOND-
EQUIP EQM140044 2014-2016. FGO thanks the FONDECYT iniciaciéon Grant #11200564 for the
financial support. LPHS FONDEF Grant ID21110130 for the financial support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors gratefully appreciate the contribution of the MAINI—UCN, for
the analysis and data acquisition using FE-SEM, Raman and XPS, the equipment from Raman-AFM
Proyecto Fundaciéon Andes. FGO thanks the FONDECYT iniciacion and LPHS FONDEF. We thank
Jaime Llanos for the use of the potentiostat.

Conflicts of Interest: No potential conflicts of interest were reported by the authors.

References

1.

10.

11.

12.

Siegelman, R.L.; Milner, PJ.; Kim, E.J.; Weston, S.C.; Long, J.R. Challenges and Opportunities for Adsorption-Based CO, Capture
from Natural Gas Combined Cycle Emissions. Energy Environ. Sci. 2019, 12, 2161-2173. [CrossRef] [PubMed]

Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D.C.B,; Fujita, T.; Chen, M.; Asefa, T.; Shenoy, V.B.; Eda, G.; et al. Enhanced
Catalytic Activity in Strained Chemically Exfoliated WS, Nanosheets for Hydrogen Evolution. Nat. Mater. 2013, 12, 850-855.
[CrossRef] [PubMed]

Peter, S.C. Reduction of CO, to Chemicals and Fuels: A Solution to Global Warming and Energy Crisis. ACS Energy Lett. 2018, 3,
1557-1561. [CrossRef]

Yin, Z.; Zhu, L.; Li, S.; Hu, T.; Chu, R.; Mo, F; Hu, D.; Liu, C; Li, B. A Comprehensive Review on Cultivation and Harvesting of
Microalgae for Biodiesel Production: Environmental Pollution Control and Future Directions. Bioresour. Technol. 2020, 301, 122804.
[CrossRef] [PubMed]

Li, X; Yu, J; Jia, J.; Wang, A.; Zhao, L.; Xiong, T.; Liu, H.; Zhou, W. Confined Distribution of Platinum Clusters on MoO,
Hexagonal Nanosheets with Oxygen Vacancies as a High-Efficiency Electrocatalyst for Hydrogen Evolution Reaction. Nano
Energy 2019, 62, 127-135. [CrossRef]

Ma, Q.; Hu, C,; Liu, K; Hung, S.-F;; Ou, D.; Chen, HM.; Fu, G.; Zheng, N. Identifying the Electrocatalytic Sites of Nickel Disulfide
in Alkaline Hydrogen Evolution Reaction. Nano Energy 2017, 41, 148-153. [CrossRef]

da Silva, A.G.M.; Fernandes, C.G.; Hood, Z.D.; Peng, R.; Wu, Z.; Dourado, A.H.B.; Parreira, L.S.; de Oliveira, D.C.; Camargo,
PH.C.; de Torresi, S.I.C. PdPt-TiO, Nanowires: Correlating Composition, Electronic Effects and O-Vacancies with Activities
towards Water Splitting and Oxygen Reduction. Appl. Catal. B Environ. 2020, 277, 119177. [CrossRef]

Meng, X;; Yu, L.; Ma, C.; Nan, B; Si, R.; Tu, Y.; Deng, J.; Deng, D.; Bao, X. Three-Dimensionally Hierarchical MoS, /Graphene
Architecture for High-Performance Hydrogen Evolution Reaction. Nano Energy 2019, 61, 611-616. [CrossRef]

Lai, G.-].; Lyu, L.-M.,; Huang, Y.-S.; Lee, G.-C.; Lu, M.-P; Perng, T.-P; Lu, M.-Y.; Chen, L.-]. Few-Layer WS,-MoS; in-Plane
Heterostructures for Efficient Photocatalytic Hydrogen Evolution. Nano Energy 2021, 81, 105608. [CrossRef]

Anantharaj, S.; Ede, S.R.; Sakthikumar, K.; Karthick, K.; Mishra, S.; Kundu, S. Recent Trends and Perspectives in Electrochemical
Water Splitting with an Emphasis on Sulfide, Selenide, and Phosphide Catalysts of Fe, Co, and Ni: A Review. ACS Catal. 2016, 6,
8069-8097. [CrossRef]

Chen, J.; Liu, J.; Xie, ].-Q.; Ye, H.; Fu, X.-Z.; Sun, R.; Wong, C.-P. Co-Fe-P Nanotubes Electrocatalysts Derived from Metal-Organic
Frameworks for Efficient Hydrogen Evolution Reaction under Wide PH Range. Nano Energy 2019, 56, 225-233. [CrossRef]
Hernandez-Saravia, L.P,; Sukeri, A.; Bertotti, M. Fabrication of Nanoporous Gold-Islands via Hydrogen Bubble Template: An
Efficient Electrocatalyst for Oxygen Reduction and Hydrogen Evolution Reactions. Int. |. Hydrogen Energy 2019, 44, 15001-15008.
[CrossRef]


https://doi.org/10.1039/C9EE00505F
https://www.ncbi.nlm.nih.gov/pubmed/33312228
https://doi.org/10.1038/nmat3700
https://www.ncbi.nlm.nih.gov/pubmed/23832127
https://doi.org/10.1021/acsenergylett.8b00878
https://doi.org/10.1016/j.biortech.2020.122804
https://www.ncbi.nlm.nih.gov/pubmed/31982297
https://doi.org/10.1016/j.nanoen.2019.05.013
https://doi.org/10.1016/j.nanoen.2017.09.036
https://doi.org/10.1016/j.apcatb.2020.119177
https://doi.org/10.1016/j.nanoen.2019.04.049
https://doi.org/10.1016/j.nanoen.2020.105608
https://doi.org/10.1021/acscatal.6b02479
https://doi.org/10.1016/j.nanoen.2018.11.051
https://doi.org/10.1016/j.ijhydene.2019.04.186

Molecules 2024, 29, 523 9of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Xu, Y;; Zhang, X.; Zhao, Y.; Wu, Y,; Liu, Y.; Wang, R.; Yang, Y.; Chen, J. Research Status and Progress in Degradation of Organic
Pollutants via Hydrogen Evolution Reaction and Oxygen Evolution Reaction in Wastewater Electrochemical Treatment. Int. J.
Hydrogen Energy 2023, 48, 33746-33762. [CrossRef]

Igbal, M.E,; Gao, W.; Mao, Z.; Hu, E.; Gao, X.; Zhang, J.; Chen, Z. Strategies to Enhance the Electrocatalytic Behavior of Metal
Selenides for Hydrogen Evolution Reaction: A Review. Int. ]. Hydrogen Energy 2023, 48, 36722-36749. [CrossRef]

Hai, X.; Zhou, W.; Wang, S.; Pang, H.; Chang, K.; Ichihara, F; Ye, J. Rational Design of Freestanding MoS2 Monolayers for
Hydrogen Evolution Reaction. Nano Energy 2017, 39, 409—417. [CrossRef]

Seh, Z.W.; Kibsgaard, J.; Dickens, C.E; Chorkendorff, I.; Nerskov, ].K.; Jaramillo, T.F. Combining Theory and Experiment in
Electrocatalysis: Insights into Materials Design. Science 2017, 355, eaad4998. [CrossRef] [PubMed]

Yun, Q.; Lu, Q.; Zhang, X.; Tan, C.; Zhang, H. Three-Dimensional Architectures Constructed from Transition-Metal Dichalcogenide
Nanomaterials for Electrochemical Energy Storage and Conversion. Angew. Chemie Int. Ed. 2018, 57, 626-646. [CrossRef]
Cheng, N.; Stambula, S.; Wang, D.; Banis, M.N.; Liu, J.; Riese, A.; Xiao, B.; Li, R.; Sham, T.-K.; Liu, L.-M.; et al. Platinum
Single-Atom and Cluster Catalysis of the Hydrogen Evolution Reaction. Nat. Commun. 2016, 7, 13638. [CrossRef]

Rivera, J.G.; Garcia-Garcia, R.; Coutino-Gonzalez, E.; Orozco, G. Hydrogen Evolution Reaction on Metallic Rhenium in Acid
Media with or without Methanol. Int. |. Hydrogen Energy 2019, 44, 27472-27482. [CrossRef]

Erdogan, F.O.; Celik, C.; Turkmen, A.C.; Sadak, A.E.; Cucu, E. Hydrogen Sorption Studies of Palladium Decorated Graphene
Nanoplatelets and Carbon Samples. Int. J. Hydrogen Energy 2023, 48, 21476-21486. [CrossRef]

Wang, Q.; Xu, C.-Q.; Liu, W.; Hung, S.-F;; Bin Yang, H.; Gao, J.; Cai, W.; Chen, H.M.; Li, J.; Liu, B. Coordination Engineering of
Iridium Nanocluster Bifunctional Electrocatalyst for Highly Efficient and PH-Universal Overall Water Splitting. Nat. Commun.
2020, 11, 4246. [CrossRef]

Volpato, G.A.; Muneton Arboleda, D.; Brandiele, R.; Carraro, F.; Sartori, G.B.; Cardelli, A.; Badocco, D.; Pastore, P.; Agnoli, S.;
Durante, C.; et al. Clean Rhodium Nanoparticles Prepared by Laser Ablation in Liquid for High Performance Electrocatalysis of
the Hydrogen Evolution Reaction. Nanoscale Adv. 2019, 1, 4296-4300. [CrossRef] [PubMed]

Xing, Z.; Liu, Q.; Asiri, A.M.; Sun, X. Closely Interconnected Network of Molybdenum Phosphide Nanoparticles: A Highly
Efficient Electrocatalyst for Generating Hydrogen from Water. Adv. Mater. 2014, 26, 5702-5707. [CrossRef] [PubMed]

Chouhan, K ; Sinha, S.; Kumar, S.; Kumar, S. Simulation of Steam Reforming of Biogas in an Industrial Reformer for Hydrogen
Production. Int. |. Hydrogen Energy 2021, 46, 26809-26824. [CrossRef]

Zhang, X.; He, Y.; Zhu, B.; Wan, X,; Hua, S.; Tang, H. A Bottom-up Method to Construct Ru-Doped FeP Nanosheets on Foam Iron
with Ultra-High Activity for Hydrogen Evolution Reaction. Int. ]. Hydrogen Energy 2023, 48, 4686—4693. [CrossRef]

Shi, Y.; Zheng, D.; Zhang, X.; Lv, K,; Wang, F.; Dong, B.; Wang, S.; Yang, C.; Li, ].; Yang, F,; et al. Self-Supported Ceramic Electrode
of 1T-2H MoS, Grown on the TiC Membrane for Hydrogen Production. Chem. Mater. 2021, 33, 6217-6226. [CrossRef]

Som, N.N.; Jha, PK. Hydrogen Evolution Reaction of Metal Di-Chalcogenides: ZrS;, ZrSe, and Janus ZrSSe. Int. J. Hydrogen
Energy 2020, 45, 23920-23927. [CrossRef]

Nguyen, V.-T.; Yang, T.-Y.; Le, PA.; Yen, P.-].; Chueh, Y.-L.; Wei, K.-H. New Simultaneous Exfoliation and Doping Process for
Generating MX 2 Nanosheets for Electrocatalytic Hydrogen Evolution Reaction. ACS Appl. Mater. Interfaces 2019, 11, 14786-14795.
[CrossRef]

Wang, J.; Liu, J.; Zhang, B.; Ji, X.; Xu, K.; Chen, C.; Miao, L.; Jiang, J. The Mechanism of Hydrogen Adsorption on Transition Metal
Dichalcogenides as Hydrogen Evolution Reaction Catalyst. Phys. Chem. Chem. Phys. 2017, 19, 10125-10132. [CrossRef]

Wu, L.; Hofmann, ].P. Comparing the Intrinsic HER Activity of Transition Metal Dichalcogenides: Pitfalls and Suggestions. ACS
Energy Lett. 2021, 6, 2619-2625. [CrossRef]

Cardoso, G.L.; Piquini, P.C.; Ahuja, R. From Monolayers to Nanotubes: Toward Catalytic Transition-Metal Dichalcogenides for
Hydrogen Evolution Reaction. Energy Fuels 2021, 35, 6282-6288. [CrossRef]

Cao, Y. Roadmap and Direction toward High-Performance MoS, Hydrogen Evolution Catalysts. ACS Nano 2021, 15, 11014-11039.
[CrossRef] [PubMed]

Huang, Y.; Lu, H.; Wang, B.; He, W.; Dong, H.; Sui, L.; Gan, Z.; Ma, S.; Pang, B.; Dong, L.; et al. Synthesis and Photocatalytic
Performance of MoS; /Polycrystalline Black Phosphorus Heterojunction Composite. Int. J. Hydrogen Energy 2021, 46, 3530-3538.
[CrossRef]

Jatav, S.; Furlan, K.P,; Liu, J.; Hill, E.H. Heterostructured Monolayer MoS, Nanoparticles toward Water-Dispersible Catalysts.
ACS Appl. Mater. Interfaces 2020, 12, 19813-19822. [CrossRef] [PubMed]

Chen, X,; Sun, J.; Guan, J.; Ji, J.; Zhou, M.; Meng, L.; Chen, M.; Zhou, W.; Liu, Y.; Zhang, X. Enhanced Hydrogen Evolution
Reaction Performance of MoS; by Dual Metal Atoms Doping. Int. ]. Hydrogen Energy 2022, 47, 23191-23200. [CrossRef]
Mohammadpour, Z.; Abdollahi, S.H.; Safavi, A. Sugar-Based Natural Deep Eutectic Mixtures as Green Intercalating Solvents for
High-Yield Preparation of Stable MoS 2 Nanosheets: Application to Electrocatalysis of Hydrogen Evolution Reaction. ACS Appl.
Energy Mater. 2018, 1, 5896-5906. [CrossRef]

Xu, X.; Xu, H.; Cheng, D. Identification of the Anti-Triangular Etched MoS, with Comparative Activity with Commercial Pt for
Hydrogen Evolution Reaction. Int. . Hydrogen Energy 2020, 45, 33457-33465. [CrossRef]

Noori, Y.J.; Thomas, S.; Ramadan, S.; Smith, D.E.; Greenacre, V.K.; Abdelazim, N.; Han, Y.; Beanland, R.; Hector, A.L.; Klein, N.;
et al. Large-Area Electrodeposition of Few-Layer MoS, on Graphene for 2D Material Heterostructures. ACS Appl. Mater. Interfaces
2020, 12, 49786-49794. [CrossRef]


https://doi.org/10.1016/j.ijhydene.2023.05.167
https://doi.org/10.1016/j.ijhydene.2023.05.098
https://doi.org/10.1016/j.nanoen.2017.07.021
https://doi.org/10.1126/science.aad4998
https://www.ncbi.nlm.nih.gov/pubmed/28082532
https://doi.org/10.1002/anie.201706426
https://doi.org/10.1038/ncomms13638
https://doi.org/10.1016/j.ijhydene.2019.08.212
https://doi.org/10.1016/j.ijhydene.2023.01.026
https://doi.org/10.1038/s41467-020-18064-w
https://doi.org/10.1039/C9NA00510B
https://www.ncbi.nlm.nih.gov/pubmed/36134415
https://doi.org/10.1002/adma.201401692
https://www.ncbi.nlm.nih.gov/pubmed/24956199
https://doi.org/10.1016/j.ijhydene.2021.05.152
https://doi.org/10.1016/j.ijhydene.2022.10.258
https://doi.org/10.1021/acs.chemmater.1c01965
https://doi.org/10.1016/j.ijhydene.2019.09.033
https://doi.org/10.1021/acsami.9b01374
https://doi.org/10.1039/C7CP00636E
https://doi.org/10.1021/acsenergylett.1c00912
https://doi.org/10.1021/acs.energyfuels.1c00462
https://doi.org/10.1021/acsnano.1c01879
https://www.ncbi.nlm.nih.gov/pubmed/34251805
https://doi.org/10.1016/j.ijhydene.2020.10.176
https://doi.org/10.1021/acsami.0c02246
https://www.ncbi.nlm.nih.gov/pubmed/32227875
https://doi.org/10.1016/j.ijhydene.2022.05.050
https://doi.org/10.1021/acsaem.8b00838
https://doi.org/10.1016/j.ijhydene.2020.09.071
https://doi.org/10.1021/acsami.0c14777

Molecules 2024, 29, 523 10 of 11

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

Teng, W.; Wang, Y.; Huang, H.; Li, X.; Tang, Y. Enhanced Photoelectrochemical Performance of MoS, Nanobelts-Loaded TiO,
Nanotube Arrays by Photo-Assisted Electrodeposition. Appl. Surf. Sci. 2017, 425, 507-517. [CrossRef]

Hyeon, Y.; Jung, S.-H.; Jang, W.; Kim, M.; Kim, B.-S.; Lee, ].-H.; Nandanapalli, K.R.; Jung, N.; Whang, D. Unraveling the Factors
Affecting the Electrochemical Performance of MoS,—Carbon Composite Catalysts for Hydrogen Evolution Reaction: Surface
Defect and Electrical Resistance of Carbon Supports. ACS Appl. Mater. Interfaces 2019, 11, 5037-5045. [CrossRef]

Lin, J.; Wang, P; Wang, H.; Li, C; Si, X.; Qi, J.; Cao, J.; Zhong, Z.; Fei, W.; Feng, J. Defect-Rich Heterogeneous MoS, /NiS,
Nanosheets Electrocatalysts for Efficient Overall Water Splitting. Adv. Sci. 2019, 6, 1900246. [CrossRef] [PubMed]
Mohammad-Andashti, P.; Ramezani, Z.; Zare-Shahabadi, V.; Torabi, P. Rapid and Green Synthesis of Highly Luminescent MoS,
Quantum Dots via Microwave Exfoliation of MoS; Powder and Its Application as a Fluorescence Probe for Cortisol Detection in
Human Saliva. Colloids Surf. A Physicochem. Eng. Asp. 2022, 647,129048. [CrossRef]

Hernéndez-Saravia, L.P.; Carmona, E.R.; Villacorta, A.; Carevic, ES.; Marcos, R. Sustainable Use of Mining and Electronic Waste
for Nanomaterial Synthesis with Technological Applications: State of the Art and Future Directions. Green Chem. Lett. Rev. 2023,
16, 2260401. [CrossRef]

Li, G;; Zhang, D.; Yu, Y.,; Huang, S.; Yang, W.; Cao, L. Activating MoS; for PH-Universal Hydrogen Evolution Catalysis. J. Am.
Chem. Soc. 2017, 139, 16194-16200. [CrossRef] [PubMed]

Lin, Z.; Wang, Z.; Shen, S.; Chen, Y.; Du, Z.; Tao, W.; Xu, A.; Ye, X.; Zhong, W.; Feng, S. One-Step Method to Achieve Multiple
Decorations on Lamellar MoS, to Synergistically Enhance the Electrocatalytic HER Performance. J. Alloys Compd. 2020, 834, 155217.
[CrossRef]

Huang, Y,; Li, M,; Pan, E; Zhu, Z.; Sun, H.; Tang, Y.; Fu, G. Plasma-induced Mo-doped Co30, with Enriched Oxygen Vacancies
for Electrocatalytic Oxygen Evolution in Water Splitting. Carbon Energy 2023, 5, €279. [CrossRef]

Saravia, L.P.H.; Anandhakumar, S.; Parussulo, A.L.A.; Matias, T.A.; Caldeira da Silva, C.C.; Kowaltowski, A.].; Araki, K.; Bertotti,
M. Development of a Tetraphenylporphyrin Cobalt (II) Modified Glassy Carbon Electrode to Monitor Oxygen Consumption in
Biological Samples. J. Electroanal. Chem. 2016, 775, 72-76. [CrossRef]

Chang, S.; Xuan, Y.; Duan, J.; Zhang, K. High-Performance Electroreduction CO, to Formate at Bi/Nafion Interface. Appl. Catal. B
Environ. 2022, 306, 121135. [CrossRef]

Sun, Y,; Jiang, T.; Duan, J.; Jiang, L.; Hu, X.; Zhao, H.; Zhu, ].; Chen, S.; Wang, X. Two-Dimensional Nanomesh Arrays as
Bifunctional Catalysts for Nj Electrolysis. ACS Catal. 2020, 10, 11371-11379. [CrossRef]

Gongalves, ].M.; Matias, T.A.; Saravia, L.P.H.; Nakamura, M.; Bernardes, ].S.; Bertotti, M.; Araki, K. Synergic Effects Enhance the
Catalytic Properties of Alpha-Ni(OH),-FeOCPc@rGO Composite for Oxygen Evolution Reaction. Electrochim. Acta 2018, 267,
161-169. [CrossRef]

Rudra, S.; Seo, HW.,; Sarker, S.; Kim, D.M. Supercapatteries as Hybrid Electrochemical Energy Storage Devices: Current Status
and Future Prospects. Molecules 2024, 29, 243. [CrossRef] [PubMed]

Lee, C.; Yan, H.; Brus, L.E.; Heinz, T.E; Hone, J.; Ryu, S. Anomalous Lattice Vibrations of Single- and Few-Layer MoS,. ACS Nano
2010, 4, 2695-2700. [CrossRef] [PubMed]

Dieterle, M.; Weinberg, G.; Mestl, G. Raman Spectroscopy of Molybdenum Oxides. Phys. Chem. Chem. Phys. 2002, 4, 812-821.
[CrossRef]

Wang, X.; Cormier, C.R.; Khosravi, A.; Smyth, C.M.; Shallenberger, J.R.; Addou, R.; Wallace, RM. In Situ Exfoliated 2D
Molybdenum Disulfide Analyzed by XPS. Surf. Sci. Spectra 2020, 27, 014019. [CrossRef]

Iranmahboob, J.; Gardner, S.D.; Toghiani, H.; Hill, D.O. XPS Study of Molybdenum Sulfide Catalyst Exposed to CO and H,.
J. Colloid Interface Sci. 2004, 270, 123-126. [CrossRef] [PubMed]

Ge, R; Li, W,; Huo, |; Liao, T.; Cheng, N.; Du, Y.; Zhu, M.; Li, Y.; Zhang, ]. Metal-Ion Bridged High Conductive RGO-M-MoS,
(M = Fe?*, Co?*, Ni?*, Cu?* and Zn?**) Composite Electrocatalysts for Photo-Assisted Hydrogen Evolution. Appl. Catal. B Environ.
2019, 246, 129-139. [CrossRef]

Idrees, M.; Amin, B.; Chen, Y.; Yan, X. Computation Insights of M0S,-CrXY (X#Y S, Se, Te) van Der Waals Heterostructure for
Spintronic and Photocatalytic Water Splitting Applications. Int. J. Hydrogen Energy 2023, 51, 1217-1228. [CrossRef]

Saravia, L.PH.; Sukeri, A.; Gongalves, ].M.; Aguirre-Araque, ].S.; Brandao, B.B.N.S.; Matias, T.A.; Nakamura, M.; Araki, K.; Toma,
E.H.; Bertotti, M. CoTRP/Graphene Oxide Composite as Efficient Electrode Material for Dissolved Oxygen Sensors. Electrochim.
Acta 2016, 222, 1682-1690. [CrossRef]

Liu, Y,; Zhang, W. Symbiotic Oxides in Catalysts. Nat. Catal. 2023, 6, 985-986. [CrossRef]

Wei, S.; Xing, P; Tang, Z.; Wang, Y.; Dai, L. Spindle-Shaped Cobalt-Doped Iron Phosphide Anchored on Three-Dimensional
Graphene Electrocatalysis for Hydrogen Evolution Reactions in Both Acidic and Alkaline Media. J. Power Sources 2023, 555, 232414.
[CrossRef]

Fang, W.; Wang, J.; Hu, Y,; Cui, X; Zhu, R.; Zhang, Y.; Yue, C.; Dang, J.; Cui, W.; Zhao, H.; et al. Metal-Organic Framework
Derived Fe-Co-CN/Reduced Graphene Oxide for Efficient HER and OER. Electrochim. Acta 2021, 365, 137384. [CrossRef]

Masa, J.; Weide, P,; Peeters, D.; Sinev, I.; Xia, W.; Sun, Z.; Somsen, C.; Muhler, M.; Schuhmann, W. Amorphous Cobalt Boride
(CoyB) as a Highly Efficient Nonprecious Catalyst for Electrochemical Water Splitting: Oxygen and Hydrogen Evolution. Adv.
Energy Mater. 2016, 6, 1502313. [CrossRef]

Kuang, P,; Tong, T.; Fan, K.; Yu, J. In Situ Fabrication of Ni-Mo Bimetal Sulfide Hybrid as an Efficient Electrocatalyst for Hydrogen
Evolution over a Wide PH Range. ACS Catal. 2017, 7, 6179-6187. [CrossRef]


https://doi.org/10.1016/j.apsusc.2017.06.297
https://doi.org/10.1021/acsami.8b19072
https://doi.org/10.1002/advs.201900246
https://www.ncbi.nlm.nih.gov/pubmed/31380207
https://doi.org/10.1016/j.colsurfa.2022.129048
https://doi.org/10.1080/17518253.2023.2260401
https://doi.org/10.1021/jacs.7b07450
https://www.ncbi.nlm.nih.gov/pubmed/29068681
https://doi.org/10.1016/j.jallcom.2020.155217
https://doi.org/10.1002/cey2.279
https://doi.org/10.1016/j.jelechem.2016.05.026
https://doi.org/10.1016/j.apcatb.2022.121135
https://doi.org/10.1021/acscatal.0c02745
https://doi.org/10.1016/j.electacta.2018.02.080
https://doi.org/10.3390/molecules29010243
https://www.ncbi.nlm.nih.gov/pubmed/38202828
https://doi.org/10.1021/nn1003937
https://www.ncbi.nlm.nih.gov/pubmed/20392077
https://doi.org/10.1039/b107012f
https://doi.org/10.1116/6.0000153
https://doi.org/10.1016/j.jcis.2003.11.013
https://www.ncbi.nlm.nih.gov/pubmed/14693143
https://doi.org/10.1016/j.apcatb.2019.01.047
https://doi.org/10.1016/j.ijhydene.2023.07.222
https://doi.org/10.1016/j.electacta.2016.11.159
https://doi.org/10.1038/s41929-023-01059-3
https://doi.org/10.1016/j.jpowsour.2022.232414
https://doi.org/10.1016/j.electacta.2020.137384
https://doi.org/10.1002/aenm.201502313
https://doi.org/10.1021/acscatal.7b02225

Molecules 2024, 29, 523 11 of 11

64.

65.

66.

67.

Huang, J.; Li, F; Liu, B.; Zhang, P. Ni2P/RGO/NF Nanosheets As a Bifunctional High-Performance Electrocatalyst for Water
Splitting. Materials 2020, 13, 744. [CrossRef]

Lin, Z.; Li, K.; Tong, Y.; Wu, W,; Cheng, X.; Wang, H.; Chen, P.; Diao, P. Engineering Coupled NiSx-WO, ¢ Heterostructure as
PH-Universal Electrocatalyst for Hydrogen Evolution Reaction. ChemSusChem 2023, 16, €202201985. [CrossRef]

Zhang, X.; Guo, T, Liu, T;; Lv, K.; Wu, Z.; Wang, D. Tungsten Phosphide (WP) Nanoparticles with Tunable Crystallinity, W
Vacancies, and Electronic Structures for Hydrogen Production. Electrochim. Acta 2019, 323, 134798. [CrossRef]

Srividhya, G.; Viswanathan, C.; Ponpandian, N. Interfacing NiV Layered Double Hydroxide with Sulphur-Doped g-C3Ny as a
Novel Electrocatalyst for Enhanced Hydrogen Evolution Reaction through Volmer-Heyrovsky Mechanism. Energy Adv. 2023, 2,
1464-1475. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma13030744
https://doi.org/10.1002/cssc.202201985
https://doi.org/10.1016/j.electacta.2019.134798
https://doi.org/10.1039/D3YA00287J

	Introduction 
	Results and Discussion 
	Materials’ Characterization by SEM, EDX, XPS and Raman 
	Electrochemical Characterization 

	Experimental Section 
	Chemicals and Apparatus 
	Materials Synthesis 
	Materials Characterization 

	Conclusions 
	References

