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Abstract: The development of efficient electrochemical seawater splitting catalysts for large-scale
hydrogen production is of great importance. In this work, we report an amorphous Co-Mo-B film
on Ni foam (Co-Mo-B/NF) via a facile one-step electrodeposition process. Such amorphous Co-
Mo-B/NF possesses superior activity with a small overpotential of 199 mV at 100 mA cm−2 for a
hydrogen evolution reaction in alkaline seawater. Notably, Co-Mo-B/NF also maintains excellent
stability for at least 24 h under alkaline seawater electrolysis.

Keywords: amorphous Co-Mo-B film; alkaline seawater electrolysis; hydrogen evolution reaction

1. Introduction

The growing global energy crisis and environmental problems caused by the massive
consumption of traditional non-renewable resources drive humans to explore eco-friendly
and renewable energy, and hydrogen (H2) is a desirable alternative to fossil fuels on account
of its high calorific value and pollution-free features [1–4]. Water electrolysis technology
provides a facile and sustainable route for the massive generation of high-purity H2 [5–15].
Nevertheless, large-scale water electrolysis would doubtlessly exacerbate the shortage of
freshwater. In contrast, the proportion of seawater is ~96.5% of the Earth’s water supply,
making it have huge potential for large-scale H2 generation [16–20]. For hydrogen evolution
reaction (HER), Pt-based materials are the most efficient catalysts, but the rareness and high
cost heavily obstruct their practical applications. Meanwhile, on account of the complicated
constituents and high salinity of seawater, most electrocatalysts would suffer from electrode
corrosion [21,22]. Consequently, the exploitation of inexpensive, high-activity, and stable
electrocatalysts for HER are urgently imperative.

Among the inexpensive alternatives, amorphous transitional metal-based materials
exhibit considerable catalytic activity for HER, which could be attributed to the unique
reverse electron transfer property and abundant coordinative unsaturated sites [23–27].
Notably, Co has been demonstrated as a catalytically active center in many Co-based
HER electrocatalysts [28–30]. Recent studies also manifest that amorphous Co-B catalysts
can efficiently catalyze the HER [28,31,32]. Furthermore, various optimization strategies,
including using conducting supports, designing nanostructure, and incorporating other
metals, have been employed to further improve HER performance [33–35]. Among these
strategies, the inclusion of a second metal into monometallic catalysts can tune the intrinsic
catalytic activity via optimizing the electronic structure [35,36].

Here, an amorphous Co-Mo-B film on Ni foam (Co-Mo-B/NF) was fabricated through
a simple one-step electrodeposition process for HER in alkaline seawater. It suggests that
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amorphous Co-Mo-B/NF can afford a current density (j) of 100 mA cm−2 at an overpotential
of 199 mV and a Tafel slope of 141 mV dec−1 in alkaline seawater. Furthermore, it also
exhibits splendid durability during 24 h continuous electrolysis in alkaline seawater. This
study not only offers an efficient catalyst for hydrogen production in alkaline seawater, but
is also valuable for the design of amorphous transition metals and alloy electrocatalysts.

2. Results and Discussion

The Co-Mo-B/NF electrode was prepared via a one-step electrodeposition process
at room temperature. The XRD patterns of Co-Mo-B/NF, Co-B/NF, and NF are depicted
in Figure 1a. Both samples show three characteristic peaks located at 44.6◦, 51.9◦, and
76.6◦ originating from metallic NF (JCPDS No. 04-0850). Moreover, XRD patterns of Co-
Mo-B/NF, Co-B/NF, and NF are similar, confirming the amorphous feature of Co-Mo-B
and Co-B. The SEM images reveal the full coverage of NF substrate (Figure S1) by Co-Mo-B
film (Figure 1b,c). As for Co-B/NF, the relevant SEM images are shown in Figure S2. The
energy-dispersive X-ray spectroscopy (EDX) spectrum (Figure S3) and relevant elemental
mapping images (Figure 1d) show that Co-Mo-B/NF is composed of Co, Mo, B, and O
elements with a uniform distribution in the film.
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Figure 1. (a) XRD patterns of Co-Mo-B/NF, Co-B/NF, and NF. (b) Low- and (c) high-magnification
SEM images of Co-Mo-B/NF. (d) SEM image and corresponding EDX elemental mapping images of
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The XPS measurement spectrum (Figure S4) identifies that Co-Mo-B/NF consists of
Co, Mo, B, and O elements, which is in accordance with the EDX data. The Co 2p spectrum
(Figure 2a) shows that the characteristic peaks of 781.3 eV and 797.2 eV are well consistent
with Co 2p3/2 and Co 2p1/2 of Co2+ [37]. Meanwhile, the binding energies of 786.6 and
803.4 eV are associated with satellite peaks (identified as Sat.). The Mo 3d spectrum of
Co-Mo-B/NF in Figure 2b can be deconvoluted to 227.7 eV for Mo0 3d5/2. The peaks at
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228.7 and 231.53 eV are well consistent with 3d5/2 and 3d3/2 of Mo4+, while two peaks at
234.24 and 235.3 eV are attributed to 3d3/2 of Mo6+ [34,38,39]. In terms of B 1s spectrum
(Figure 2c), characteristic peaks at 187 and 191.8 eV are assigned to metallic and oxidized
boron, respectively [34]. Figure 2d shows the O 1s region and the peaks at 530.5 and
531.6 eV that are attributed to the lattice O and adsorbed O, respectively [40,41].
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Figure 2. The refined XPS survey for Co-Mo-B/NF in (a) Co 2p, (b) Mo 3d, (c) B 1s, and (d) O 1s regions.

The electrocatalytic activity of different working electrodes toward the HER was firstly
assessed by linear sweep voltammetry (LSV) curves (iR-corrected) in alkaline freshwa-
ter (1 M KOH). As observed in Figure 3a, bare NF has poor HER activity with a large
overpotential, while the commercial Pt/C (20 wt.%) on NF (Pt/C loading of 2.6 mg cm−2)
shows excellent HER performance with a low overpotential of 94 mV at 100 mA cm−2.
Noticeably, to achieve the same j of 100 mA·cm−2, the Co-Mo-B/NF catalyst just needs an
overpotential of 174 mV, superior to Co-B/NF counterpart (274 mV). Of note, our Co-Mo-
B/NF compares favorably to the behaviors of most reported non-Pt HER electrocatalysts
(Table S1). Subsequently, the Tafel slopes of catalysts were further determined to compare
the reaction kinetics. As offered in Figure 3b, the Co-Mo-B/NF catalyst possesses a smaller
Tafel slope (124 mV dec−1), in comparison with Co-B/NF (171 mV dec−1) and pure NF
(192 mV dec−1), displaying superior catalytic kinetics on the Co-Mo-B/NF electrode during
the HER process. Thus, Mo acts as an important role in enhancing the HER activity of
Co-B/NF [41].



Molecules 2022, 27, 7617 4 of 9

Molecules 2022, 27, x FOR PEER REVIEW 4 of 9 
 

 

Mo-B/NF electrode during the HER process. Thus, Mo acts as an important role in 
enhancing the HER activity of Co-B/NF [41]. 

 
Figure 3. (a) Polarization curves, (b) Tafel plots for different materials in 1 M KOH. (c) 
Corresponding electrochemical double layer capacitances of Co-Mo-B/NF, Co-B/NF, and bare NF. 
(d) Polarization curves for Co-Mo-B/NF before and after 1000 CV cycles in 1 M KOH. 

In order to further investigate the origin of the better activity of Co-Mo-B/NF, the 
double-layer capacitance (Cdl) values were calculated from the cyclic voltammetry (CV) 
tests (Figure S6). As presented in Figure 3c, the calculated results display that the Cdl of 
Co-Mo-B/NF (20.7 mF cm−2) is larger than Co-B/NF (14.7 mF cm−2) and bare NF (5.2 mF 
cm−2). The larger Cdl of Co-Mo-B/NF facilitates the exposure of more active surface sites, 
thus, improving the electrocatalytic performance [42,43]. Furthermore, the stability of the 
Co-Mo-B/NF catalyst was also estimated based on continuous CV tests (Figure 3d). After 
1000 cycles in 1 M KOH, the LSV curve for Co-Mo-B/NF shows a negligible change in j 
compared with the original one, implying that the Co-Mo-B/NF catalyst possesses 
remarkable stability. 

To demonstrate the outstanding HER catalytic activity, the Co-Mo-B/NF was also 
explored in simulated seawater (1 M KOH + 0.5 M NaCl) and alkaline seawater (1 M KOH 
+ seawater). The LSV curves (Figure 4a) show that the HER performance of Co-Mo-B/NF 
is still well maintained with a slight decay in simulated seawater compared to alkaline 
freshwater. As seen in Figure 4b, to obtain the j of 100 mA cm−2, Co-Mo-B/NF demands a 
low overpotential of 185 mV in simulated seawater, which is close to the value of alkaline 
freshwater (174 mV). After switching alkaline freshwater with alkaline natural seawater, 
the Co-Mo-B/NF catalyst exhibits an obvious activity decline by the reason of highly 
complex compositions of natural seawater. The ions or microorganisms in seawater can 
block some surface-active sites, resulting in lower catalytic activity of HER than in alkaline 
freshwater. Even so, the Co-Mo-B/NF catalyst still performs efficiently for catalyzing the 
HER in alkaline seawater. It can afford a j of 100 mA cm−2 at an overpotential of 199 mV. 
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In order to further investigate the origin of the better activity of Co-Mo-B/NF, the
double-layer capacitance (Cdl) values were calculated from the cyclic voltammetry (CV)
tests (Figure S6). As presented in Figure 3c, the calculated results display that the Cdl
of Co-Mo-B/NF (20.7 mF cm−2) is larger than Co-B/NF (14.7 mF cm−2) and bare NF
(5.2 mF cm−2). The larger Cdl of Co-Mo-B/NF facilitates the exposure of more active
surface sites, thus, improving the electrocatalytic performance [42,43]. Furthermore, the
stability of the Co-Mo-B/NF catalyst was also estimated based on continuous CV tests
(Figure 3d). After 1000 cycles in 1 M KOH, the LSV curve for Co-Mo-B/NF shows a
negligible change in j compared with the original one, implying that the Co-Mo-B/NF
catalyst possesses remarkable stability.

To demonstrate the outstanding HER catalytic activity, the Co-Mo-B/NF was also ex-
plored in simulated seawater (1 M KOH + 0.5 M NaCl) and alkaline seawater (1 M KOH + sea-
water). The LSV curves (Figure 4a) show that the HER performance of Co-Mo-B/NF is
still well maintained with a slight decay in simulated seawater compared to alkaline fresh-
water. As seen in Figure 4b, to obtain the j of 100 mA cm−2, Co-Mo-B/NF demands a
low overpotential of 185 mV in simulated seawater, which is close to the value of alkaline
freshwater (174 mV). After switching alkaline freshwater with alkaline natural seawater,
the Co-Mo-B/NF catalyst exhibits an obvious activity decline by the reason of highly
complex compositions of natural seawater. The ions or microorganisms in seawater can
block some surface-active sites, resulting in lower catalytic activity of HER than in alkaline
freshwater. Even so, the Co-Mo-B/NF catalyst still performs efficiently for catalyzing
the HER in alkaline seawater. It can afford a j of 100 mA cm−2 at an overpotential of
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199 mV. Remarkably, the Co-Mo-B/NF catalyst is superior in catalytic performance to many
reported noble-metal-free HER electrocatalysts in alkaline seawater (listed in Table S2).
Additionally, the Tafel slopes of Co-Mo-B/NF in different electrolytes were also determined
based on the LSV curves. As illustrated in Figure 4c, the slope value in alkaline-simulated
seawater (129 mV dec−1) is nearly close to alkaline freshwater (124 mV dec−1), while the
slope value in alkaline seawater (141 mV dec−1) is marginally larger. Furthermore, the
stability of the Co-Mo-B/NF catalyst was also assessed by the continuous electrolysis of
24 h in alkaline seawater. As displayed in Figure 4d, the Co-Mo-B/NF catalyst exhibits
strong electrochemical stability at j of 100 mA·cm−2 without obvious decay after 24 h of
operation. Importantly, as presented in Figure S8, the high-resolution XPS spectra of Co 2p,
Mo 3d, B 1s, and O 1s for Co-Mo-B/NF after the stability test in alkaline seawater are similar
to the initial analysis, demonstrating the highly durable performance of the Co-Mo-B/NF.
The hydrogen produced by the Co-Mo-B/NF-driven electrolysis of alkaline seawater was
collected by the drainage method. As shown in Figure S9, the Faraday efficiency for HER is
calculated to be close to 100%, indicating that the amorphous Co-Mo-B/NF is important
for the large-scale application of hydrogen production from seawater.
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Figure 4. (a) Polarization curves of Co-Mo-B/NF in different electrolytes. (b) Overpotentials at
100 mA cm–2 for Co-Mo-B/NF in different electrolytes. (c) Tafel plots of Co-Mo-B/NF in different
electrolytes. (d) Durability test of Co-Mo-B/NF in 1 M KOH + seawater.

3. Experimental Section
3.1. Materials

Sodium molybdate dihydrate (Na2MoO4·2H2O, ≥99%), cobalt chloride hexahydrate
(CoCl2·6H2O, A.R.), and citric acid (C6H7O8·H2O, A.R.) were obtained from Aladdin
Industrial Co (Shanghai, China). Sodium borate (Na2B4O7·10H2O, A.R.) was bought from
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Tianjin Chemical Corporation (China). Pt/C (20 wt.% Pt) was provided by Alfa Aesar
(China) Chemicals Co. Ltd. Ni foam (thickness: 1.6 mm, porosity: ~95%) was bought from
KunShan (China) GuangJiaYuan New materials Co. Ltd. Seawater was taken from the
coast of Bohai Sea in China.

3.2. Preparation of Co-Mo-B/NF and Co-B/NF

Firstly, CoCl2·6H2O (4.76 g), Na2MoO4·2H2O (1.46 g), C6H8O7·H2O (4.20 g), and
Na2B4O7·10H2O (9.54 g) were dissolved in 100 mL of ultrapure water and kept mild,
stirring for 15 min. The pretreated Ni foam (1.5 cm × 1 cm) was vertically immersed
into the aqueous solution. After that, the Co-Mo-B film deposition was performed in a
three-electrode setup. The Pt plate and saturated calomel electrode were used separately
from the counter electrode and the reference electrode. Ni foam was served as the working
electrode for the deposition process under −1.1 V for 60 min. For comparison, Co-B/NF
was also synthesized by the same methods without Na2MoO4·2H2O.

3.3. Characterizations

X-ray diffraction (XRD) data were collected on Shimazu XRD-6100 X-ray diffractome-
ter. Scanning electron microscopy (SEM) images were taken on GeminiSEM 300 microscope.
The Thermo ESCALAB 250Xi spectrometer system was used to record the X-ray photoelec-
tron spectra (XPS) data of the samples.

4. Conclusions

In conclusion, an amorphous Co-Mo-B film was electrodeposited on NF for hydro-
gen evolution electrocatalysis in alkaline seawater. The Co-Mo-B/NF catalyst requires a
small overpotential of 199 mV to obtain a j of 100 mA·cm−2 and a small Tafel slope of
141 mV dec−1 in alkaline seawater. Moreover, it also exhibits high stability, as confirmed
by 24 h of continuous electrolysis. This work is important because it can boost the de-
velopment of bimetal-boron film materials for highly active HER electrocatalysts in the
electrochemical seawater splitting process.
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www.mdpi.com/article/10.3390/molecules27217617/s1, refs. [44–56] are cited in this file. Figure S1:
(a) Low- and (b) high-magnification SEM images of bare NF; Figure S2: (a) Low- and (b) high-
magnification SEM images of Co-B/NF; Figure S3: EDX spectrum of Co-Mo-B/NF; Figure S4: XPS
survey spectrum of Co-Mo-B/NF; Figure S5: LSV curves of Co-Mo-B/NF, Co-B/NF, Pt/C, and bare
NF for HER in 1 M KOH with a scan rate of 5 mV s–1 (without IR correction); Figure S6: CV curves
for Co-Mo-B/NF (a), Co-B/NF (b), and bare NF (c) in the non-Faradaic capacitance current range at
scan rates of 20, 40, 60, 80, and 100 mV s–1 in 1 M KOH; Figure S7: LSV curves of Co-Mo-B/NF in
1 M KOH, 1 M KOH + 0.5 M NaCl, and 1 M KOH + seawater with a scan rate of 5 mV s–1 (without
IR correction); Figure S8: High-resolution XPS spectra of (a) Co 2p, (b) Mo 3d, (c) B 1s, and (d) O 1s
regions for Co-Mo-B/NF after stability test in alkaline seawater; Figure S9: The Faradaic efficiency of
Co-Mo-B/NF at 100 mA cm–2 in alkaline seawater; Table S1: Comparison of HER performance of
Co-Mo-B/NF with recent reported electrocatalysts in alkaline freshwater; Table S2: Comparison of
HER performance of Co-Mo-B/NF with recent reported electrocatalysts in alkaline seawater.

Author Contributions: Writing—original draft preparation, X.F., X.W., L.O., L.Z., S.S., Y.L. (Yimei
Liang), Y.L. (Yongsong Luo) and D.Z.; writing—review and editing, X.F., X.W., L.O., L.Z. and S.S.;
project administration, T.K., Q.L. and F.H.; funding acquisition, X.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 22072015).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/molecules27217617/s1
https://www.mdpi.com/article/10.3390/molecules27217617/s1


Molecules 2022, 27, 7617 7 of 9

References
1. Gao, F.; He, J.; Wang, H.; Lin, J.; Chen, R.; Yi, K.; Huang, F.; Lin, Z.; Wang, M. Te-mediated electro-driven oxygen evolution

reaction. Nano Res. Energy 2022. [CrossRef]
2. Rammal, M.B.; El-Ghoubaira, V.; Omanovic, S. Part II: NiMoO4 nanostructures synthesized by the solution combustion method:

A parametric study on the influence of material synthesis and electrode-fabrication parameters on the electrocatalytic activity in
the hydrogen evolution reaction. Molecules 2022, 27, 1199. [CrossRef] [PubMed]

3. Zhang, K.; Liang, X.; Wang, L.; Sun, K.; Wang, Y.; Xie, Z.; Wu, Q.; Bai, X.; Hamdy, M.S.; Chen, H.; et al. Status and perspectives of
key materials for PEM electrolyzer. Nano Res. Energy 2022. [CrossRef]

4. Xu, X.; Shao, Z.; Jiang, S.P. High-entropy materials for water electrolysis. Energy Technol. 2022. [CrossRef]
5. Li, C.; Yu, G.; Shen, X.; Li, Y.; Chen, W. Theoretical study on the high HER/OER electrocatalytic activities of 2D GeSi, SnSi,

and SnGe monolayers and further improvement by imposing biaxial strain or doping heteroatoms. Molecules 2022, 27, 5092.
[CrossRef]

6. Qiu, Y.; Liu, Z.; Zhang, X.; Sun, A.; Ji, X. Controllable atom implantation for achieving coulomb-force unbalance toward lattice
distortion and vacancy construction for accelerated water splitting. J. Colloid Interf. Sci. 2022, 610, 194–201. [CrossRef] [PubMed]

7. Eid, K.; Sliem, M.H.; Abdullah, A.M. Tailoring the defects of sub-100 nm multipodal titanium nitride/oxynitride nanotubes for
efficient water splitting performance. Nanoscale Adv. 2021, 3, 5016–5026. [CrossRef]

8. Zheng, Y.; Jiao, Y.; Zhu, Y.; Li, L.; Han, Y.; Chen, Y.; Du, A.; Jaroniec, M.; Qiao, S. Hydrogen evolution by a metal-free electrocatalyst.
Nat. Commun. 2014, 5, 3783. [CrossRef]

9. Du, H.; Liu, Q.; Cheng, N.; Asiri, A.M.; Sun, X.; Li, C. Template-assisted synthesis of CoP nanotubes to efficiently catalyze
hydrogen-evolving reaction. J. Mater. Chem. A 2014, 2, 14812–148160. [CrossRef]

10. Sun, H.; Xu, X.; Kim, H.; Jung, W.; Zhou, W.; Shao, Z. Electrochemical water splitting: Bridging the gaps between fundamental
research and industrial applications. Energy Environ. Mater. 2022. [CrossRef]

11. Qiu, Y.; Liu, Z.; Yang, Q.; Zhang, X.; Liu, J.; Liu, M.; Bi, T.; Ji, X. Atmospheric-temperature chain reaction towards ultrathin
non-crystal-phase construction for highly efficient water splitting. Chem. Eur. J. 2022, 28, e202200683. [CrossRef] [PubMed]

12. Tian, J.; Liu, Q.; Asiri, A.M.; Sun, X. Self-supported nanoporous cobalt phosphide nanowire arrays: An efficient 3D hydrogen-
evolving cathode over the wide range of pH 0–14. J. Am. Chem. Soc. 2014, 136, 7587–7590. [CrossRef] [PubMed]

13. Han, H.; Qiu, Y.; Zhang, H.; Bi, T.; Yang, Q.; Liu, M.; Zhou, J.; Ji, X. Lattice-disorder layer generation from liquid processing
at room temperature with boosted nanointerface exposure toward water splitting. Sustain. Energy Fuels 2022, 6, 3008–3013.
[CrossRef]

14. Ye, C.; Zhang, L.; Yue, L.; Deng, B.; Cao, Y.; Liu, Q.; Luo, Y.; Lu, S.; Zheng, B.; Sun, X. A NiCo LDHs nanosheet array on graphite
felt: An efficient 3D electrocatalyst for the oxygen evolution reaction in alkaline media. Inorg. Chem. Front. 2021, 8, 3162–3166.
[CrossRef]

15. Qiu, Y.; Zhou, J.; Liu, Z.; Zhang, X.; Han, H.; Ji, X. Solar-driven photoelectron injection effect on MgCo2O4@WO3 core-shell
heterostructure for efficient overall water splitting. Appl. Surface Sci. 2022, 578, 152049. [CrossRef]

16. Jin, H.; Liu, X.; Vasileff, A.; Jiao, Y.; Zhao, Y.; Zheng, Y.; Qiao, S. Single-crystal nitrogen-rich two-dimensional Mo5N6 nanosheets
for efficient and stable seawater splitting. ACS Nano 2018, 12, 12761–12769. [CrossRef]

17. Liu, Q.; Sun, S.; Zhang, L.; Luo, Y.; Yang, Q.; Dong, K.; Fang, X.; Zheng, D.; Alshehri, A.A.; Sun, X. N, O-doped carbon foam as
metal-free electrocatalyst for efficient hydrogen production from seawater. Nano Res. 2022, 15, 8922–8927. [CrossRef]

18. Wu, X.; Zhou, S.; Wang, Z.; Liu, J.; Pei, W.; Yang, P.; Zhao, J.; Qiu, J. Engineering multifunctional collaborative catalytic interface
enabling efficient hydrogen evolution in all pH range and seawater. Adv. Energy Mater. 2019, 9, 1901333. [CrossRef]

19. Zhang, L.; Wang, J.; Liu, P.; Liang, J.; Luo, Y.; Cui, G.; Tang, B.; Liu, Q.; Yan, X.; Hao, H.; et al. Ni(OH)2 nanoparticles encapsulated
in conductive nanowire array for high-performance alkaline seawater oxidation. Nano Res. 2022, 15, 6084–6090. [CrossRef]

20. Zhang, L.; Laing, J.; Yue, L.; Dong, K.; Li, J.; Zhao, D.; Li, Z.; Sun, S.; Luo, Y.; Liu, Q.; et al. Benzoate anions-intercalated
NiFe-layered double hydroxide nanosheet array with enhanced stability for electrochemical seawater oxidation. Nano Res.
Energy 2022. [CrossRef]

21. Khan, M.A.; Al-Attas, T.; Roy, S.; Rahman, M.M.; Ghaffour, N.; Thangdurai, V.; Larter, S.; Hu, J.; Ajayan, P.M.; Kibria, M.G.
Seawater electrolysis for hydrogen production: A solution looking for a problem. Energy Environ. Sci. 2021, 14, 4831–4839.
[CrossRef]

22. Dresp, S.; Dionigi, F.; Klingehof, M.; Strasser, P. Direct electrolytic splitting of seawater: Opportunities and challenges. ACS Energy
Lett. 2019, 4, 933–942. [CrossRef]

23. Ahsan, M.A.; He, T.; Eid, K.; Abdullah, A.M.; Curry, M.L.; Du, A.; Santiago, A.R.P.; Echegoyen, L.; Noveron, J.C. Tuning the
intermolecular electron transfer of low-dimensional and metal-free BCN/C60 electrocatalysts via interfacial defects for efficient
hydrogen and oxygen electrochemistry. J. Am. Chem. Soc. 2021, 143, 1203–1215. [CrossRef] [PubMed]

24. Anantharaj, S.; Noda, S. Amorphous catalysts and electrochemical water splitting: An untold story of harmony. Small 2020,
16, 1905779. [CrossRef]

25. Kim, J.; Kim, H.; Kim, S.; Ahn, S.H. Electrodeposited amorphous Co–P–B ternary catalyst for hydrogen evolution reaction. J.
Mater. Chem. A 2018, 6, 6282–6288. [CrossRef]

http://doi.org/10.26599/NRE.2022.9120029
http://doi.org/10.3390/molecules27041199
http://www.ncbi.nlm.nih.gov/pubmed/35208991
http://doi.org/10.26599/NRE.2022.9120032
http://doi.org/10.1002/ente.202200573
http://doi.org/10.3390/molecules27165092
http://doi.org/10.1016/j.jcis.2021.12.029
http://www.ncbi.nlm.nih.gov/pubmed/34922075
http://doi.org/10.1039/D1NA00274K
http://doi.org/10.1038/ncomms4783
http://doi.org/10.1039/C4TA02368D
http://doi.org/10.1002/eem2.12441
http://doi.org/10.1002/chem.202200683
http://www.ncbi.nlm.nih.gov/pubmed/35722766
http://doi.org/10.1021/ja503372r
http://www.ncbi.nlm.nih.gov/pubmed/24830333
http://doi.org/10.1039/D2SE00474G
http://doi.org/10.1039/D1QI00428J
http://doi.org/10.1016/j.apsusc.2021.152049
http://doi.org/10.1021/acsnano.8b07841
http://doi.org/10.1007/s12274-022-4869-2
http://doi.org/10.1002/aenm.201901333
http://doi.org/10.1007/s12274-022-4391-6
http://doi.org/10.26599/NRE.2022.9120028
http://doi.org/10.1039/D1EE00870F
http://doi.org/10.1021/acsenergylett.9b00220
http://doi.org/10.1021/jacs.0c12386
http://www.ncbi.nlm.nih.gov/pubmed/33401899
http://doi.org/10.1002/smll.201905779
http://doi.org/10.1039/C7TA11033B


Molecules 2022, 27, 7617 8 of 9

26. Eid, K.; Soliman, K.A.; Abdulmalik, D.; Mitoraj, D.; Sleim, M.H.; Liedke, M.O.; Abdullah, A.M. Tailored fabrication of irid-
ium nanoparticle-sensitized titanium oxynitride nanotubes for solar-driven water splitting: Experimental insights on the
photocatalytic-activity-defects relationship. Catal. Sci. Technol. 2020, 10, 801–809. [CrossRef]

27. Li, Y.; Li, H.; Li, Y.; Peng, S.; Hu, Y. Fe-B alloy coupled with Fe clusters as an efficient cocatalyst for photocatalytic hydrogen
evolution. Chem. Eng. J. 2018, 344, 506–513. [CrossRef]

28. Li, X.; Zhang, R.; Luo, Y.; Liu, Q.; Lu, S.; Chen, G.; Gao, S.; Chen, S.; Sun, X. A cobalt–phosphorus nanoparticle decorated N-doped
carbon nanosheet array for efficient and durable hydrogen evolution at alkaline pH. Sustain. Energy Fuels 2020, 4, 3884–3887.
[CrossRef]

29. Song, X.; Wang, H.; Li, Z.; Meng, Y.; Tan, Z.; Zhu, M. Double-shelled carbon nanocages grafted with carbon nanotubes embedding
Co nanoparticles for enhanced hydrogen evolution electrocatalysis. Chem. Commun. 2021, 57, 3022–3025. [CrossRef]

30. Li, S.; Ren, P.; Yang, C.; Liu, X.; Yin, Z.; Li, W.; Yang, H.; Li, J.; Wang, X.; Wang, Y.; et al. Fe5C2 nanoparticles as low-cost HER
electrocatalyst: The importance of Co substitution. Sci. Bull. 2018, 63, 1358–1363. [CrossRef]

31. Gupta, S.; Patel, N.; Miotello, A.; Kothari, D.C. Cobalt-Boride: An efficient and robust electrocatalyst for hydrogen evolution
reaction. J. Power Sources 2015, 279, 620–625. [CrossRef]

32. Kadrekar, R.; Patel, N.; Arya, A. Understanding the role of boron and stoichiometric ratio in the catalytic performance of
amorphous Co-B catalyst. Appl. Surf. Sci. 2020, 518, 146199. [CrossRef]

33. Hao, W.; Wu, R.; Zhang, R.; Ha, Y.; Chen, Z.; Wang, L.; Yang, Y.; Ma, X.; Sun, D.; Fang, F.; et al. Electroless plating of highly efficient
bifunctional boride-based electrodes toward practical overall water splitting. Adv. Energy Mater. 2018, 8, 1801372. [CrossRef]

34. Gupta, S.; Patel, N.; Fernandes, R.; Hanchate, S.; Miotello, A.; Kothari, D.C. Co-Mo-B nanoparticles as a non-precious and efficient
bifunctional electrocatalyst for hydrogen and oxygen evolution. Electrochim. Acta 2017, 232, 64–71. [CrossRef]

35. Fernandes, R.; Chunduri, A.; Gupta, S.; Kadrekar, R.; Arya, A.; Miotello, A.; Patel, N. Exploring the hydrogen evolution
capabilities of earth-abundant ternary metal borides for neutral and alkaline water-splitting. Electrochim. Acta 2020, 35, 136738.
[CrossRef]

36. Chai, L.; Liu, S.; Pei, S.; Wang, C. Electrodeposited amorphous cobalt-nickel-phosphide-derived films as catalysts for electrochem-
ical overall water splitting. Chem. Eng. J. 2021, 420, 129686. [CrossRef]

37. Deng, Z.; Liang, J.; Liu, Q.; Ma, C.; Xie, L.; Yue, L.; Ren, Y.; Li, T.; Luo, Y.; Li, N.; et al. High-efficiency ammonia electrosynthesis on
self-supported Co2AlO4 nanoarray in neutral media by selective reduction of nitrate. Chem. Eng. J. 2022, 435, 135104. [CrossRef]

38. Yang, C.; Zhou, L.; Wang, C.; Duan, W.; Zhang, L.; Zhang, F.; Zhang, J.; Zhen, Y.; Gao, L.; Fu, F.; et al. Large-scale synthetic
Mo@(2H-1T)-MoSe2 monolithic electrode for efficient hydrogen evolution in all pH scale ranges and seawater. Appl. Catal. B
Environ. 2022, 304, 120993. [CrossRef]

39. Ren, Y.; Wang, J.; Hu, W.; Wen, H.; Qiu, Y.; Tang, P.; Chen, M.; Wang, P. Hierarchical nanostructured Co-Mo-B/CoMoO4−x
amorphous composite for the alkaline hydrogen evolution reaction. ACS Appl. Mater. Interfaces 2021, 13, 42605–42612. [CrossRef]

40. Bau, J.A.; Kozlov, S.M.; Azofra, L.M.; Ould-Chikh, S.; Emwas, A.; Idriss, H.; Cavallo, L.; Takanabe, K. Role of oxidized Mo
species on the active surface of Ni-Mo electrocatalysts for hydrogen evolution under alkaline conditions. ACS Catal. 2020, 10,
12858–12866. [CrossRef]

41. Sun, Z.; Hao, S.; Ji, X.; Zheng, X.; Xie, J.; Li, X.; Tang, B. Efficient alkaline hydrogen evolution electrocatalysis enabled by an
amorphous Co-Mo-B film. Dalton Trans. 2018, 47, 7640–7643. [CrossRef] [PubMed]

42. Ding, P.; Meng, C.; Liang, J.; Li, T.; Wang, Y.; Liu, Q.; Luo, Y.; Cui, G.; Asiri, A.M.; Lu, S.; et al. NiFe LDH nanosheet arrays on
graphite felt: A 3D electrocatalyst for highly efficient water oxidation in alkaline media. Inorg. Chem. 2021, 60, 12703–12708.
[CrossRef] [PubMed]

43. Ren, Y.; Li, Z.; Deng, B.; Ye, C.; Zhang, L.; Wang, Y.; Li, T.; Liu, Q.; Cui, G.; Asiri, A.M.; et al. Superior hydrogen evolution
electrocatalysis enabled by CoP nanowire array on graphite felt. Int. J. Hydrogen Energy 2022, 47, 3580–3586. [CrossRef]

44. Yu, Y.; Li, J.; Luo, J.; Kang, Z.; Jia, C.; Liu, Z.; Huang, W.; Chen, Q.; Deng, P.; Shen, Y.; et al. Mo-decorated cobalt phosphide
nanoarrays as bifunctional electrocatalysts for efficient overall water/seawater splitting. Mater. Today Nano 2022, 18, 100216.
[CrossRef]

45. Sun, Y.; Wang, C.; Ding, T.; Zuoa, J.; Yang, Q. Fabrication of amorphous CoMoS4 as a bifunctional electrocatalyst for water
splitting under strong alkaline conditions. Nanoscale 2016, 8, 18887–18892. [CrossRef]

46. Gao, X.; Zhang, H.; Li, Q.; Yu, X.; Hong, Z.; Zhang, X.; Liang, C.; Lin, Z. Hierarchical NiCo2O4 Hollow Microcuboids as
Bifunctional Electrocatalysts for Overall Water-Splitting. Angew. Chem. Int. Ed. 2016, 55, 6290. [CrossRef] [PubMed]

47. Yang, J.; Chai, C.; Jiang, C.; Liu, L.; Xi, J. MoS2–CoS2 heteronanosheet arrays coated on porous carbon microtube textile for overall
water splitting. J. Power Sources 2021, 514, 230580. [CrossRef]

48. Zhang, C.; Luo, Y.; Tan, J.; Yuet, Q.; Yang, F.; Zhangal, Z.; Yang, L.; Cheng, H.-M.; Liu, B. High-throughput production of cheap
mineral-based two-dimensional electrocatalysts for high-current-density hydrogen evolution. Nat. Commun. 2020, 11, 3724.
[CrossRef]

49. Ma, H.; Chen, Z.; Wang, Z.; Singh, C.V.; Jiang, Q. Interface Engineering of Co/CoMoN/NF Heterostructures for High-Performance
Electrochemical Overall Water Splitting. Adv. Sci. 2022, 9, 2105313. [CrossRef]

50. Wang, X.; Ling, Y.; Li, L.; Li, L.; Chen, G.; Tao, X.; Li, J.; Li, B.; Luo, Q. Asymmetric electrodes with a transition metal disulfide
heterostructure and amorphous bimetallic hydroxide for effective alkaline water electrolysis. J. Mater. Chem. A 2019, 7, 2895–2900.
[CrossRef]

http://doi.org/10.1039/C9CY02366F
http://doi.org/10.1016/j.cej.2018.03.117
http://doi.org/10.1039/D0SE00240B
http://doi.org/10.1039/D0CC08416F
http://doi.org/10.1016/j.scib.2018.09.016
http://doi.org/10.1016/j.jpowsour.2015.01.009
http://doi.org/10.1016/j.apsusc.2020.146199
http://doi.org/10.1002/aenm.201801372
http://doi.org/10.1016/j.electacta.2017.02.100
http://doi.org/10.1016/j.electacta.2020.136738
http://doi.org/10.1016/j.cej.2021.129686
http://doi.org/10.1016/j.cej.2022.135104
http://doi.org/10.1016/j.apcatb.2021.120993
http://doi.org/10.1021/acsami.1c08350
http://doi.org/10.1021/acscatal.0c02743
http://doi.org/10.1039/C8DT01296B
http://www.ncbi.nlm.nih.gov/pubmed/29789843
http://doi.org/10.1021/acs.inorgchem.1c01783
http://www.ncbi.nlm.nih.gov/pubmed/34357774
http://doi.org/10.1016/j.ijhydene.2021.11.039
http://doi.org/10.1016/j.mtnano.2022.100216
http://doi.org/10.1039/C6NR07676A
http://doi.org/10.1002/anie.201600525
http://www.ncbi.nlm.nih.gov/pubmed/27061909
http://doi.org/10.1016/j.jpowsour.2021.230580
http://doi.org/10.1038/s41467-020-17121-8
http://doi.org/10.1002/advs.202105313
http://doi.org/10.1039/C8TA10458A


Molecules 2022, 27, 7617 9 of 9

51. Yu, L.; Song, S.; McElhenny, B.; Ding, F.; Luo, D.; Yu, Y.; Chen, S.; Ren, Z.J. A universal synthesis strategy to make metal nitride
electrocatalysts for hydrogen evolution reaction. Mater. Chem. A 2019, 7, 19728–19732. [CrossRef]

52. Wang, H.; Chen, L.; Tan, L.; Liu, X.; Wen, Y.; Hou, W.; Zhan, T. Electrodeposition of NiFe-layered double hydroxide layer on
sulfur-modified nickel molybdate nanorods for highly efficient seawater splitting. J. Colloid Interface Sci. 2022, 613, 349–358.
[CrossRef] [PubMed]

53. Marimuthu, T.; Yuvakkumar, R.; Senthil, K.; Ravi, G.; Xu, X.; Xu, G.; Velauthapillai, D. Pristine and Cobalt Doped Copper Sulfide
Microsphere Particles for Seawater Splitting. Int. J. Hydrogen Energy 2022, 47, 37171–37182. [CrossRef]

54. Wang, X.; Zhou, X.; Li, C.; Yao, H.; Zhang, C.; Zhou, J.; Xu, R.; Chu, L.; Wang, H.; Gu, M.; et al. Asymmetric Co–N3P1 Trifunctional
Catalyst with Tailored Electronic Structures Enabling Boosted Activities and Corrosion Resistance in an Uninterrupted Seawater
Splitting System. Adv. Mater. 2022, 34, 2204021. [CrossRef]

55. Wu, L.; Yu, L.; Zhang, F.; McElhenny, B.; Luo, D.; Karim, A.; Chen, S.; Ren, Z. Heterogeneous Bimetallic Phosphide Ni2P–Fe2P as
an Efficient Bifunctional Catalyst for Water/Seawater Splitting. Adv. Funct. Mater. 2021, 31, 2006484. [CrossRef]

56. Sun, H.; Sun, J.; Song, Y.; Zhang, Y.; Qiu, Y.; Sun, M.; Tian, Y.; Li, C.; Lv, Z.; Zhang, L. Nickel–Cobalt Hydrogen Phosphate
on Nickel Nitride Supported on Nickel Foam for Alkaline Seawater Electrolysis. ACS Appl. Mater. Int. 2022, 14, 22061–22070.
[CrossRef]

http://doi.org/10.1039/C9TA05455C
http://doi.org/10.1016/j.jcis.2022.01.044
http://www.ncbi.nlm.nih.gov/pubmed/35042032
http://doi.org/10.1016/j.ijhydene.2021.09.172
http://doi.org/10.1002/adma.202204021
http://doi.org/10.1002/adfm.202006484
http://doi.org/10.1021/acsami.2c01643

	Introduction 
	Results and Discussion 
	Experimental Section 
	Materials 
	Preparation of Co-Mo-B/NF and Co-B/NF 
	Characterizations 

	Conclusions 
	References

