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Direct seawater electrolysis to sustainable production of hydrogen fuel is attractive, given the abundant seawater
resource on Earth. Nevertheless, current seawater electrolysis systems necessarily require external power grid to
drive the electrolysis process, which are neither able to achieve continuous hydrogen production nor applicable
to mobile and undersea apparatuses. Herein, we demonstrate a self-powered, direct seawater electrolysis system
driven by Mg/seawater batteries for continuous hydrogen production. For a case study, a heterostructured MoNi/
NiMoOy is prepared to catalyze the hydrogen evolution reaction (HER) at the cathodes of both the Mg/seawater
battery and the seawater electrolysis, displaying a superior performance surpassing a commercial Pt/C with the
overpotential as low as 256 mV at 10 mA cm™2 in seawater. The Mg/seawater battery achieves a peak power
density of 21.08 mW cm ™2, serving as a power source to drive seawater electrolysis. The self-powered system
yields a total hydrogen evolution rate of 12.11 mL cm~2 h™! and conversion efficiency of Mg-to-hydrogen up to
83.97%. Such a self-powered direct seawater electrolysis system provides an intriguing strategy for the

continuous acquisition of hydrogen fuel from infinite seawater without any external power grids.

1. Introduction

Hydrogen has been widely considered a potential substitute for fossil
fuels due to its high energy density, reproducibility, and COq-free
emission, which is thus believed to be capable of resolving the
increasingly serious energy and environment issues [1-4]. Among
various hydrogen production technologies, water electrolysis has been
developed as the most promising route for the continuous and efficient
acquisition of hydrogen [5-7]. More meaningfully, when the water
electrolysis system is directly fed with seawater, it would make full use
of this unlimited natural resource while saving precious freshwater
resource (<2.75% of surface water) [8-11]. However, for most of the
currently developed water/seawater electrolysis systems, external
power grids are necessarily required to drive the electrolysis process,
which not only causes large extra electricity consumption but also cre-
ates challenges to implementation of mobile and undersea facilities [6,7,
12]. Therefore, it is highly desirable to design self-powered water/sea-
water electrolysis systems for continuous and efficient hydrogen
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generation.

Various self-powered systems have been studied for electronic or
electrochemical applications [13-21]. Among them, some self-powered
systems have shown capability of hydrogen production [16-19,22-25].
For example, Wang and Xi et al. developed self-powered water splitting
systems driven by triboelectric nanogenerator (TENG) [19,23,26]. Guo
et al [27]. and Xue et al [28]. designed Zn-air batteries driven
self-powered water splitting devices for hydrogen generation. To ach-
ieve uninterrupted hydrogen production, Yao et al. successfully assem-
bled an integrated self-powered water-splitting system consisting of
solar cells and Ni-Zn batteries [29]. Very recently, hydrazine fuel cells
(DHZzFCs) driven self-powered water/seawater electrolysis systems have
also been successfully designed for hydrogen production [17,18,30].
Despite the above breakthroughs, currently reported self-powered
water/seawater electrolysis systems have a few unsatisfactory charac-
ters, such as the intermittent and unstable hydrogen generation,
involvement of toxic and inefficient materials, and inapplicablility for
deep undersea apparatuses. Therefore, rational design of novel
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self-powered water/seawater electrolysis systems that can avoid the
above drawbacks is highly desirable, yet remains challenging.

Mg/seawater batteries operating with seawater as both the electro-
lyte and cathodic reactant (H;0 — Hy + OH'), can not only generate
electricity but also produce hydrogen at the cathode, as illustrated in
Fig. 1a. Taking advantages of an open-structured design and seawater as
the electrolyte, Mg/seawater batteries are a promising power source for
deep-sea apparatuses in a long-term operation. By combining a seawater
battery pack with a seawater electrolyzer, as illustrated in Fig. 1b, a Mg/
seawater battery driven self-powered seawater electrolysis system could
be achieved, which could potentially work under deep seawater envi-
ronment. More intriguingly, since hydrogen can be generated from the
cathodes of both the seawater electrolyzer and the Mg/seawater battery,
a high total hydrogen production rate is highly expected to obtain from
this self-powered seawater electrolysis system.

Motivated by this idea with strong support of our previous works on
seawater splitting and Mg/seawater batteries [31,32], herein we
demonstrate a Mg/seawater battery driven self-powered direct seawater
electrolysis system, which realizes continuous hydrogen production, and
hold potential for mobile and undersea apparatus applications. To prove
the concept of self-powered system, we constructed MoNi/NiMoO4
heterostructure to catalyze the HER occurred at the cathodes of both the
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Mg/seawater batteries and the seawater electrolysis unit. The MoN-
i/NiMoOj4 heterostructure is rationally designed considering that the
charge transfer of the HER across the interface could be facilitated by a
built-in electric field established at the MoNi/NiMoO,4 interface
benefiting from the Schottky-junction-like structure. Moreover, the
formed Schottky-junction-like heterostructure could also endow the
MoNi and NiMoOy surface with local electrophilic and nucleophilic re-
gions, respectively, which is expected to greatly benefit water dissoci-
ation. As demonstrated, the MoNi/NiMoOQO4 heterostructure electrode
exhibits comparable HER in both alkaline and seawater media as
compared with Pt catalysts, with a low overpotential of only 29 and
256 mV at 10 mA cm ™2, respectively. A Mg/seawater battery fabricated
with the MoNi/NiMoO4 cathode achieves a peak power density up to
21.08 mW cm ™2, which is among the highest performances ever re-
ported. In particular, the designed Mg/seawater batteries drive the
self-powered seawater electrolysis system with the MoNi/NiMoO4
cathode to yield a high hydrogen evolution rate of 12.11 mL cm ™2 h™?
and conversion efficiency of Mg-to-hydrogen up to 83.97%, which sur-
passes most of the state-of-the-art self-powered hydrogen production
systems.
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Fig. 1. (a) Illustration of the structure and working principle of the Mg/seawater battery. (b) Illustration of the Mg/seawater battery driven self-powered seawater

electrolysis system.
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2. Experimental methods
2.1. Synthesis of MoNi/NiMoQy electrode

MoNi/NiMoOy electrode was prepared by a hydrothermal reaction
and subsequent annealing reduction strategy, as illustrated in Fig. 2a.
Briefly, a commercial nickel foam (NF) substrate was cleaned by being
successively washed with acetone, ethanol, 3 M HCl aqueous solution
and deionized water for 15 min, and dried in vacuum for use. Then, a
piece of cleaned NF (2 x4 cm?) was immersed in 5 mL of H>0 and 25 mL
of absolute alcohol containing 0.206 g (NH4)¢Mo07024.4 H20O and 0.01 g
NH4F in a Teflon-lined autoclave. Subsequently, the autoclave was
heated to 150 °C and kept for 8 h in an oven. After cooled down to room
temperature, the NF with NiMoO4 precursors was obtained, which was
washed with deionized water and annealed at 450 °C for 2 h in Hy/Ar
atmosphere to obtain a NF with MoNi/NiMoO4 heterostructures grown
on surface. As a control experiment, NiMoO4 precursors grown on NF
was directly used as electrode. A Pt/NF electrode with a catalyst loading
of 0.5 mg cm~2 was also prepared by casting the catalyst ink of 0.5 mg
commercial Pt/C (20%) in 950 pL ethanol and 50 pL Nafion solution
(5 wt%) on the NF (1 x1 cm?).
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2.2. Materials characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku D-max-y
X-ray diffractometer with Cu-Koa X-ray radiation (A = 1.5418 10\). Scan-
ning electron microscopy (SEM) images and energy dispersive X-ray
(EDX) analysis were conducted using JEOL JSM-6700 F field-emission
scanning electron microscope. Transmission electron microscope
(TEM) and high-resolution TEM (HRTEM) images were characterized
with a JEOL JEM-2100 transmission electron microscopy. X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoemission spec-
troscopy (UPS) were performed on a Thermo Scientific ESCALab250Xi
using monochromated Al Ka radiation. The UV-visible extinction
spectrum was recorded on a Hitachi U-3900 UV-Vis spectrophotometer.
Photoluminscence (PL) spectra were collected from a fiber optic spec-
trometer (Ocean Optics, QE65000) with an excitation wavelength of
435 nm.

2.3. Electrochemical characterization

The electrochemical measurements were carried out on an electro-
chemical workstation (CHI760E, CH Instruments, Shanghai) in a
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Fig. 2. (a) Schematic illustration for the synthesis of the MoNi/NiMoO,4 heterostructures. (b) SEM, (c) TEM and (d) HRTEM images and the SAED patterns of MoNi/
NiMoO, heterostructures. (e) SEM image and (f-h) corresponding EDX elemental mappings of the MoNi/NiMoO, heterostructures.
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conventional three-electrode system. The as-prepared NF sheet with
MoNi/NiMoO4 on surface was used as working electrode with 1.0 M
KOH solution or simulated seawater (0.5 M NaCl) as the electrolytes. A
saturated calomel electrode (SCE) and a Hg/HgO electrode were served
as the reference electrode in seawater and 1 M KOH, respectively. All
potentials were iR-corrected and converted to potential vs. reversible
hydrogen electrode (RHE). The linear sweep voltammetry (LSV) curves
were recorded at a scan rate of 5 mV s~! in electrolytes after saturation
with Ny for 30 min. The electrochemical impedance spectroscopy (EIS)
was carried out at the open circuit voltage with a frequency range of
100 kHz-100 mHz. The capacitances of the double layer (Cq)) were fitted
by measuring the CVs in the potential window without faradic processes
at scan rates of 20, 40, 60, 80, 100 mV s~L. Photocurrent measurement
was obtained at the bias potential of 0 V vs. RHE under irradiation of a
500 W Xe lamp fitted with light intensity of 100 mW cm™ 2.

2.4. Fabrication and tests of the Mg/seawater battery and self-powered
seawater electrolysis system

For convenience in this work, the electrode occurring reduction re-
action is denoted as cathode and oxidation reaction as anode for both
battery and electrolyzer. The Mg/seawater battery was fabricated using
a homemade flow cell with MoNi/NiMoO4 grown on NF as the cathode,
a Mg alloy sheet (AZ31) as the anode, and simulated seawater (0.5 M
NaCl) as the electrolyte. Both the anode and cathode electrodes have a
working area of 5 cm?, and the electrode distance was 2 mm. A seawater
electrolysis system was fabricated using a water electrolysis apparatus
with MoNi/NiMoO4 grown on NF as the cathode, commercial Ir/C
loaded on NF as the anode, and alkaline seawater (1 M KOH + 0.5 M
NaCl) or natural seawater (pH 8.2) as the electrolyte. For natural
seawater, it was collected from the Yellow Sea (Qingdao, China) and
filtered to remove visible impurities before use. The self-powered
seawater electrolysis system was built by combining the seawater elec-
trolysis system with a Mg/seawater battery pack. The Mg/seawater
battery performance was evaluated using a battery testing system (CT-
4008-5V6A-S1-F, Neware Company). The volume of the produced
hydrogen was measured by the drainage method.

3. Results and discussion

3.1. Synthesis and characterization of the MoNi/NiMoO4
heterostructures

The MoNi/NiMoOy4 heterostructures were prepared according to the
synthetic route illustrated in Fig. 2a. Firstly, NiMoO4-xH2O precursors
were prepared by a hydrothermal method. Then, the NiMoO4-xH20
precursors were subsequently annealed under Hy/Ar atmosphere at
450 °C for 2 h to obtain the MoNi/NiMoO4 heterostructures. XRD data
indicate that the hydrothermal product can be well assigned to the
NiMoO4xH20 (JCPDS No.13-0128, Fig. S1). After annealing in
reducing atmosphere (Hy/Ar), orthorhombic MoNi (JCPDS
No0.65-6903) and monoclinic NiMoO4 (JCPDS No0.86-0362, Fig. S1)
appeared, as confirmed by the XRD pattern in Fig. S1, suggesting the
successful transformation of NiMoO4-xH20 into MoNi/NiMoO4 com-
posite. SEM images (Fig. S2) indicate that the NiMoO4-xH,0 precursors
are vertically grown on the NF and display a nanorod morphology with
smooth surface. By contrast, the MoNi/NiMoO4 composites demonstrate
the similar nanorod morphology, but with much rougher surface, as
shown in Fig. 1b. TEM was performed to further investigate the detailed
structure of the MoNi/NiMoO4 composite. As shown the TEM image
(Fig. 1c), most nanoparticles with sizes of 5-10 nm can be observed
anchoring on the surface of the nanorod. In the HRTEM image (Fig. 1d),
the crystal lattice fringes reveal interplanar spacing of 2.19 A, corre-
sponding to the (322) planes of MoNi alloy, indicating these nano-
particles are MoNi nanocrystals. These lattice fringes with interplanar
spacing of 2.09 A can be assigned to the (210) planes of NiMoOs.
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Meanwhile, it can be observed that the MoNi alloy and NiMoO4 semi-
conductor have formed an intimate contact but with a clear interface
between them, indicating the formation of the MoNi/NiMoO4 hetero-
structures. In addition, selected area electron diffraction (SAED) pat-
terns (inset in Fig. 1d) further confirm the coexistence of the MoNi and
NiMoO4 phases, which is in accordance with the HRTEM and XRD re-
sults. Moreover, as shown Fig. 1e-h, EDX analysis verifies that Mo, Ni
and O elements are uniformly distributed in the entire MoNi/NiMoO4
nanorods, suggesting the formed MoNi/NiMoO4 heterostructures are
ultrafine and sufficiently exposed on the surface.

Furthermore, the surface composition and chemical valence states of
parent NiMoO4 and MoNi/NiMoO4 composites were investigated by
XPS. The survey XPS spectra show obvious characteristic peaks of Mo, Ni
and O in all the investigated samples (Fig. S3), confirming these
component elements. Fig. 3a and b show the high-resolution Mo 3d and
Ni 2p spectra of NiMoO4 and MoNi/NiMoOy, respectively. For NiMoOa,
the Mo 3d spectrum (Fig. 3a) displays two peaks at 231.9 eV (Mo®" 3ds,
o) and 235.1 eV (Mo6+ 3ds/2) [33,34], and the Ni 2p spectrum (Fig. 3b)
displays two groups of spin-orbit peaks, that is, two peaks at 855.7 eV
(Ni%™ 2p3/9), 873.4 €V (Ni®* 2p;0) and the two satellite peaks at
861.3 eV and 879.4 eV [35]. For MoNi/NiMoOy, in addition to the peaks
corresponding to Mo®' and Ni?*, new peaks corresponding to Mo®*
(230.2/233.4 eV), Mo*" (228.9/232.1 eV), Mo® (227.8/231.1 eV), and
Ni° (852.3/869.5 eV) are observed [35,36]. Note that, the peaks of Mo°
and Ni° confirm the formation of metallic MoNi alloy, which is consis-
tent with the TEM and XRD results. Additionally, the peaks of Mo®" and
Mo** indicate the existence of abundant oxygen vacancies in the
MoNi/NiMoO4 composite, as verified by the appeared peak at 531.4 eV
in its O 1 s spectrum (Fig. 3c) [37].

To investigate the interfacial interactions and energy band diagrams
of the MoNi/NiMoO,4 heterostructure, UPS and UV-visible extinction
spectra of MoNi and NiMoO4 were collected (Fig. 3d and Fig. S4). As
shown in Fig. 3d, the UPS spectra indicate that the secondary electron
cutoff point (Ecyiof) of MoNi and NiMoOy4 is 17.90 and 17.51 eV,
respectively. The work function (®) is thus determined to be 3.32 eV for
MoNi and 3.71 eV for NiMoOy, respectively, according to the formula
@ = hv-Ecyoff + Er [38], where the hv = 21.22 eV, Eg = 0 eV in our case.
Since the work functions of MoNi is lower than that of NiMoOy4 (Fig. 3e),
electrons can flow from MoNi to NiMoO, across the interface of MoN-
i/NiMoOy to achieve an equilibrium, thus resulting in the band bending
and Schottky barrier (Fig. 3f). This can lead to a built-in electric field at
the MoNi/NiMoO4 Schottky interface, which could significantly pro-
mote the charge separation/transportation and electrode kinetics [39,
40]. This is also supported by the much quenched PL intensity and high
photocurrent density of MoNi/NiMoO4 as compared with pure NiMoOy4
(Fig. S5). Therefore, the above results reveal that MoNi/NiMoO,4 het-
erostructures with Schottky-junction-like interfaces have been success-
fully constructed.

3.2. Electrochemical HER performance of the MoNi/NiMoOy
heterostructures

High HER activity is of great importance for a Mg/seawater battery,
which would guarantee low cathodic polarization during discharging
and thus high overall battery performance. Therefore, we evaluated the
HER activities of MoNi/NiMoO4 heterostructures in both 1.0 M KOH
and simulated seawater. The MoNi/NiMoO4 heterostructures prepared
with different annealing temperatures (350, 450, and 550 °C) were
firstly evaluated in 1.0 M KOH by LSV measurements. The results in
Fig. S6 show that the MoNi/NiMoOy heterostructures treated under
450 °C achieved the best HER activity. Therefore, 450 °C was chosen as
the annealing temperature to prepare the MoNi/NiMoO4 hetero-
structures. In addition, blank NF, NiMoO4 precursor, and commercial
Pt/C (20 wt%) were also evaluated for comparison. Fig. 4a and
d represent the LSV curves in 1.0 M KOH and simulated seawater for all
the tested samples. As can be seen, the HER occurred on blank NF and
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NiMoOy4 precursor demonstrate very high overpotentials, indicating the
poor HER activity. Remarkably, the MoNi/NiMoO4 heterostructures
exhibit an overpotential of only 29 and 256 mV to obtain the current
density of 10 mA cm™2 in 1.0 M KOH and simulated seawater, respec-
the HER performance of MoNi/NiMoO4

tively.

Interestingly,

heterostructures is superior to that of the Pt/C catalyst that requires an
overpotential of 47 and 322 mV to obtain the current density of
10 mA cm~2 in 1.0 M KOH and simulated seawater, respectively, indi-
cating the excellent HER activity can be achieved on the hetero-
structures. It is worth mentioning that, the superior HER activity of the
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MoNi/NiMoO4 heterostructures in seawater outperforms most of the
state-of-the-art HER electrocatalysts investigated in seawater media, like
Ni-MoO; (412mV) [31], CoP/CoyP (454 mV) [32], CoMoP@C
(450 mV) [41], and MooC-MoP (346 mV) [42] (see Table S1 for details).
The remarkable HER activity of the MoNi/NiMoO4 heterostructures is
embodied by the Tafel plots. As shown in Fig. 4b and e, the Tafel slope of
MoNi/NiMoO, heterostructures is 46.3 and 107 mV dec™ ! in alkaline
and seawater media, respectively, which is much lower than that of the
NiMoO4 and commercial Pt/C, indicating more favorable HER Kkinetics.
Since the Tafel plots are in the theoretical value range of 40-120 mV
dec™!, suggesting the HER on the MoNi/NiMoO, heterostructures fol-
lows a Volmer-Heyrovsky mechanism in alkaline and seawater media
[32]. Furthermore, the stability of MoNi/NiMoO4 heterostructures was
examined at the current density of 10 mAcm™2 using chro-
nopotentiometry test. Fig. 4c and f shows the chronopotentiometric
curves recorded in 1.0 M KOH and simulated seawater, respectively,
which demonstrate no obvious degradation during long term electro-
catalytic process of 24 h, indicating the excellent stability. SEM image
and XPS characterizations show that the main composition and phase of
MoNi/NiMoO4 heterostructures are well maintained after 24 h opera-
tion in simulated seawater (Fig. S7 and S8), confirming the stability of
the MoNi/NiMoO, heterostructures in seawater medium.

To probe the origin of the superior HER activity of MoNi/NiMoO4
heterostructures, electrochemical double-layer capacitance (Cq) was
performed to evaluate the electrochemical surface area (ECSA). It turned
out that MoNi/NiMoOy4 heterostructures demonstrate large Cq; of 281.6
and 110.5 mF cm™2 in alkaline and seawater media, respectively, which
is over 23 times and 8 times higher than that of the NiMoO4 precursor
(Fig. S9). This indicates that the MoNi/NiMoO4 heterostructures possess
much more exposed active sites and enhanced anion accessibility for
HER, which probably stem from the abundant interfaces and oxygen
vacancies existed in the heterostructures. Additionally, to evaluate the
intrinsic activity of catalysts, the values of exchange current density (jo)
on various catalysts were calculated by extrapolating the Tafel plots in
1.0 M KOH. As shown in Fig. S10, the jo value of MoNi/NiMoO4 heter-
ostructures is 2.57 mA cm~2, which is much larger than that of the
NiMoO4 (0.72 mA ecm2) and commercial Pt/C (1.62 mA cm’z),
corroborating the high intrinsic activity. To gain deep insights into the
HER kinetics of the samples, EIS measurement was performed in 1.0 M
KOH and simulated seawater. Fig. S11 shows the Nyquist plots which
reflect the solution resistance (Rg) and charge transfer resistances (Re).
Obviously, with MoNi/NiMoO4 heterostructures, the Ry and R are
much lower than with NiMoOy, indicating the more rapid electron
transfer and thus faster kinetics for HER with the former.

Based on the above experimental results, the excellent HER perfor-
mance in both alkaline and seawater media for MoNi/NiMoO4 hetero-
structures can be attributed to the following aspects: (i) the three-
dimensional NF substrate guarantees large ECSA, abundant active
sites, and facile release of generated gas bubbles (Fig. 2b and Fig. S9); (ii)
the Schottky-junction effect between MoNi alloy and NiMoO4 semi-
conductor not only significantly promotes the charge separation/trans-
portation (Fig. S5), but also greatly endows the MoNi and NiMoO4
surface with local electrophilic and nucleophilic region, and thus
accelerating the water dissociation and electrode kinetics (Fig. 4b and
e); (ii) the abundant interfaces and oxygen vacancies existed in the
MOoNi/NiMoO4 heterostructures provide additional active sites and
enhance the electrical conductivity and electron transfer for HER
(Fig. 2¢, Fig. 3c and Fig. S11).

3.3. Evaluation of Mg/seawater battery with a MoNi/NiMoO4
heterostructure cathode

Given the excellent HER activity of MoNi/NiMoO4 heterostructures
in simulated seawater, we further demonstrate its practical application
in Mg/seawater batteries. To this end, we assembled a Mg/seawater
battery with MoNi/NiMoOj4 heterostructures as the cathode, a Mg alloy
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sheet (AZ31) as the anode, and simulated seawater as the electrolyte. For
comparison, the Mg/seawater battery assembled with a blank NF cath-
ode, a NiMoOy4 cathode or a commercial Pt/C catalyst cathode, respec-
tively, were also evaluated. The recorded discharging curve and the
corresponding power density curve of the as-assembled Mg/seawater
battery are presented in Fig. 5a. The open circuit voltages (OCVs) for
Mg/seawater battery with different cathodes reach up to 1.18-1.56 V.
The ultrahigh OCVs are believed to be attributed to the existence of
dissolved oxygen in the electrolyte, which drop rapidly as the dissolved
oxygen is consumed [43]. Then, with the discharging current density
increasing the discharging voltage decreases linearly. From the corre-
sponding power density curves, we can see that the as-assembled
Mg/seawater battery with the MoNi/NiMoO4 heterostructures cathode
exhibits a maximum output power density up to 21.08 mW em ™2, which
is much superior to that of the Mg/seawater batteries with the blank NF
cathode (2.91 mW cm’z), the NiMoO4 cathode (3.32 mW cm~2) and the
commercial Pt/C cathode (12.9 mW cm~2). Of note, this value is among
the best performances of Mg/seawater batteries ever reported (see de-
tails in Table S2, Supporting Information) [31,32,43,44]. Moreover,
Fig. 5b shows the long-term discharging ability of the Mg/seawater
battery with MoNi/NiMoO,4 heterostructures cathode under galvano-
static discharging at 3 mA cm™2 for 100 h. As seen, the output voltage of
the Mg/seawater battery stabilizes in the range from 0.61 to 0.54 V
during the 100 h discharging, indicating the excellent stability, which is
consistent with the outstanding long-term half-cell HER performance in
seawater media (Fig. 4f). To demonstrate the applicability for the energy
supply in practice devices, a Mg/seawater battery pack was assembled
by connecting four Mg/seawater single batteries with MoNi/NiMoO4
heterostructure cathodes together in series. Fig. 5¢ shows an illustration
of the assembled Mg/seawater battery pack, which exhibits a high OCV
of 2.32V. Moreover, as presented in Fig. 5d, the as-assembled
Mg/seawater battery pack is able to power the light-emitting diode
(LED) display screen, suggesting its potential practical applications.

3.4. Demonstration of Mg/seawater battery driven self-powered seawater
electrolysis system

Inspired by the excellent Mg/seawater battery performance, we
further demonstrate the potential application in seawater electrolysis for
hydrogen production. Since both the Mg/seawater battery and seawater
electrolysis system involve a HER cathode and seawater electrolyte, it is
highly intriguing to integrate them together, thus achieving efficient
acquisition of hydrogen from seawater. Therefore, as a proof-of-concept,
we constructed a Mg/seawater battery pack driven self-powered
seawater electrolysis system, which contains a Mg/seawater battery
pack, alkaline seawater electrolyzer, and gas collection setups for col-
lecting the hydrogen generated from the HER cathodes of alkaline
seawater electrolyzer and Mg/seawater batteries. Fig. 6a shows the
photograph of our constructed Mg/seawater battery driven self-powered
seawater electrolysis system. As seen in Movie S1 and S2 (Supporting
Information), continuous bubbling can be clearly observed under
working conditions, suggesting the feasibility of the developed system
for real-time and continuous hydrogen generation from seawater. To
evaluate the hydrogen yield of the whole system, the volumes of
hydrogen generated from the Mg/seawater battery and the cathode of
seawater electrolyzer were recorded at different time, as shown in
Fig. 6b and c. Then the hydrogen production rate per unit area of the
HER cathode was calculated. The final results are presented in Fig. 6d,
from which a linear scaling can be observed between the hydrogen yield
and time. It is calculated that the hydrogen production rate for the Mg/
seawater battery and cathode of seawater electrolyzer is 3.52 and
8.59 mL cm~2 h™}, respectively, resulting in a total hydrogen produc-
tion rate of the integrated system up to 12.11 mL cm ™2 h™!, which is
highly competitive among those state-of-the-art self-powered hydrogen
production systems [16,28,29,45-47].

Supplementary material related to this article can be found online at
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Fig. 5. (a) Discharging curves and the corresponding power density curves of the Mg/seawater battery with various cathodes. (b) Stability test of the Mg/seawater
battery with a MoNi/NiMoO, heterostructures cathode at the current density of 3 mA cm~2. (c) Open circuit voltage of the as-fabricated Mg/seawater battery pack
with MoNi/NiMoO, heterostructure cathodes. (d) Photograph of a LED display screen powered by the Mg/seawater battery pack with MoNi/NiMoO,4 hetero-

structure cathodes.

doi:10.1016/j.nanoen.2022.107295.

To better understand the performance parameters of the novel sys-
tem, the conversion efficiency (CE) of Mg-to-hydrogen was carried out
according to the following equation:

Moles of generated H,
Moles of consumed Mg

V/Vn x 100%

k= = (o)

x 100%

where, V is the volume of collected Hy, V, is the molar volume of gases,
mg and m is the Mg anode weight before and after discharging, respec-
tively, and M is the molar weight of Mg. According to the above equa-
tion, with a given Mg anode, a high hydrogen generation rate
corresponds a high CE, meaning the cathodes of the self-powered
seawater electrolysis system showed a high HER activity. In our case,
the CE of the as-developed system is up to 83.97%, confirming the high
HER activity of the MoNi/NiMoOj4 heterostructure cathodes. To get a
thorough understanding of the system, we further evaluate the perfor-
mance of the self-powered seawater electrolysis system with natural
seawater (see Fig. S12). It turned out that the total hydrogen evolution
rate and CE of the system are calculated to be 9.28 mL cm ™2 h™! and
68.16%, respectively, which are lower than that of the system with
alkaline seawater, due to the inferior HER and battery performance of
MOoNi/NiMoOy4 cathode in natural seawater (see Fig. S13). It is easy to
understand that with real seawater, the HER kinetics is rather slow due
to the lack of protons or hydroxyl ions, on the other hand, the dissolved
cations (Mg2+, Ca?, and etc.), bacteria/microbes and small particulates
could inevitably cause cathode blocking and corrosion [8,10], all of
which result in the poor battery and HER performances and thus the low
hydrogen evolution rate and CE of the whole system. However, it is

believed that these adverse substances could be effectively relieved by
vast mass of flowing seawater under real undersea environment, thus a
better performance could be expected for the system.

Overall, whether compared with the state-of-the-art hydrogen stor-
age technologies or self-powered hydrogen production systems, our
newly developed system takes three significant advantages: (i) it can act
as an instant hydrogen production technology, which thus can save the
cost of storage and transportation in hydrogen utilizations; (i) it can
realize continuous production of high-purity hydrogen from the in-situ
seawater without any external power supplies, which has potential ap-
plications in mobile and even undersea apparatuses; (iii) it can work
under normal temperature and pressure, and the whole process only
consumes seawater and Mg resources, which is completely recyclable
and environmentally friendly. Therefore, our strategy is of great
importance for multiple industrial and military applications.

4. Conclusions

In summary, we successfully developed a Mg/seawater battery
driven, self-powered seawater electrolysis system for hydrogen pro-
duction based on a MoNi/NiMoQO4 heterostructure cathode. The MoNi/
NiMoO4 heterostructure electrodes exhibited excellent half-cell HER
performance with overpotential of only 29 and 256 mV at 10 mA cm ™2
in alkaline and seawater media, respectively. A Mg/seawater battery
coupling with MoNi/NiMoO4 heterostructure cathode achieved a peak
power density up to 21.08 mW cm ™2, which is the best Mg/seawater
battery performance ever reported. In particularly, the designed Mg/
seawater batteries driven self-powered seawater electrolysis system
yielded a total hydrogen evolution rate of 12.11 mLem 2 h™' and
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Fig. 6. (a) Photograph of the as-assembled Mg/seawater battery driven self-powered seawater electrolysis system. Photographs of the gas collection tubes at different
time connected with (b) the Mg/seawater battery pack and (c) the cathode of the seawater electrolyzer. (d) The hydrogen production rates for the Mg/seawater

battery driven self-powered seawater electrolysis system.

conversion efficiency of Mg-to-hydrogen up to 83.97%. This work pro-
vides an innovative and efficient route to real-time acquisition of
hydrogen from seawater without any external power grids, thus holding
great promise for the efficient conversion and utilization of the infinite
seawater resource.
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