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Moreover, ultrahigh pressure of 1100 bar in the deep-sea simulated condition brings
negligible effects on the performance of battery and electrodes. The influence of low
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Introduction
With the increasing of ocean exploration in scientific
research, resource utilization and military defense, a large
number of devices, such as the autonomous or unmanned
underwater vehicles (AUVs or UUVs) [1], manned submersible
[2,3] and deep-sea lander [4], have been for underwater
application. Along with these devices, the power sources [5e8]
with high specific energy and good environmental adaptability are especially urgent due to the extreme conditions of

high pressure and low temperature [9,10] for long operation
time in the deep-sea application [11]. The depth of the deepest
ocean is about 11,000 m, where the pressure is roughly
1100 bar. Such a high pressure may destroy the battery
structure and lower the discharge performance [12]. To avoid
the pressure influence, thick pressure-proof hulls were used
to protect the batteries [13]. However, the specific energy of
power sources would be reduced obviously owing to the extra
weight. Developing a seawater utilization battery with open
construction is one of effective approaches to solve the
problem above.
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The Mg is an excellent electrode material due to its high
specific capacity (2200 mA h g1), low cost, and good electrochemical activity in seawater [14,15]. Thus, Mg-based batteries
are appropriate to the ocean environment [16]. Many kinds of
Mg-based batteries had been explored, such as magnesium
seawater activated battery [17], magnesium/hydrogen
peroxide semi-fuel cell [18] and magnesium/dissolved oxygen
battery [19,20]. Among above batteries, the magnesium/dissolved oxygen battery is the only one that takes oxidant from
seawater. Therefore, the magnesium/dissolved oxygen battery with high specific energy and relatively simple structure
have been applied successfully in the deep-sea [21]. However,
the concentration of the dissolved oxygen in the ocean is low
and uneven [11], which seriously reduces its volume power
density and limits its application in the broad ocean.
Using water as the cathode oxidant directly seems to be an
attractive idea to overcome the troubles caused by the concentration limitation of dissolved oxygen of the magnesium/
dissolved oxygen battery. Such a battery can be denominated
as Mg/H2O battery (Fig. 1), as the other metal/water batteries
[22,23]. On account of that hydrogen is produced on cathode,
this battery was designed as a hydrogen generator for PEMFCs
[24]. However, Mg/H2O battery can be a promising power
source [25] by itself because its theoretic specific energy reaches 4090 W h kg1.
To achieve a better performance for Mg/H2O battery,
decreasing the cathode polarization of HER and increasing the
anode current efficiency respectively, are of great importance.
Although platinum modified nickel foams (PteNF) prepared by
facile chemical [26,27] or electrochemical [28] deposition are
widely used for HER electrodes, the electrochemical performance of HER is poor with low Pt loading [27,29]. Subbaraman
et al. [30e32] found that moderate Ni(OH)2 modified Pt can
obviously enhance the HER electrocatalytic activity in alkaline
condition. Besides, the surface of NF can be oxidized into
Ni(OH)2 under wet condition [33], and the quantity of Ni(OH)2

can be controlled by the oxidation time [34]. In this way, the
cathode loading of Pt may be decreased when the PteNF
electrode modified with moderate Ni(OH)2 [35,36]. In the case
of anode, a higher current efficiency and a more negative
potential are preferred to attain a higher specific energy of the
Mg/H2O battery. However, the current efficiency of pure Mg is
too low (~13%) for the battery under long time discharge [20].
Compared with pure Mg, the AZ-series Mg alloys (AZ alloys)
are of great corrosion resistance in seawater [37] or under high
current density [17]. Nevertheless, the anode efficiencies of AZ
alloys are undefined at low current density during long operation time in seawater. Accordingly, it is valuable to construct
the Mg/H2O battery with adequate electrodes materials.
In this work, we fabricated Mg/H2O batteries with simple
structure using pure Mg or AZ alloys as the anodes and PteNF
as the cathode. The performance of Mg/H2O batteries using
different anodes and cathodes was evaluated. Then, the
anode efficiencies, as well as the effects on the battery specific
energy were investigated in detail. After that, the influences of
the pressure and temperature similar to the extreme condition of the deep-sea on the battery, electrodes and electrolyte,
respectively, were discussed to determine the major factor
affecting the battery performance. Finally, a longtime
discharge was carried out to test the stability of the battery.

Experimental
Preparation and characterization of electrodes
The cathode (PteNF) was prepared by a simple chemical
deposition method. The nickel foam (thickness: 1.7 mm, surface density: 320 g m2, Tianyu Technology, Shandong) was
cut into 20  50 cm2 firstly, then immersed in 1 mol L1 HCl for
60 min, and washed with deionized water (DI water) for three
times, then immediately immersed in 500 mL aqueous

Fig. 1 e The structure and working principle of Mg/H2O battery.
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solution of 0.5 mmol L1 H2PtCl6 and 5 mmol L1 HCl for 24 h
under 20 ± 1  C. Finally, it was washed by DI water three times
and dried under ambient temperature for 12 h. The anodes
(Shanxi Yinguang Magnesium Ltd. China) of pure Mg and AZ
alloys (AZ31, AZ61 and AZ91 prepared by rolling technology)
were cut into designed size and polished before use.
The cathode loading of Pt (40.5 ± 0.2 mg cm2) and the
chemical composition of the anodes listed in Table 1 were
measured by inductive coupled plasma emission spectrometer (ICP-OES, PerkinElmer, 7300DV). The morphology of the
cathodes before and after pressure treatment was characterized by scanning electron microscope (SEM, JSM-7800F).

atmosphere, which is not supplied by the device.). Under each
pressure, the polarization and discharge performances were
tested.

Results and discussion
Performance of electrode materials
In order to heighten the battery performance, PteNF cathode
with the Pt loading of 40.5 ± 0.2 mg cm2 and different anodes
(pure Mg or AZ alloys) were used as the electrode materials,
and the polarization curves and the corresponding power
density plots of the Mg/H2O batteries are presented in Fig. 2. It
can be seen from Fig. 2a that the battery with the PteNF
cathode exhibits an obviously better performance
(10.5 mW cm2 at 40 mA cm2) compared with that of the NF
cathode (3.3 mW cm2 at 20 mA cm2). The battery voltage at
1 mA cm2 is around 0.61 V when the PteNF cathode and AZ61
anode are used. It should be noted that the open circuit
voltage (OCV) is probably not accurate resulting from the existence of dissolved oxygen in the electrolyte [24]. Like traditional magnesium seawater batteries [19,38], excellent
seawater corrosion resistance for the anode of Mg/H2O battery
is sorely required. It had been proved by previous references
[37,39,40] that commercial AZ alloys manufactured by rolling
technology exhibit low self-corrosion rate and high corrosion
potential, which are suitable to serve as the anodes of the Mg/
H2O batteries. Herein, we constructed Mg/H2O batteries with
different AZ alloys as the anode paired with the PteNF cathode. Compared with pure Mg anode, the battery performance
with the anodes of AZ alloys is decreased as shown in Fig. 2b.
The voltage of the battery with pure Mg anode is around 0.75 V
at 1 mA cm2, which is much higher than that of AZ alloy
anodes. However, the voltage differences are reduced with the
increase of current density.
The galvanostatic discharge performance, anode efficiency
and the specific energy of the Mg/H2O batteries with different
anodes are shown in Fig. 3. To reduce the effect of the dissolved oxygen in the electrolyte on the OCV, the batteries were
discharged at 2.5 mA cm2 for 2 min to deplete the dissolved
oxygen prior to the regular tests. As shown in Fig. 3a and b, the
voltage of battery with pure Mg is higher than those of AZ
alloys for about 80e100 mV at both current density of
1.0 mA cm2 and 2.5 mA cm2 throughout the discharge
process, resulting from the mixed potential generated by the
formation of alloy phases in the anode. It is also pointed out
that the voltage waves of about 30 mV during the discharge
are associated with the operation temperature. As mentioned
above, anode efficiency is crucial to the specific energy of the

Electrochemical measurement of electrodes and Mg/H2O
batteries
The electrodes were tested in the three-electrode electrochemical cell setup with saturated calomel electrode (SCE) as
the reference electrode, a stainless steel sheet as the counter
electrode and 3.5 wt% NaCl solution as the electrolyte using an
electrochemical workstation (1287A and 1260A, Solartron).
The work electrode was the cathode with a working area of
1  1 cm2 (cut from the large cathode as made) or the anode
with 0.5  0.5 cm2. The current density was normalized by
geometrical area of the electrodes. The holding time of galvanostatic method for each current value was 120 s except for
anodes pressure experiment (1000 s).
Mg/H2O batteries tests were performed by home-made
Mg/H2O cells with 3.5 wt% NaCl electrolyte solution as a
substitution for seawater using the Battery Testing System
(BTS-5V50 mA and BTS-5V500 mA, Neware). The cathode
(working area of 2  2 cm2 which is the same to the anode)
was cut from the large one as described before. The distance
between cathode and anode was 2.0 ± 0.1 mm except for the
pressure experiments (3.3 ± 0.1 mm). The operation temperature for the polarization tests was controlled (15 ± 1  C)
while the constant current discharge of the batteries was
conducted under ambient temperature (15 ± 4  C). The electrochemical impedance spectroscopy (EIS) measurements
were conducted at 0.6 V for the batteries with the frequency
ranging from 100 kHz to 0.1 Hz and AC voltage amplitude
of 5 mV.
The batteries pressure tests were performed via the deepsea ultrahigh pressure simulation test device (Maximum
pressure: 1300 bar, Institute of Deep-sea Science and Engineering, Chinese Academy of Science). The batteries and
related electrodes were put into an airtight rubber box filled
with 3.5 wt% NaCl solution. The supplied pressure for the
battery was from 1 bar to 10, 30, 100, 300 and 1100 bar, finally,
backed to 1 bar (The pressure of 1 bar is the value of

Table 1 e Chemical composition (wt%) of pure Mg, AZ31, AZ61 and AZ91 Mg alloys according to ICP-OES.
Materials
Pure Mg
AZ31
AZ61
AZ91

Al

Zn

Mn

Si

Cu

Ni

Fe

Mg

0.003
3.05
6.20
8.80

0.006
0.82
0.74
0.71

0.0039
0.40
0.23
0.19

0.003
0.02
0.04
0.029

0.003
0.003
0.003
0.002

0.0007
0.0012
<0.001
<0.001

0.0047
0.0023
0.004
0.001

Balance
Balance
Balance
Balance

23048

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 2 ( 2 0 1 7 ) 2 3 0 4 5 e2 3 0 5 3

Fig. 2 e Polarization curves and corresponding power density plots of Mg/H2O batteries. (a) AZ61 as the anode with different
cathodes. (b) PteNF as the cathode with different anodes.

Mg/H2O battery. The anode efficiency is calculated by the
traditional weight-loss method, and the theoretical capacities
for pure Mg and AZ alloys during the calculation are all
regarded as 2200 mA h g1.
From Fig. 3c, it can be seen that the anode efficiency increases with the increase of aluminum content in AZ alloys as
the battery discharged at 2.5 mA cm2 for 120 h. The
maximum efficiency of the anodes is 85.0% obtained from
AZ91, which is much higher than that of pure Mg (38.3%). As
the battery discharged at a smaller current density of
1 mA cm2 for 250 h, the efficiencies of pure Mg and AZ91 are
sharply decreased compared with those discharged at
2.5 mA cm2, but similar results are not observed for AZ31 and

AZ61. This might be explained that more severe holecorrosion occurred for pure Mg and AZ91 anode due to their
metallographic structure during longtime discharge with
relatively low current [41,42]. Fig. 3d shows the specific energy
of the Mg/H2O batteries with different anodes. As the
discharge voltages of batteries with different anodes are very
close, the battery specific energy is strongly relevant to anode
efficiency. As shown in Fig. 3d, the specific energy of the
Mg/H2O battery with pure Mg anode is quite low due to its poor
efficiency, although the battery voltage is much higher. In
contrast, a dramatically high specific energy of 1003 W h kg1
is achieved for the battery with AZ91 alloy anode. Such an
exciting result and the low cost of $0.011 W h1 (Table S1)

Fig. 3 e Discharge performance, anode efficiency, and specific energy of Mg/H2O batteries using different anodes.
(a) Discharge curves at 2.5 mA cm¡2 for 120 h. (b) Discharge curves at 1.0 mA cm¡2 for 250 h. (c) Anode efficiencies and
(d) specific energies of Mg/H2O batteries.
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prove that the Mg/H2O battery can be a competitive power
source for undersea application.

The influence of pressure
Based on the Nernst equation, the theoretical equilibrium
voltage of the Mg/H2O battery will decrease with the increase
of hydrogen pressure caused by the seawater pressure in the
deep-sea. The voltage drop is:
DE ¼ 29:5 mV  log ðP=barÞ

(1)

Accordingly, if the Mg/H2O battery worked at 10,000 m
below sea level, the equilibrium voltage will decrease by
88.5 mV. However, the real effect of the pressure on the
battery performance is unclear as the complicated real conditions on the electrodes and the electrolyte [43,44]. Here, an
ultrahigh pressure device, which simulates the full-depth
ocean condition with the pressure ranging from 1 bar (0 m)
to 1100 bar (11,000 m), was used to evaluate the detailed effects of pressure on the performance of battery and electrodes. To exclude the non-pressure factors, such as the
battery self-degradation and the temperature change, two
same batteries were tested simultaneously under the same
conditions except for the pressure. Fig. 4a and b shows the
performance comparison of the batteries under different
pressure with the AZ61 anode (pure Mg and other AZ alloy
anodes exhibited the similar behaviors, Fig. S1 and S2). It can
be seen from Fig. 4a that the voltage difference under the
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pressure of 1 bar and 1100 bar is very small in the low current
density region. However, unexpectedly, the battery showed a
remarkable performance increase under the pressure of
1100 bar compared to that of 1 bar at higher current density.
This phenomenon might be explained by the effect of the
volume change of the hydrogen bubbles. Under high pressure condition, the smaller bubbles will decrease the increment of the ohmic resistance of the electrolyte and the
cathode polarization which are the main polarization
determination in this battery at higher current density. In
detail, the volume of hydrogen bubbles is roughly 1.1 cm3 as
the battery discharges for 2 min at 20 mA cm2 under atmosphere pressure. In the case of the pressure of 1100 bar,
the gas is compressed to 1.0  103 cm3. However, with
continuous discharge, the bubbles will also accumulate and
grow up as that of atmosphere, and the above advantage
might be dropped.
From the discharge curves at 2.5 mA cm2 under different
pressures (Fig. 4b), the voltage is stable with slight drops by the
increase of pressure. The synchronous test under atmosphere
pressure gives a close voltage level but a little different voltage
change probably due to the morphology change of hydroxide
layer on the anode surface arising from the pressure difference. Nevertheless, it is strongly proved that this Mg/H2O
battery can be used in the full-depth ocean.
To further verify the effect factor of voltage difference in
high current density region, the anode and the cathode potentials were tested individually before and after the

Fig. 4 e The influences of pressure on the batteries and electrodes. (a) Polarization performance under 1100 bar and 1 bar
with AZ61 anode and PteNF cathode. (b) Discharge curves under different pressure and atmosphere pressure at
2.5 mA cm¡2 with AZ61 anode and PteNF cathode. (c) Potentials of the anodes before and after pressure test. (d) Potential
curves of the cathodes before and after pressure test.
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treatment at the pressure of 1100 bar. As shown in Fig. 4c, the
potentials of anodes suffered from the pressure of 1100 bar are
almost the same to that without pressure, which confirmed
that the electrochemical property of anodes are not changed
after the treatment of high pressure. As for the cathode, the
little performance inferior can also be neglected (Fig. 4d). SEM
images show that the cathode suffered from high pressure
(Fig. 5b) contains more Ni(OH)2 sheets than that without
pressure (Fig. 5a). The abundant Ni(OH)2 sheets on the surface
of cathode may be caused by oxidation of the oxygen in the air
during drying process after the contact with NaCl solution
[33,34]. These results show excellent invariability of the anodes and cathodes under high pressure, which insures the
excellent discharge performance of Mg/H2O battery in deepsea.

The influence of temperature
As an undersea power source, the effect of temperature of the
ocean on the Mg/H2O battery performance should be considered. The temperature is measured to be 0e4  C in deep-sea
[11], which will decrease the performance of battery due to
the thermodynamics and kinetics reasons compared to that of
ambient temperature. To the best of our knowledge, the HER
performance of Pt-based electrodes in NaCl solution at near
0  C has not studied yet. Thus, it is necessary to investigate the
temperature influence on the Mg/H2O battery to guide the
battery design and further understand the HER in practical
operation temperature.
Fig. 6 shows the influence of the temperature on the battery and electrodes. As shown in Fig. 6a, the battery voltages
are 0.625, 0.606 and 0.571 V at 1.0 mA cm2 under the temperatures of 25  C, 15  C, and 1  C, respectively. Correspondingly, the maximum power densities are 13.8 mW cm2,
10.7 mW cm2, and 6.7 mW cm2. The significant decrease of
the performance causing by the temperature drop guides us
that this battery should be operated in low current density
region in deep-sea application.
In order to further distinguish the contribution of the
decay caused by cathode, anode and electrolyte with the
decrease of the temperature, we investigated the influence
of temperature for the three components individually by
means of EIS and the constant current polarization

technologies. From Fig. 6b, it is shown that the value of the
charge-transfer impedance (RCT) increases as the temperature decreases, which means low temperature leads to low
electrode kinetics. In addition, the ohmic resistance of
electrolyte (RS) also increases as the temperature decrease,
that is, 5.4, 6.4 and 8.8 U cm2 when the temperature is 25, 15
and 1  C. The calculated value of electrolytic conductivity
is 0.043, 0.036 and 0.026 S cm1, which limits the discharge
at high current density due to the significant polarization
loss. The iR-correction polarization curves of electrodes
were tested in a three-electrode cell and plotted in Fig. 6c.
Considering the comparability, the holding time (120 s) is
the same to battery tests. Although the polarization loss of
cathode was greater (~120 mV at 25  C from 0 to
50 mA cm2) than anode AZ61 (pure Mg and other AZ alloy
anodes exhibited the similar behaviors, Fig. S3), the main
polarization loss for the battery is ohmic polarization of
electrolyte at relatively high current density. For example,
the potential difference of cathode and anode is 0.50 V at
50 mA cm2, but the battery actual voltage dropped to 0.28 V
due to the potential loss arising from the electrolyte, which
is much higher than those of the cathode and anode. More
intuitive illustration is shown in Fig. 6d, in which the polarization difference of the cathode, anode and electrolyte
were calculated by the potential difference between that of
25 and 1  C.

The stability of Mg/H2O battery
Based on the successful design of Mg/H2O battery with ultrahigh specific energy and excellent environmental adaptability, the stability was also evaluated under galvanostatic
discharge of 1.0 mA cm2 for 100 days and presented in Fig. 7.
It can be seen that the battery voltage decreases to 0.60 V as
the load applied, and the voltage range is generally from 0.60 V
to 0.42 V. It should be noted that the discharge voltage increases obviously due to the anode or electrolyte replacement
during the test, which indicates that Mg/H2O battery may
exhibit a better performance in the undersea environment
where the seawater electrolyte is abundant and regenerative.
The above results prove that the Mg/H2O batteries presented
in this work can provide long operation time with the
remarkably stable PteNF cathode.

Fig. 5 e The SEM images of the cathodes (a) before and (b) after 1100 bar pressure test.
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Fig. 6 e The influence of temperature for Mg/H2O battery. (a) Polarization curves and (b) EIS of Mg/H2O battery. (c) The
temperature influence for electrodes polarization. (d) The polarization difference of electrodes and electrolyte caused by
temperature change.

Fig. 7 e The stability test of Mg/H2O battery with AZ61 anode and PteNF cathode under galvanostatic discharge of
1.0 mA cm¡2.

Conclusions
A high-specific-energy Mg/H2O battery with the combination
of Mg oxidation and HER was developed and investigated in
this paper. By using AZ91 alloy anode, the battery exhibited an
ultrahigh specific energy of 1003 W h kg1 and noticeable

anode efficiency of 85.0%. No obviously negative effects were
detected to the Mg/H2O battery at ultrahigh pressure of
1100 bar, which indicates that the battery can be used in the
full depth of the broad ocean without complicated shells. The
influence of low temperature in deep-sea on the polarization
loss can be reduced to an acceptable degree by the design of
low discharge current density. In addition, the battery showed
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excellent stability during discharge test for nearly 100 days. All
these results prove that the Mg/H2O battery with high specific
energy will be a promising power source for full-depth ocean
application.
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