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Metal nano/mesoscale structures have received intense atten-
tion because of the novel physical and chemical properties
that are not present in their corresponding macroscale
structures.”™ Magnesium is one of the most intriguing
alkaline-earth metals and has found applications in the
fields of H, storage, organic synthesis, biochemistry, and as
an electrode material.®*! With respect to Mg nanomaterials,
most studies have focused on the fabrication of Mg nano-
particles” and related nanocomposites by high-energy milling
methods."” It should also be noted that theoretical research
on Mg nanowires has been done by computer simulation.!"!!
However, to the best of our knowledge, there are no reports in
the literature on the preparation of Mg nano/mesostructures
with controlled shape and morphology.

The field of electrochemical storage and generation of
energy in batteries is gaining tremendous importance for
powering high-tech electronic devices and for enabling a
greener transportation industry."” Among various batteries,
the Mg/air battery system has the advantages of a high
theoretical voltage (3.09V) and energy density
(3910 Whkg™), low cost, light weight, and environmental
friendliness.!'” It is a special feature of the Mg/air battery that
only the active component of the negative electrode (Mg)
needs to be stored in the battery, while the reactant (O,) for
the positive (bifunctional oxygen-diffusion) electrode during
discharge is drawn from the air by a reduction reaction. It is
therefore of great scientific and technological importance to
improve the properties of the Mg electrode so as to enhance
the performance of Mg/air batteries. Herein, we describe the
first example of the shape-controlled preparation of Mg nano/
mesoscale structures and their promising properties for
application in Mg/air batteries.

The various Mg structures were prepared by a simple
vapor-transport approach using commercially available Mg
powder and no templates or catalysts (see Supporting
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Information). The size and morphology of the products are
predominantly controlled by the experimental conditions (see
Supporting Information). The evaporation temperature was
fixed at 850 and 950°C, and the products were deposited in
the cooler region of the stainless-steel tube at a temperature
of around 300°C.

Figures 1a and b show typical SEM images of the as-
synthesized Mg spheres (sample A) and plates (sample B)
prepared at an evaporation temperature of 850°C with

Figure 1. Typical scanning electron microscopy (SEM) images of the
as-prepared Mg products: sample A (a), sample B (b), sample C (c),
sample D (d); representative transmission electron microscopy (TEM)
image of sample C (e) and high-resolution transmission electron
microscopy (HRTEM) image (f) of the white square marked in (e); the
inset in (f) shows the corresponding fast Fourier transform (FFT)
pattern.

different flow rates of Ar gas (sample A: 400 cm® min~';

sample B: 800 cm® min ). It can be seen that both the spheres
and the plates are distributed homogeneously over a wide
area. The spheres are polyhedra with a diameter of approx-
imately 200-500 nm and the plates have a smooth surface and
a regular hexagonal shape with a diameter in the range of
150460 nm. When the evaporation temperature was
increased to 950°C, Mg nanorods (sample C) and sea-
urchin-like nanostructures (sample D) were obtained at Ar
flow rates of 400 and 800 cm® min~!, respectively. Figure 1c
displays a representative SEM image of the as-prepared Mg
nanorods, which reveals that the sample contains short,
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uniform, rodlike structures with a length of approximately
200-500 nm. The SEM image of the Mg sea-urchin-like
nanostructures (Figure 1d) shows their prickly, spherical
morphology with very fine whiskerlike fibrils of several tens
of nanometers in length. Moreover, these nanowhiskers are
interconnected to form a porous network architecture. The
TEM image of sample C (Figure 1¢) shows that the diameter
of the nanorods is in the range 70-100 nm. The HRTEM
image in Figure 1f shows clear fringes with an interplanar
spacing of 0.26 nm, which corresponds to the separation
between the (002) lattice planes. These are aligned perpen-
dicular to the longitudinal direction of the rod, which suggests
that the nanorods grow along the [001] direction.

When maintaining the experimental conditions for pre-
paring the above four different Mg structures but extending
the heating time to 2 h, various other Mg micro/nanostruc-
tures with different sizes and morphologies were obtained
(see Supporting Information). The prevailing growth mor-
phology of the as-prepared Mg micro/nanostructures is
strongly influenced by the degree of supersaturation in the
vapor-transport approach, and this is mainly controlled by the
experimental parameters, including both the evaporation and
deposition temperature, the flow rate of the carrier gas, and
the heating time.*”

Figure 2 shows representative XRD patterns of the as-
prepared Mg structures. It can be seen that the positions of
the characteristic peaks of the four products are identical. All
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Figure 2. X-ray diffraction (XRD) patterns of the as-prepared Mg
products: sample A (a), sample B (b), sample C (c), and sample D (d).

the diffraction peaks can be readily indexed on the basis of
the hexagonal close-packed structure of Mg (ICDD-JCPDS
35-0821). No peaks from other phases can be detected, thus
indicating that the products are of high purity. According to
the present observations, a lower evaporation temperature
leads to the formation of products with a larger grain size
(samples A and B), while a higher evaporation temperature
leads to a smaller grain size (samples C and D). BET
nitrogen-adsorption measurements show that the specific
surface areas of samples A-D are 8.4, 15.6, 47.2, and
130.6 m*g ™!, respectively.

With respect to metal/air batteries, considerable research
effort has been devoted to the study of the performance of
Zn/air and Al/air batteries."! However, only a few studies
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have focused on Mg/air batteries.'”) The electrochemical
reactions of the Mg/air battery can be expressed by Equations

(H-G).

(+) 0, +2H,0+4e” —»40H &° =040V (1)

() 2Mg+40H™ — 2Mg(OH), +4e~ @° =269V 2)

Overall 2Mg + O, +2H,0 — 2Mg(OH), E° =3.09V 3)

The major problem in using Mg/air batteries is the low
Coulombic efficiency of the traditional Mg plate electrode
and the high level of polarization during the discharge
process. The electrolyte for Mg/air batteries, which is a
critical factor that influences their electrochemical perfor-
mance, must also satisfy the objectives of low anodic polar-
ization, a uniform corrosion rate of Mg, and fast sedimenta-
tion of the final anodic product (Mg(OH),) in the electrolyte.

Figure 31 displays the linear sweep voltammograms
(current density (J) versus potential (®)) of Mg electrodes
made from commercial Mg powder in three different electro-
lytes: Mg(ClO,), (1.6M) (a), a mixed solution containing
Mg(NO;), (2.6M) and NaNO, (3.6M) (b), and 14 wt % NaCl
(c). The anodic dissolution current densities of the Mg
electrodes in the three electrolytes all increase as the
potential sweeps from —1.5 to —0.5 V. As for electrolyte c,
the anodic dissolution current density increases quickly at
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Figure 3. 1) Linear sweep voltammograms of Mg electrodes made from
commercial Mg powder in three different electrolytes: Mg(ClO,),

(1.6 M) (a), a mixed solution of Mg(NOs), (2.6 M) and NaNO, (3.6 M)
(b), and 14 wt% NaCl (c); Il) linear sweep voltammograms of different
Mg electrodes made from the various as-prepared Mg structures:
sample A (a), sample B (b), sample C (c), sample D (d), and commer-
cial Mg powder (e) with a mixed electrolyte solution of Mg(NO;),

(2.6 M) and NaNO, (3.6 m). Scan rate: 20 mVs™'; potential range:
—1.50 to —0.50 V versus Ag/AgCl saturated with KCI.
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first in the potential range —1.45 to —1.25 V and then slows
down when the potential sweeps to more positive values; this
behavior is due to the formation of a passive film of Mg(OH),
on the Mg electrode surface. In electrolytes a and b, however,
no obvious passivation phenomena are observed. Moreover,
the starting potentials of the Mg anodic dissolution in the
three electrolytes are quite different (—1.35, —1.03, and
—1.45V for electrolytes a, b, and c, respectively). Although a
more negative anodic dissolution potential indicates a higher
open circuit voltage for the Mg/air battery, the corrosion
problem of Mg electrodes, which reduces the shelf life and
operating life of the battery, is much more acute in electro-
lytes a and c. The overall reaction for the corrosion of a Mg
electrode can be expressed by Equation (4).

Mg +2H,0 — Mg(OH), + H, 1 “)

With regard to electrolytes a and c, a large number of
bubbles can be seen around the Mg electrode during our
experiment, thus indicating the rapid release of H, gas and
serious self-discharge problems; few bubbles were observed
in electrolyte b. It has been demonstrated in detail by
Sathyanarayana and co-workers!'”l that a mixed electrolyte
containing Mg(NO;), and NaNO, is better than a variety of
other electrolytes (especially conventional halide or perchlo-
rate electrolytes) in terms of low corrosion rate on open
circuit, which can keep the Mg anode in an activated state for
about a year, high Faradaic efficiency for Mg anodic
dissolution (higher than 90 % at a current density of above
20mAcm?), and uniform pattern of corrosion. Conse-
quently, an electrolyte of Mg(NO;), and NaNO, solution
should be suitable for a Mg/air battery containing Mg anodes
with a high surface area, especially those made from Mg
nanomaterials. Moreover, Mg/air batteries are generally
operated either as “reserve” batteries, in which the electrolyte
solution is added to the cell only when required to begin the
discharge, or as “mechanically rechargeable” batteries, which
have replacement anode units available. With respect to our
laboratory-made Mg/air batteries, the controllable air vent is
closed during battery storage and the anode is isolated from
the electrolyte fluid prior to the first or successive uses of the
cell. Therefore, the self-discharge problem can be readily
controlled and inhibited to some extent.

Figure 311 shows the linear sweep voltammograms of
different Mg electrodes made from various as-synthesized Mg
nano/mesostructures and commercial Mg powder in an
electrolyte of Mg(NQO;), (2.6M) and NaNO, (3.6m). The
starting potentials of the Mg anodic dissolution for the
electrodes made from Mg nano/mesostructures are shifted to
more negative potentials of approximately —1.10 to —1.13 V
compared with the value of —1.03 V for the commercial Mg
powder electrode. Furthermore, the anodic dissolution cur-
rent densities of the electrodes made from the Mg nano/
mesostructures are much higher than that of the electrode
made from the Mg powder; the sequence of current densities
from highest to lowest is d>c>b>a>e. These results
indicate that the electrochemical activity of vapor-deposited
Mg structures is significantly higher than that of commercial
Mg powder.
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Figure 4 shows representative discharge curves (cell
potential (E) versus discharge time (f)) for Mg/air batteries
made from samples A and D, at a constant current of 0.5 mA
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Figure 4. Representative discharge curves of the Mg/air batteries
made from samples A and D, at a constant current of 0.5 mA and a
temperature of 25°C.

and a temperature of 25°C in the voltage range 1.5-0.5 V. The
open-circuit voltage of the battery made from sample D is
approximately 1.42 V and is higher than that of the battery
made from sample A (approximately 1.36 V). In addition, the
battery made from sample D also exhibits a higher discharge
voltage and a much longer discharge time than the battery
made from sample A, thus indicating its higher energy
density. The discharge curves of the batteries made from
samples B and C show similar voltage profiles to those of
samples A and D; the discharge times of samples B and C are
approximately 480 and 620 min, respectively.

Table 1 summarizes the energy densities of the Mg/air
batteries made from the as-synthesized Mg structures at
different discharge current densities. The energy densities of
all the batteries decrease with increasing discharge current
density. The Mg/air battery made from sample D shows the
highest energy density among the four batteries. At a current
density of 50 mAcm™, the energy density of the Mg/air
battery made from sample D is still 305 Whkg™', approxi-
mately 54.0% of its energy density at 5 mA cm 2, while those
of the Mg/air batteries made from samples A—C are approx-
imately 24.6, 30.3, and 43.9% of their energy densities at
5mAcm™? respectively. It is therefore apparent that the
sequence of high-rate discharge ability from best to worst is
D>C>B>A.

According to the results presented above, the Mg/air
batteries made from vapor-deposited Mg nano/mesostruc-

Table 1: Energy densities of the Mg/air batteries made from the various
as-prepared Mg structures, at different discharge current densities.

Energy density [Whkg™'] at discharge current densities
[mAcm™? of

Mg structure

5 10 25 50
Sample A 285 230 153 70
Sample B 346 282 197 105
Sample C 455 385 283 200
Sample D 565 494 402 305
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tures, especially the battery made from the Mg sea-urchin-like
nanostructures, display much better electrochemical proper-
ties (high gravimetric energy density) than the various
existing power sources (see Supporting Information). It is
generally believed that chemical and physical properties can
be altered considerably when downsizing materials into the
nanoscale region. With decreasing particle size, an increasing
proportion of the total number of the atoms lie near or at the
surface, thus making the materials more active for the
electrochemical reaction and significantly enhancing the
utilization efficiency of the Mg electrode. Furthermore, the
battery made from the Mg sea-urchin-like nanostructures
exhibits the best high-rate discharge capability, which is
critical for high-power-output battery systems. This may be
attributable to the porous and network structure of these
nanostructures, which contributes to the low anodic polar-
ization/corrosion of Mg and fast sedimentation of the anodic
product (Mg(OH),) in the electrolyte. The polarization of the
Mg electrode increases with increasing discharge current
density. The high specific surface areas of the Mg sea-urchin-
like nanostructures can help to reduce the real current density
for the electrode during the discharge process and lead to a
relatively low level of polarization for the Mg electrode,
which is favorable for improving the energy density and high-
rate discharge capability of the battery.

Experimental Section

The experimental setup consisted of a conventional tube furnace
(68.0 cm in length, 40.0 cm in diameter), a horizontal stainless-steel
tube (80.0 cm in length, 1.6 cm in diameter), and a gas-flow control
system (see Supporting Information). In a typical preparation, Mg
powder (99.8% purity, Alfa Aesar) was put into a W boat at the
center of the stainless-steel tube. The tube furnace was heated at a
rate of 30°Cmin' to a temperature of 850 or 950°C and maintained
at this temperature for 1 h, under a constant flow of high-purity Ar
(>99.995%). The flow rates of Ar were controlled at 400 or
800 cm’ min~! during the heating process. Silver-gray wool-like
products were obtained on the surface of the substrate in the cooler
region of the stainless-steel tube at a deposition temperature of
approximately 300°C. After the chamber had cooled naturally to
ambient temperature, the products were collected and kept in a
vacuum desiccator for further analysis.

The as-prepared samples were characterized by powder XRD
(Rigaku D/max-2500 X-ray generator, Cug, radiation), SEM (Philips
XL-30 and JEOL JSM-6700F field emission), TEM and HRTEM
(FEI Tecnai 20, 200kV), and BET nitrogen adsorption/desorption
measurements (Shimadzu-Micromeritics ASAP 2010 Instrument).!!

Magnesium electrodes were prepared in a glove box filled with
Ar (99.995 % ) by filling a glass tube (2.1 mm in diameter) containing a
Cu wire as collector with a mixture of 65 wt % active materials (vapor-
deposited Mg products or commercial Mg powder), 25 wt % acety-
lene black, and 10 wt % poly(tetrafluoroethylene) (PTFE) solution.
The electrochemical properties of these electrodes were investigated
with a Parstat 2273 potentiostat/galvanostat analyzer (AMTECT
Company) in an electrochemical cell that contained the Mg working
electrode, a Pt counter electrode, and a Ag/AgCl-KCl (saturated)
reference electrode.

The laboratory-made Mg/air batteries were assembled with a Mg
anode and an air cathode. The Mg anode was prepared in a glove box
filled with Ar (99.995 %) in the presence of an O, scavenger and an
Na drying agent. The air electrodes were composed of two layers: an
La,¢Ca,4CoO; perovskite catalyst layer on the electrolyte side and a
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hydrophobic gas-diffusion layer on the gas side.!'”) The electrolyte was
a mixed solution containing Mg(NOs), (2.6M) and NaNO, (3.6m).
The batteries were tested with an Arbin charge—discharge device.
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