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Editor’s message for the special issue on research on key materials in the

development of electric vehicles

With the development of transportation energy power system, new energy vehicles will become the development
direction of future vehicles under the pressure of energy and environmental protection. In recent years, scientists and
researchers have made important contributions in the development of power batteries and lightweight key materials.
The special issue of "Research and Application of Materials Science™" on key materials in the development of new
energy vehicles has deeply understood the research activities in this emerging field through six articles selected after
strict review. Due to the large number of papers submitted and the limited space of a single journal, many high-quality
papers cannot be accepted. The selected papers cover a wide range of research topics in this field, such as the properties
of electrode materials for lithium-ion batteries and the mechanical properties and corrosion resistance of lightweight
magnesium and aluminum alloys.

In terms of electrode materials, the paper “Toward high capacity and stable SnO, hollow nanosphere electrode
materials: A case study of Ni-substituted modification” by Zhang et al afforded a new and facile strategy via Ni doping
and the fabrication of hollow nanosphere enhancing the cyclic stability of SnO,-based negative materials. The paper
“An Effective Way to Prepare Submicron MoO, Anodes for High-Stability Lithium-Ion Batteries” by Li et al. prepared
the novel MoO, submicrons wrapped in carbonouse layer with an attractive lithium storage ability, the outstanding
capacity retention ratio and stability as well as rate capability compared to the commercial pure MoO,. More
interestingly, Qin et al. reported a Si@void@NC nanocomposite with a tunable nitrogen content in the carbon layer,
where the capacity fading is inhibited with a suitable nitrogen addition in their paper “Preparation and electrochemical

performance of Si@void@NC composite with a tunable nitrogen doping content in the carbon layer”.

In the field of lightweight structure materials, the paper “Role of heat treatment temperatures on mechanical
properties and corrosion resistance properties of Mg-10.16Li-8.14Al-1.46Er alloy” by Zou et al. reported the
comprehensive tensile properties of Mg-10.16Li-8.14Al-1.46Er alloy under different conditions, where the best
property achieved after heat treatment at 400°C attributed to solution strengthening and second phase strengthening. To
address the issue on the easy oxidation of Mg and its alloys, the paper “Oxidation resistance of magnesium alloyed by
different elements: a brief review” by Liu et al. briefly reviewed the effects of alloying elements (Al, Zn, Ca, Sr, La, Ce,
Nd, Y, Gd and Er) on the oxidation resistance of Mg and Mg alloys and provide some measures to improve this
shortcoming by tailoring the alloying elements and the suitable fabrication parameters. Besides these, He et al. studied
the influence of Mn and Mg contents on mechanical properties of the die-casting HL-111 Al alloy through the different
thickness plates under heat treatments in their paper “Influence of Mn and Mg contents on mechanical properties of the
die-casting aluminum alloy HL-111".
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Abstract:

To develop the urgent requirement for high-rate electrodes in next-generation lithium-ion batteries, SnO,-based negative materials
have been spotlighted as potential alternatives. However, the intrinsic problems, such as conspicuous volume variation and
unremarkable conductivity, make the rate capability behave badly at a high-current density. Here, to solve these issues, this work
demonstrate a new and facile strategy for synergistically enhancing their cyclic stability by combining the advantages of Ni doping and
the fabrication of hollow nanosphere. Specifically, the incorporation of Ni?* ions into the tetragonal rutile-type SnO, shells improves
the charge transfer kinetics effectively, leading to an excellent cycling stability. In addition, the growth of surface grains on the hollow
nanospheres are restrained after Ni doping, which also reduces the unexpected polarization of negative electrodes. As a result, the
as-prepared Ni doped electrode delivers a remarkable reversible capacity of 712 mAh g at 0.1 A g™ and exhibits outstanding capacity
of 340 mAh gt at 1.6 A g, about 2.58 times higher than that of the pure SnO, hollow sample.

Keywords: Tin oxide; Negative materials; Nickel doping; Hollow nanospheres; Lithium ion batteries

In order to overcome the poor durability and enhance

1 Introduction

Lithium-ion batteries (LIBs) have attracted
considerable attention as wide applications in smart
grids devices, portable devices and hybrid electric
vehicles ™3 However, the commercial graphite
negative electrodes used at present exhibit a poor
theoretical specific capacity (372 mA h g*) and limited
rate capability [“®l. Therefore, it is important to explore
other negative electrodes with high mass energy density.
As promising negative electrode candidate for
contemporary LIBs, tin dioxide (SnO,) has attracted
huge amount of interest because of its remarkable
theoretical capacity (1492 mAh g '), nontoxicity,
abundant tin resource, and favorable processability.
Unfortunately, the SnO, based LIBs are restricted by
huge volume expansion (approximately 240%) during
lithiation/delithiation process, leading to agglomeration,
structure  collapse and finally electrochemical
inactivation for the active material "%, In addition, the
low electrical conductivity also limits the extensive

commercial application of the tin-based L1Bs 31,

the long-term cycling stability, SnO,-based materials with
special nanostructures are designed and synthesized, such
as core-shell particles!*™  nanotubes®®!,  and
nanosheets %1 Among them, porous hollow
nanospheres have attracted much attention since they can
provide much more cushion space during the
lithiation/delithiation process and deliver better cycling
stability than other nanostructured materials *%"],

The electrochemical performance of SnO, hollow
nanospheres could be further enhanced by elevating their
electrical conductivity. One of the most commonly
reported strategies is to combine the nano-scaled SnO,
with conductive carbonaceous materials 223!, Another
effective approach is to enhance the intrinsic conductivity
through introducing transition metal dopant into the SnO,
structure, the substitution of Sn by cations, such as Sb**,
Co**, Fe**and Mo®*can also stabilize the structure of SnO,
and restrain the tremendous initial capacity loss %!, Ma
et al. prepared Co-doped nanoparticles, which exhibited a
favorable specific capacity of 493 mAh g™ under 100 mA
g™ after 50 cycles, almost the 2 times than the undoped
one B4, Zhao et al. synthesized Pd-doped graphene SnO,

Copyright © 2021 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons
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nanocomposite through electroless plating method, the
as-prepared SnO, nanoparticles delivered high reversible
capacity and promising rate capability #°.

Hence, the doping cations properties play an
important role in determining the comprehensive
performance of the SnO,, especially for processes of
nanostructure, grain growth and internal Li-ion transport
in the tetragonal rutile structure. Understanding these
effects is important. To the best of our knowledge, Ni®*
and Sn** have the same radius (0.069 nm), Ni** ions are
easily introduced into the SnO, lattice. Herein, by
combining the strengths of hollow nanostructure and
doping element, we report a comparative investigation of
pure SnO, hollow nanospheres and a series of Ni-doped
SnO, (NTO) with different dopant contents, focusing on
the influence of the dopant concentration on the
nanostructure, surface chemical properties as well as
electrochemical performance. The results reveal that the
Ni*" dopant ratio not only affects the surface chemical
properties, but moreover also plays an important role on
the electrochemical performance.

2 Experimental
2.1 Material Synthesis

The Ni-doped SnO, (NTO) hollow spheres were
prepared by following a combined template process and
sol-gel process: (1) SiO, nanospheres were synthesized
by the well-known Stéber method, which was reported in
our previous work B°. (2) 3 g SnCl,- 2H,0 was added
into a flat bottom boiling flask and then heated to 80°C,
after that, the obtained molten SnCl, and 2 g SiO,
nanospheres (prepared in the previous step) were
dispersed in 200 mL deionized water by ultrasound for 50
min, and the resulting gel was continuously stirred for 36
h at 80°C. (3) Subsequently, several groups with different
proportions of NiSO, were added into the mixture, the Sn:
Ni molar ratio used is 40:0, 40:1, 40:2, and 40:3,
respectively. (4) Then, the resulting gel was continuously
stirred for 36 h at 80°C to enable the infiltration of tin
precursor into the pores of the SiO, nanospheres. (5)
Ultimately, the four collected products were calcinated at
500°C for 6 h under an nitrogen flow, and then etched by
an HF solution (10%, 100 mL), the four group of
Ni-doped SnO, (NTO) samples with different dopant
contents were obtained (denoted as NTO-0, NTO-1,
NTO-2, and NTO-3). The flowchart for the preparation of
NTO hollow nanospheres is shown in Figure 1.

NTO coating Calcination at 500°C

and template removal

)220 94 22333

SiO, spheres ® Snparticles @ Ni atoms NTO hollow spheres

Figure 1 Flowchart for the preparation of nickel doped
SnO, hollow nanospheres (NTO)

2.2 Material Characterization and electrochemical
measurements

The crystalline structure of the as-prepared NTO-x
(x=0, 1, 2, and 3) hollow nanospheres were accomplished
by X-ray diffraction (XRD, Rint-2000, Japan) using
Cu-Ko radiation (1.5412 A). The surface morphologies
and the samples were observed through a field emission
scanning electron microscopy (FESEM, Zeiss Supra
55VP), and the elemental distribution was recorded with
an energy-dispersive X-ray spectroscopy (EDS, PHI5000
Versa probe-11). The determination of surface elements of
the as-prepared powers was carried out by an X-ray
photoelectron spectroscopy (XPS, PHI5000
Versaprobe-11). The crystalline microstructures of the
obtained powers were further confirmed by the
transmission electron microscopy (TEM, FEI Tecnai F20).
The electrochemical properties of the as-prepared four
samples were further evaluated using CR2025-type coin
cells with a multi-channel current static system (LAND
CT2001D, China). In addition, the cyclic voltammetry
(CV) and the electrochemical impedance spectroscopy
(EIS) results of the electrodes were recorded on an
electrochemical workstation (PGSTAT302N, Switzerland).
The button battery assembly process and the detailed
electrochemical analysis procedures were performed
according to our previous report 7%,

3 Results and Discussion

Figure 2a plots the XRD patterns of the four
different nickel doped as-prepared NTO samples.
Noticeably, All of the NTO samples are well crystallized.
The diffraction peaks of four samples can be identified as
tetragonal rutile SnO, (JCPDS card No. 41-1445) 40
and no obvious other impurities are detected, revealing
that the Ni®* are favorably integrated with the surface of
the SnO, shells, and may diffuse only a few nanometers
into the tetragonal rutile structure during high temperature
post calcination. The magnified diffraction peaks of (110)
are exhibited in Figure 2b, it can be clearly observed that
the position shifts to a positive degree and the diffraction
peaks of (110) deliver a wider half-peak width after
Ni-doping. According to Scherer” s formula, the thickness
of single grain (d) is inversely proportional to half of peak
width (B), which reveals that the average lattice
parameter is decreased after Ni-doping. The initial
particle size of NTO-1.NTO-2.NTO-3 are 9.3 nm 8.6 nm,
7.5 nm, and 7.1 nm respectively. This is because even
though Ni** and Sn** have the same radius (0.069 nm),
the incorporation of Ni%" into the lattice of SnO, will
produce some new defects such as dislocations and
vacancies, and the vacancy formation energy and the
surface energy of SnO, nano-particles are also increased,
which can effectively restrain the growth of the crystal to
some extent. This phenomenon is further confirmed by
the TEM images and in very good agreement with the
previous studies on Fe/Zn/Co-doped tin oxidel**4,
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Figure 2 XRD patterns of NTO powder samples (a) and
the enlarged (110) peaks (b)

The chemical compositions of the as-prepared
hollow nanospheres were further explored by XPS
analysis. The full-scan spectra of NTO-0 and NTO-2
samples are exhibited in Figure 2a. Compared with the
NTO-0, besides the Sn 3d, O 1s, and C 1s peaks, a couple
of weak peaks of Sn 2p can be observed in the spectra of
NTO-2 sample. Figure 3b plots the Sn3d spectra of
sample NTO-0 and sample NTO-2. The two remarkable
shake-up peaks located at 485.6 and 494.4 eV can be
assigned to Sn 3ds;, and Sn 3ds, levels, respectively! s,
A positive shift with approximately 0.4 eV in the sample
of NTO-2 indicates the multi-electrons may have
transferred from Sn to the doped Ni. Furthermore, the Ni
2p spectra of NTO-2 is illustrated in Figure 3c. Two
characteristic peaks at approximately 854.8 eV and 873.2
eV are attribute to Ni 2psz, and Ni 2py; levels, and two
shake-up satellites are located at 861.8 eV and 880.1 eV,
respectively, which are attribute to the multi-electron
transitions. The binding energy between these
characteristic peaks is approximately 18.4 eV. The results
show that the nickel element doped into the crystal lattice
of SnO, exists in the form of Ni%* ions 17481,
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Figure 3 XPS spectra of NTO-0 and NTO-2 sample: (a)
Survey spectrum, (b) Sn 3d5/2, (c) Ni 2p

The morphology and particle size of as-synthesized
SiO, nanoparticles was investigated by scanning electron
microscopy (SEM). As shown in Figure 4a. The obtained
SiO, exhibits a regular spherical structure with an average
diameter of 500-580 nm. Figure 4b displays the SEM
images of NTO samples with different Ni doping content,
and the magnified image of NTO-2 sample is displayed in
Figure 4c, clearly revealing that the presence of a hollow
structure for the as-prepared materials. The diameter of
SnO, spheres with different doping content possess
similar values of approximately 550 nm, which in
consistent with the size of nano SiO, templates. The
elemental distribution of the as-prepared NTO-2 sample

Research and Application of Materials Science | Vol. 3| No.1 | 2021

was further detected by EDS test (Figure 4d). The uniform
distributions of Sn, O, and Ni elements over the whole
hollow spheres indicates that the Ni is homogeneously and
continuously coupled with the SnO, shells.

460480 520540 580-600 [
¥ Diameter (nm)

Figure 4 SEM images of (a) SiO, nanoparticles; (b) SEM

image of NTO samples with different Ni doping content;

(c) magnified image of NTO-2;(d) EDS mapping images
of NTO-2

TEM images of as-prepared products are displayed
in Figure 5. The spherical morphology of SiO, exhibits
regular and clear surface profiles, as shown in Figure 5a.
The TEM images in Figure 5 (b-f) were captured to
further confirm that the as-synthesized SnO, samples
exhibit hollow nanosphere structures. It can be clearly
seen that spherical morphology of SnO,@SiO, can be
well maintained after etching of the SiO, exhibits a shell
thickness of approximately 42 nm (Figure 5b). However,
after Ni doping, the shell thickness of the NTO-2 sample
is decreased to approximately 28 nm through the same
process (Figure 5c). Furthermore, Figure 5d-e clearly
exhibit the high-resolution TEM (HRTEM) images of the
lattice fringes and particle size of the two samples. The
grain diameters of NTO-0 and NTO-2 are approximately
5-7 nm and 8-9 nm, respectively, which coincides well
with the previous XRD calculation results. This is
because the crystallization and ripening process of the
SnO, primary particle particles may be effectively
restrained by the sequential accumulation of Ni**, which
is similar to the process of the crystal surface energy
model. The selected-area electron diffraction (SAED) pattern
of NTO-2 with the diffraction rings from inside to outside
can be indexed to (110), (101), (200), (211), and (311) of
tetragonal rutile SnO,, as illustrated in Figure 5f . This
result reveals that expect for the suppression of the
particles growth, the Ni doping does not cause any
changes in the tetragonal rutile structure of SnO,.



Figure 5 TEM images (a) SiO, nanoparticles, (b)
NTO-0, and (c) NTO-2, respectively; high-resolution
TEM image of (d) NTO-0, and () NTO-0;(d) the
selected-area electron diffraction (SAED) pattern of
NTO-2 sample
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Figure 6 The charge-discharge test curves of the NTO
negative electrodes: (a) NTO-0; (b) NTO-1; (c) NTO-2;(d)
NTO-3; (e) the relationship between capacity retention
for the conversion reaction and the total specific charge
capacities of all the samples

Figure 6a-d display the charge-discharge curves of
the prepared four NTO samples at a current density of
100 mA g* between 0.01 V and 3.0 V. The initial
discharge and charge-specific capacities of the NTO-0,
NTO-1, NTO-2, and NTO-3 samples are1203 mAh g™*.
1470 mAh g*. 1581 mAh g, and 1463 mAh g™, and the
initial coulombic efficiency of these sample are 61.6%,
62.0%, 62.5%, and 58.8%, respectively. All the samples
suffer serious capacity losses in the early cycles, which is
attribute mainly to the SEI film formation and the
production of Li,0 ¥ NTO-2 exhibits the best
charge-specific capacity of 850 mAh g™ after 10th cycles
even with a rather moderate initial coulombic efficiency,

4

which is almost twice of the undoped NTO-0 sample (466
mAh g%). Figure 6e shows the relationship between
capacity retention for conversion reaction and the total
specific charge capacities of the four samples. It can be
clearly seen that the capacity ratio of the conversion
reaction of Ni doped samples are significantly higher than
that of the undoped one. After the 10th cycles, the
capacity ratio of conversion reaction for the NTO-0
sample is only 35.5%, while the capacity ratio of the
NTO-2 is increased up to 66.1%. Thus, we conclude that
the Ni doping could facilitate the conversion reaction
between Sn and Li,O, which results in the remarkable
conversion reaction capacity °%.

SnO, +4Li" +4e - Sn+2Li,0 (Conversion reaction)

Sn+yLi* +ye” «>LiSn(0<y<44) (Alloying reaction)

To evaluate the cycling performance of NTO hollow
sphere with different Ni doping content, a range of cyclic
tests were carried out at the current density of 100 mA g™
in the voltage range of 0.01-3.0V, as presented in Figure
7a. After 100 cycles, the capacity of the NTO-0 decays
rapidly to 236 mAh g with a deteriorating capacity
retention of 32.0%, whereas the NTO can still maintain
promising capacity retention of 73.1% (712 mAh g?)
with a nearly perfect coulombic efficiency (approximately
100%), except during the first cycle. In addition, the
NTO-1 and NTO-3 also can deliver the moderate charge
capacity of 485 and 653 mAh g™. Based on these results,
we conclude that the electrochemical performance of the
SnO, nano hollow spheres are improved by the Ni
doping.

Furthermore, the rate capabilities of these four
samples were also investigated by applying different
specific currents, i.e., 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 Ag™,
as shown in Figure 7b. As increasing the current density,
compared with the sample NTO-0, all of the samples
deliver significantly improved charge capacities after
doping under each current density (0.05-1.6 A g™).
Notably, sample NTO-2 exhibits the best rate
performance, its charge capacity can remain up to 340
mAh g'even at 1.6 A g* current density, and exhibit a
promising charge capacity of 651 mAh g ' when the
current density is recovered to 0.1 Ag”, whereas the
pristine sample NTO-0 deliver the limited rate
performance. The results of the cyclic and rate
performances are consistent with our previous
corresponding charge and discharge profiles.
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Figure 7 (a) Cycling performance of NTO samples at a
current density of 100 mA g%; (b) rate performance of
NTO samples.
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For better understanding the kinetic process of
lithium insertion/extraction into/from the 3D Ni doped
SnO, hollow spheres, cyclic voltammetry (CV) tests
between 0.01-3.0 V at different scanning rates (0.1-0.8
mV s?) were performed for the samples NTO-0 and
NTO-2. Two characteristic pairs of redox peaks can be
clearly observed in Figure 8a. The first pair located at
0.10 and 0.82 V (a site) are ascribed to the of Li,Sn (0 <
x << 4.4) alloying and de-alloying process. The second
dominant anodic peak located at 1.58 V (c site) is related
to the partial conversion of Sn to Sn**, while the cathodic
peak observed at 1.13 V is attributed to the irreversible
formation of a SEI film and the reduction reaction of
SnO, by Li. NTO-0 exhibits a large peak shift and
obvious polarization at different scanning rates.

For the sample of NTO-2, the shape of the CV

profiles (Figure 8b) is similar to that of the NTO-0 sample.

It is worthy to note that the initial anodic peaks shift to
0.8 and 1.54 V, respectively. The redox potential
difference related to the Li,Sn alloying/de-alloying
process is lower than that of the undoped one. Moreover,
the peak displacement of sample NTO-2 is decreased, and
the cyclic voltammetry profiles remain unchanged as the
increase of the scanning rate, revealing the reduced
polarization and improved reversibility.

The Li* diffusion coefficient change of electrodes
can be obtained from Randles-Sevcik equation (1):

I, = 2.69 x 10°n3/24D/?v1/2C, (1)
in which D, I, n, A, v, and C, represents the diffusion
coefficient of Li", the oxidation peak current (a and c site in
Figure 9a-b), the amount of electrons transferred per SnO,
molecule in the electrochemical reaction, the area of the
electrode, scanning rate, and the concentration of Li*. Since
the area, charge transfer number, and the Li* concentration of
the two samples are approximately identical, the ratio of the
Li* diffusion coefficient between the two sample is
proportional to the value of (1,/?)% as shown in Figure 8c.
Consequently, the Dyro.o/Dnto. at @ and c site are 1.31 and
1.33, respectively, indicating that Ni**doping can effectively
enhance the Li" diffusion.
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Figure 8 Cyclic voltammograms curves of NTO-0 (a),
NTO-2 (b) at different scanning rates; (c) anodic peak
against root of scan rate for NTO-0 and NTO-2
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To further explore the beneficial effect of Ni doping
on the electrochemical properties, electrochemical
impedance spectroscopy (EIS) measurements were
conducted to analyze the reaction dynamics. The Nyquist
plots of four NTO samples after 5 cycles are shown in
Figure 9. The semicircles in the high and high-middle
frequency regions represent the solid electrolyte interface
(SEI) resistance (Rf) and the charge transfer resistance
(Rey), whereas the inclined line in the low-frequency
region corresponds to the Warburg impedance (Z,,) ®*%2.
The diameter of the semicircle corresponding to the three
doped sample are obviously smaller than that of the
pristine one. Notably, the calculated he SEI resistance (Ry)
of NTO-2 is 5.1Q, which is lower than that of the NTO-0
(7.2 Q), revealing that Ni doping can alleviate the
thickness increase of the solid electrolyte interface
membrane. The charge-transfer resistance (R.) of NTO-2
is simulated as 51.2 Q, which is obviously lower than that
of the NTO-0 (129.5Q), indicating the charge transfer
efficiency of SnO, hollow spheres is significantly
improved. The favorable reversible specific capacity,
enhanced cycling stability and remarkable rate capability
of the NTO-2 sample could be attributed to the following
two factors:(1) A certain amount of Ni%*incorporates with
SnO, can not change the integrity of the original
tetragonal rutile structure but change the kinetics of SnO,
negative materials, the charge transfer impedance is
significantly decreased, resulting in the accelerated
charge transfer Kkinetics. (2) The crystallization and
ripening process of the primary particles is restrained by
the Ni doping, and the shell thickness is also reduced,
which effectively facilitate the Li* diffusion and internal
electron transport in the active materials.

R R R Z A  NTO-0 — Fitted curve]
2004 s f o= v NTO-1 Fitted curve}
® NTO-2 — Fitted curve]
¢ NTO-3 Fitted curve]
1504 CPE, CPE,

0 50 100 150 200
VA(9)

Figure 9 The Nyquist plots of the NTO samples

4 Conclusion

In summary, the SnO, hollow nanospheres with three
different nickel dopant ratios were successfully
synthesized through combined the template with the
hydrothermal strategies and applied in LIBs as a negative
material. XPS profiling with EDS mapping results reveal
that the nickel dopant is uniformly distributed and well

5



incorporated into SnO, shells among the hollow materials.

The dopant concentration does not only have an influence
on the on the surface chemistry property, but moreover on
the electrochemical performance. Electrochemical
measurement results indicate that the electrodes doped
with 5% (wt%) can deliver an outstanding rate
performance and excellent cycling performance (exhibit a
favourable reversible capacity of 712 mAh g* at 100 mA
g™ after 100 cycles and deliver 340 mAh g™ at 1.6 A g?).
Without carbon coating, this hollow structural fabrication
combined with rational dopant ratios will illuminate the
path for developing other negative materials for solving the
problems of low rate capability and poor cyclic stability.
Acknowledgements: The authors acknowledge financial
support provided by the National Natural Science
Foundation of China (Grant No: 52164031), and Yunnan
Natural Science Foundation (No: 202101AT070449,
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Abstract:

In this study, four groups of thin plate samples with a wall thickness of 2.2mm, 2.5mm, 2.7mm, and 3.0mm are prepared by ultra-high
vacuum die casting. The effects of Mn, Mg, and Mn/Mg ratio on the microstructure and mechanical properties of samples with
different wall thicknesses are obtained by different test and analysis methods. The results show that as the content of Mn is 0.4% ~
0.65%, the content of Mg is 0.17% ~ 0.5%, and the Mn / Mg ratio reaches 1.69 ~ 1.90, the tensile strength, yield strength, and
elongation of HL-111 alloy with a wall thickness of 2 ~ 3mm can reach more than 280MPa, 120MPa and 10% respectively, and the
mechanical properties of the material are greatly improved. In addition, the tensile strength, yield strength, and elongation of HL-111
alloy after T5 heat treatment at 165°C for 510min reach 302.36 MPa, 190.32 MPa, and 8.42%. The precipitated phase of Mg,Si leads

to changes in strength and elongation.

Keywords: HL-111 alloy; Mn/Mg element ratio; Microstructure; Mechanical properties

1 Introduction

Al-Si alloys (such as Magcimal-59, Castasil-37, and
Silafont-36) are widely used in ultra-high vacuum and
high-pressure casting of conventional parts because of
their good casting properties ™. With the continuous
improvement of automobile lightweight technology,
Silafont-36 alloy has high strength and elongation, which
is particularly favored in the manufacture of structural
parts with high requirements for safety performance, such
as car body frame and shock absorber . Especially, the
continuous innovation of ultra-high vacuum pressure
casting technology, the increasing maturity of large die
casting machine technology, and the needs of new energy
vehicles make Silafont-36 alloy shine in the application of
die casting large-size, complex structure, and ultra-thin
wall thickness structural parts !,

Due to the large size and complex structure of
structural body parts, they usually have extremely high
requirements for wall thickness. Take the application of
Silafont-36 alloy in the shock tower as an example, its
functional area wall thickness is in the range of 2~3 mm.
However, Silafont-36 alloy is usually subjected to T7 heat
treatment during the high-pressure casting production
process in order to ensure the high strength and high
toughness of the structural parts, which is prone to
different degrees of unpredictable deformation after the
T7 heat treatment, and the resulting rework correction and

scrap rate are great costs. At the same time, T7 heat
treatment will also make the production costs
significantly increased. These increases of upstream
manufacturing cost will aggravate the improvement of
downstream industry cost, which will lead to the
enterprise being invisible in the heavy burden forward.
Therefore, it is imperative to find a way to maintain the
high toughness and high strength of Silafont-36 alloy
after die-casting, so as to reduce the manufacturing cost
by eliminating the T7 heat treatment.

The main methods to improve the strength of the
alloy mainly include fine-grain strengthening, dispersion
strengthening, etc. Therefore, the strength of the alloy can
be improved by controlling the strengthening phase in the
alloy. It is well known that Mg,Si is a common
strengthening phase in aluminum alloys because of its
high strength, but when the magnesium element is
excessive, it will cause the coarsening of the Mg,Si phase,
which will reduce the strength of the alloy, so reasonable
control of the magnesium element content in the alloy
will be beneficial to enhance the strength of the alloy. On
the contrary, the dispersion strengthening of Mg,Si can
improve the strength of the alloy, but it will also reduce
the plasticity and toughness of the alloy, so we should
take measures to improve the plasticity and toughness of
the alloy at the same time. One of the most effective
methods is to refine the grain of the alloy. Manganese is
one of the strengthening elements of aluminum alloy,
which can reduce the size of recrystallized grains and
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improve the strength, plasticity, and toughness of the alloy.
Therefore, proper adjustment of the Mn/Mg element ratio
in the alloy can achieve the purpose of improving the
strength and toughness of the alloy at the same time to
replace the T7 heat treatment.

Ningbo Heli Technology Co., Ltd. has several years
of practical production experience in the die-casting
Silafont-36 alloy, focusing on the improvement of part
qualification rate and the control of production cost.
Based on Silafont-36, the company has reasonably
allocated alloy elements and obtained an HL-111 alloy
product with different wall thicknesses. The as-cast
mechanical properties of HL-111 alloy fully meet the
requirements of high strength and high toughness of the
original Silafont-36 alloy after T7 heat treatment, which
can omit the T7 heat treatment process of parts and
eliminate all costs brought by the whole process.

2 Experimental

The molten aluminum was melted in a 300 kg
resistance furnace. When the temperature was set at 720°C,
the refining degassing time was 50 min. In the degassing
process, the modifier Al-10Sr master alloy ® and super
refiner TCB seed alloy @ were added, during which the
degassing was uninterrupted. After the refining degassing
was qualified, stand for 10 min, and transferred the molten
aluminum to the side furnace of 300T-Buhler small die
casting machine after the temperature of the molten
aluminum was stabilized at 710°C. Then HL-111 die casting
samples with a wall thickness of 2.2 mm, 2.5 mm, 2.7 mm,
and 3 mm and corresponding element ratio were carried out
successively, the physical drawing of the casting is shown in
Figure 1. After the preparation of castings, HL-111
die-casting samples were prepared by wire cutting according
to the requirements of GB / T 228 standard. After that, the
HL-111 die-casting samples with the best performance were
selected and subjected to T5 heat treatment at 155°C, 165°C,
and 175°C for 120 min, 240 min, and 510 min respectively
to obtain HL-111 heat-treated samples.

Figure 1 The physical drawing of HL-111 casting

During the test, the alloy chemical composition of the
HL-111 die-casting sample was analyzed by SPECTRO
MAXxQ7-F element direct reading spectrometer. Wipe the
sample surface and the spark table of the direct-reading
spectrometer with absolute ethanol to avoid impurities
affecting the analysis results. Select the brand of Silafont-36
alloy for spectral analysis. Combined with the actual element
percentage of four Mn/Mg ratio levels, the element
composition was obtained when the alloy wall thickness was
2 ~ 3 :mm, as shown in Table 1.

Research and Application of Materials Science | Vol. 3| No.1 | 2021

Table 1 Table of optimum alloy elements with a wall
thickness of 2 ~ 3mm

Element Si Fe Mn Mg Cu
9.5~ 0.4~ 0.17~
Count (%) <0.15 <0.05
0.65 0.5
Element Sr Zn Ti Other Al
0.02~  0.07~
Count (%) <0.2 <0.15  Other
0.03 0.1

CMT5205 electronic universal testing machine was
used to carry out the tensile test on two kinds of samples
to measure their mechanical properties. The
microstructure of the sample was analyzed by OLYMPUS
GX53 metallographic microscope and scanning electron
microscope (SEM, Nova SU-70, Hitachi). The
metallographic diagrams of Silafont-36 alloy and HL-111
alloy with different wall thickness can be seen in Figure 2.
The transmission electron microscope samples of HL-111
alloy were prepared by Gatan 695 ion thinning instrument.
The transmission electron microscope patterns of HL-111
alloy were measured by FEI Talos F200X.

(a) : (b) (c)
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Figure 2 (a) Metallographic diagram of Silafont-36
alloy. (b-e) Metallographic diagram of HL-111 sample
with a wall thickness of 2.2 mm (b), 2.5 mm (c), 2.7 mm
(d), and 3.0 mm (e)

Table 2 The number of HL-111 die casting samples

Num Wall thickness (mm) Mn/Mg
1 1.65
22
12 1.90
13 1.65
25
24 1.90
25 1.65
2.8
36 1.90
37 1.65
3.0
48 1.90

Tensile test design of HL-111 die-casting specimen:
adopting four kinds of die-casting specimens with a
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length of 200 mm, a width of 40 mm, and thickness of 2.2
mm, 2.5 mm, 2.8 mm, and 3.0 mm. The Mn/Mg ratio of
the specimens with different thicknesses is adjusted to
1.65, 1.69, 1.71, 1.73, 1.75, 1.77, 1.79, 1.81, 1.83, 1.85,
1.88, and 1.90 respectively, and the serial numbers are
numbered 1, 2, 3..., 47 and 48, as shown in Table 2.

3 Results and Discussions

3.1 Analysis of chemical composition and
microstructure of HL-111 alloy

The microstructure of the sample was analyzed by
500X optical microscope. During the crystallization
process of Silafont-36 alloy, o;-Al phase will be
precipitated first, and the liquid aluminum alloy reaches
aluminum-silicon  eutectic  composition. As the
temperature decreases, the eutectic silicon phase in the
liquid alloy will grow coupled with a,-Al phase until
complete solidification. As shown in Figure 2a, it can be
seen that in the as-cast structure of the original Silafont-36
alloy, the white coarser organization is the primary oy-Al
phase. The fine and round white structure is the secondary
ap-Al phase. The irregular growth of the a-Al phase can
inhibit the growth of the eutectic silicon phase and thus
constantly change the growth direction, which eventually
generates relatively closed clusters ™31, which reduces the
coupling degree with other phases. The length of the oy-Al
phase is greater than 27.09 um, the diameter of o,-Al phase
is 7.41 um, the proportion of eutectic silicon is 36.91%. This
non-uniform distributed organization will lead to uneven
stress distribution in the process of stressing the alloy,
causing damage to the weak phases in the alloy and reducing
the overall mechanical properties.

By comparing the microstructure distribution
differences between HL-111 die-casting specimens with four
different wall thicknesses and the original silafont-36 alloy,
Figure 2b-d indicated that as the Mn / Mg ratio reached the
range of 1.73 ~ 1.89, the primary phase and second phase
of a-Al were not obvious. In addition, the eutectic silicon
was fully coupled to grow, and the overall distribution was
relatively uniform, which is conducive to enhancing the
toughness and strength of HL-111 alloy. The size of the a-Al
phase was calculated by the software, the maximum length
of the a;-Al phase was only 16.43 um, the diameter of the
secondary phase was 7.40 pm, and the percentage of eutectic
silicon was reduced to 26.62% ~ 30.02%.

Mg,Si phase will precipitate after T5 heat treatment
at 165°C for 510 min in the HL-111 die-casting sample.
Firstly, the element distribution of the ion milling sample
is analyzed by X-ray energy dispersive spectrometer
(EDS) through the transmission electron microscope
(TEM), as shown in Figure 3a. The yellow area in the
figure is the possible location of the precipitated phase.
Then, implementing spot measurement to the yellow area
by EDS of TME to further determine the location of the
Mg,Si precipitated phase, as shown in Figure 3a, b. To
further prove that there was precipitation of Mg,Si phase
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in the HL-111 sample after T5 heat treatment, the area
circled in Figure 3a is analyzed by selected-area electron
diffraction and high-resolution transmission electron
microscope (HRTEM). By calibrating the diffraction
pattern and lattice spacing of the precipitated phase
(Figure 3e, 1), it is completely consistent with the PDF
card (#65-9365) of Mg,Si, which fully demonstrated that
the Mg,Si phase was precipitated after T5 heat treatment
of HL-111. The morphology of Mg,Si is shown in Figure
3c, d. Through the analysis of the Mg,Si precipitated
phase and its surrounding elements by high-angle annular
dark-field (HAADF), there were evenly dispersed
aluminum atoms around Mg,Si precipitated phase,
indicating that the precipitated phase is distributed on Al
substrate. The Mg,Si phase could hinder the dislocation
movement and was conducive to improving the yield
strength of HL-111 alloy, as shown in Figure 3g-j.

Figure 3 (a) The EDS mapping of HL-111alloy. (b)
EDS point measurement in the area within the yellow
circle. (c) TEM image of HL-111 after T5 heat treatment.
(d) TEM morphology of Mg,Si precipitated phase. (e)
Selected-area electron diffraction (SAED) pattern of
Mg,Si precipitated phase. (f) The HRTEM image of
Mg,Si. (g-j) The HAADF diagram (g) and element
distribution diagram of Mg,Si precipitated phase: Al
element (h), Mg (i), and (Si).

3.2 Mechanical property test

The dimensions of tensile specimens are shown in
Figure 4. The operation and parameters of the tensile
experiment are as follows. Remove the oil stain from the
surface of the standard specimen. Set the test parameters
of the universal testing machine according to GB/T228
standard ™ the tensile speed was 4 mm/s, the
extensometer was YYU-10/50, then input the
cross-sectional area of the sample, and the tensile test is
carried out. The tensile test results of HL-111 die-casting
samples with different wall thicknesses are shown in
Table 3 The tensile test results of the HL-111 sample with
a wall thickness of 2.7 mm after different T5 heat
treatments are shown in Table 4.
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Figure 4 Schematic diagram of tensile specimen

Table 3 The mechanical properties of HL-111
die-casting samples with different wall thickness

Specimen Tensile strength  Yield strength  Elongation
thickness (mm) (MPa) (MPa) (%)

22 284.58 122.21 11.06
22 288.82 124.4 11.77
25 287.82 127.25 10.67
25 280.14 120.05 12.43
27 291.04 129.86 11.93
2.7 283.93 122.92 10.34

3 295.14 123.83 11.24

3 299.21 125.72 104

Table 4 The mechanical properties of HL-111 after
different T5 heat treatments

Heat treatment Tensile strength Yield strength  Elongation
parameters ("C/min) (MPa) (MPa) (%)
155°C/120min 294.05 182.30 5.84%
155°C/240min 296.34 184.52 5.63%
155°C/510min 299.50 188.47 5.72%
165°C/120min 295.28 184.23 5.76%
165°C/240min 297.44 186.48 5.83%
165°C/510min 302.36 190.32 8.42%
175°C/120min 296.32 186.23 5.53%
175°C/240min 299.62 189.24 5.73%
175°C/510min 305.32 192.93 5.62%

The elongation of the original Silafont-36 alloy after
T7 heat treatment is generally 10%, the tensile strength is
200 MPa, and the yield strength is 120 MPa. As can be
seen from Table 3, controlling the relationship between
wall thickness and composition, the elongation of HL-111
as-cast samples without heat treatment exceeded 10% and
the yield strength was stable above 120 MPa. More
importantly, the tensile strength was significantly
improved and could reach more than 280 MPa.
According to the Hall-Petch formula, with the decrease of
grain size, the number of large-angle grain boundaries of
the alloy will increase ™. When the alloy is subjected to
external stress, the dislocations in the grain cannot cross
the grain boundary and accumulate on it. When the
external stress increases, the dislocation source of

adjacent grains will move and start plastic deformation !,

Therefore, HL-111 alloy with smaller grains would have a
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greater strength 7. At the same time, the grain

distribution of HL-111 alloy was more uniform. When the
alloy had plastic deformation, the plastic deformation
could be more evenly distributed in each grain, which was
not easy to produce stress concentration, so HL-111 alloy
could withstand more deformation and have a good
plasticity. Compared with Silafont-36, the proportion of
eutectic silicon in HL-111 is reduced. The reduction of
the proportion of eutectic silicon can not only reduce the
strength reduction caused by eutectic silicon but also
improve the yield strength of HL-111 alloy.

After TS heat treatment at 165°C for 510 min, the
tensile strength of HL-111 was 290-310 MPa, the yield
strength was 180-220 MPa, and the elongation was higher
than 8%, while the elongation after heat treatment at other
temperature and time was less than 6%. Because the HL-111
alloy will precipitate the Mg,Si phase at the grain boundary
after T5 heat treatment at 165 C for 510min. The
precipitation of Mg,Si phase would form Cottrell
atmosphere at the grain boundary and lead to the pinning
effect, which could hinder the dislocation slip in the HL-111
alloy and increase the strength of the metal, especially the
yield strength. Moreover, the yield ratio of HL-111 alloy will
also increase, which will make the metal difficult to plastic
deformation, which will lead to the decrease of elongation.
The time and temperature of heat treatment will affect the
precipitation and distribution of Mg,Si. When the heat
treatment time is too long or short, the plasticity of HL-111
will significantly decrease.

3.3 Fracture dimple analysis

The fracture morphology of the original Silafont-36
alloy is shown in Figure 5a, b, and the fracture morphology
of the HL-111 sample after adjusting the Mn/Mg ratio is
shown in Figure 5c-h. The size of the fracture dimples
mainly includes the average size and depth, which is
closely related to the plasticity and fracture mode of the
material. The parts with deeper fracture dimples break later
in the fracture process, so the aluminum alloy with deeper
fracture dimples has better plasticity. By comparing the
dimple size of HL-111 alloy with different wall thickness
and the original Silafont-36 alloy, as Mn/Mg reaches the
range of 1.73-1.89, the dimple size and number of the
HL-111 alloy are larger than Silafont-36 alloy. Therefore,
the HL-111 alloy has excellent plasticity, and the
elongation can reach more than 10%. This is because the
proportion of eutectic silicon decreases while the a-Al
phase increases after adjusting the Mn/Mg ratio, and brittle
fracture occurs first at the eutectic silicon during the tensile
process, however, the increase of a-Al phase can increase
the plasticity of the HL-111 alloy.

After T5 heat treatment, the dimple size and depth
on the fracture surface of HL-111 alloy become smaller,
and the fracture surface locally presents the rock shape with
a few tear lines, which shows the plasticity of the T5
heat-treated HL-111 alloy is less than that of as-cast alloy ™.
The fracture mode of T5 heat-treated HL-111 alloy in the
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tensile test is between brittle fracture and ductile fracture.
Because the Mg,Si precipitated from HL-111 alloy after
heat treatment is brittle and distributes on the grain
boundary. Under the action of stress, there will be some
microporous cracks, which make the alloy brittle.

Figure 5 The SEM images of the fracture surface of
Silafont-36, HL-111 with different wall thickness and T5
heat-treated HL-111 alloy. (a-b) Tensile fracture
morphology of Silafont-36 as-cast alloy; (c-h) Tensile
fracture morphology of HL-111 alloy die-casting
specimen. (i-j) Tensile fracture morphology of HL-111
sample after T5 heat treatment(165°C/510min)

4 Conclusion

Based on the element content of the Silafont-36 alloy,
the tensile strength, yield strength, and elongation of
HL-111 alloy with different wall thickness can reach
more than 280 MPa, 120 MPa, and 10% respectively by
adjusting Mn/Mg ratio. More importantly, as the Mn/Mg
ratio reaches 1.73 ~ 1.89, the as-cast HL-111 alloy with
a wall thickness of 2-3 nm can replace the T7 heat
treatment process of the original Silafont-36 alloy. In
addition, as the Mn/Mg ratio in HL-111 is 1.73 ~ 1.89,
the crystallization law of microstructure in HL-111 will
change. The distance between the primary phase and the
secondary phase of a-Al decreases, and the grains are
regularly and evenly distributed, to better improve the
mechanical properties of the alloy. Moreover, Mg,Si will
precipitate in HL-111 alloy after T5 heat treatment at 165°C
for 510 min and distribute on the grain boundary, which
will produce a pinning effect to improve the metal
strength, and slightly reduce the elongation. The tensile
strength, yield strength, and elongation of HL-111 alloy
after TS heat treatment with 2.7 mm wall thickness can
reach 302.36 MPa, 190.32 MPa, and 8.42%.
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Abstract:

Herein, MoO,-based submicrons (named MoO,@C) are synthesized through an effective one-step hydrothermal process. The prepared
MoO, submicrons wrapped in carbonouse layer are uniformly produced and can be applied to the anodes in lithium-ion batteries
(LIBs). The novel MoO,@C electrodes demonstrate attractive lithium storage ability. Moreover, compared with the commercial pure
MoO,, the MoO,@C delivers a superior electrochemical capacity (e.g, 760.83 mAh g capacity in long-life test at high rate of 1 Ag™)
with outstanding capacity retention ratio and stability as well as rate capability. The superior lithium storage capabilities result from
plenty of the Li" sites and adequate electrolyte infiltration effect, which allows the fast transport of electrons and ions, and
well-dispersed MoO, submicrons in carbon-based layers that effectively prevents aggregation of nano size particles.

Keywords: submicrons; MoO,; Carbon coating; Lithium-ion battery

1 Introduction

Increasing of environmental and energy problems has
triggered strong research interests in the use of sustainable
and renewable energy storage devices M. As a new
emerging Mo-based material applying in LIBs, potential
MoO, equips with the intrinsic metallic nature (bulk
electrical conductivity up to 1.1 x10° @ m™ at 300 K) and
the low electrical resistivity with one-dimensional (1D)
tunnel structure, which can significantly facilitate Li* and
electron transport kinetics 1. Moreover, MoO, with the
high density of 6.5 g cm?, which is about 3.25 times
compared with commercial graphite (2 g cm®), makes it
possible to obtain 7.3 times capacity of graphite under
similar volume condition ®*Y, Therefore, MoO, anodes have
been given great interests to the field of lithium-ion batteries
(LIBs). However, the three major bottlenecks limit its
practical full cell application. (i) The pulverization results in
poor cyclic capacity and capacity faded phenomenon
because of the fully conversion reaction possesses ™. (ii)
The unsatisfying rate performance results from relatively
low conductivity ™™ (iii) The sluggish kinetics limit
lithium-ion transportation in bulk MoO,. Therefore, it is
great challenge to prepare MoO, based electrode materials.

Preparing the nano-sized MoO,@C is an effective
solution to the bottlenecks. Usually, MoO, is prepared by
the reduction of MoOs™®. In the synthesis process,

MoO; is treated under a hydrogen atmosphere at high
temperature, followed by the formation of large particles. For
example, Song et al. adopted the ultrasonic spray pyrolysis to
make spherical molybdenum dioxide materials. The precursor
solution was prepared using aqueous ammonium molybdate
and sucrose as the reducing agent and carbon source, and the
ultrasonic spray pyrolysis was carried out at 550-650°C under
5% H, / Ar atmosphere. Spheres with diameters of 2-6 m
were obtained™. Zhang et al. used ammonium
hepta-molybdate  tetrahydrate as a precursor and
polyvinylpyrrolidone as a modifier to first prepare
molybdenum trioxide nanoparticles by hydrothermal synthesis,
and then obtained molybdenum dioxide nanoparticle by high
temperature reduction at 420 °C  under argon-hydrogen
atmosphere, with nanoparticle size around 300 nm®”,

In this work, a nano-spherical MoO,@C material with
an average particle size of ~200 nm is prepared by the
simple hydrothermal method without any impurities, which
is a very competitive way for large scale production. Besides,
for the green chemical concept, the biomass gelatin is
selected as carbon source. The structure, morphology, and
electrochemical properties of the MoO,@C composite are
investigated using various analytical techniques. Particularly,
the MoO,@C anode shows the better long-term stability
compared with pure MoO,. The rate-capability and capacity
retention of the synthesized material are significantly
improved compared with the commercial pure MoO, (5

Copyright © 2021 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.
Received on September 28, 2021; Accepted on December 17, 2021

Research and Application of Materials Science | Vol. 3| No.1 | 2021

13


http://www.viserdata.com/
http://www.viserdata.com/journal/rams
mailto:tongcy959@nenu.edu.cn
http://creativecommons.org/licenses/by-nc/4.0/

times capacity enhancement at 1 A g™ in the cycling test).
The experimental results show that the uniform carbon
distribution and nano-sized particle offer more adsorption
sites to shorten the ion transport pathway resulting from the
effective routine. Furthermore, the analysis tests indicate that
there is no damage for the structure of MoO,@C after
working 1000 cycles. Therefore, this work may offer a novel
strategy for design of nano-size particles electrode materials
with high-performance for Li* based energy storage devices.

2 Experimental Section
2.1 Materials

Ammonium molybdate tetrahydrate
((NH4)gMo0,0,4 4H,0), gelatin and sodium hydroxide
(NaOH) were purchased from Aladdin company. All
chemical reagents are used without purify.

2.2 Preparation of MoO,@C.

Typically, 0.50 g (NH4)¢M0,0,4 4H,O was stirred
for 30 min in 25 mL deionized water. Then, gelatin (0.76
g) was added and stirred for 30 min (80°C). After that, 1
mL NaOH (1 M) solution was injected into it with
ultra-stir for 15 min. Finally, the uniform solution was
transferred in Teflon reactor (capacity: 50 mL). After
reacting at the 200°C for 24 h, the product was washed
with water and ethanol two times, respectively. The
prepared black powder was transferred in tube furnace
with the heating process at the 500°C.

2.3 Material characterizations

The powder X-ray diffraction using Cu Ko radiation
(XRD, Smartlab 2200PC) was implemented to identify
the phase of MoO,@C. To figure out the size,
morphology and the element distribution in MoO,@C,
field-emission scanning electron microscopy (SEM)and
energy dispersive X-ray spectroscopy (EDX) were
performed (HITACHI SU8010).

2.4 Electrochemical measurements

Blade-coating method was adopted to prepare the
working electrodes. The materials weighted at the ratio of
7:2:1 (MoO,@C / carbon black / polyvinyl difluoride) in
proper amount of N-methylpyrrolidone (NMP). After
stirred for one day, the slurry was rapidly bladed onto the
copper foils and dried in the 80°C condition.

The typical LIBs were assembled as followings in
Ar-filled glovebox (SUniversal 2440/750). The pure
lithium foil was used as counter electrode while
MoO,@C as the working electrodes, and 150 pL
electrolyte (1.0 mol/L LiPFg in ethylene carbonate /
dimethyl carbonate) as the electrolyte. The current density
and capacity were calculated ~1 mg as the benchmark.

To value the electrochemical reaction, galvanostatic

discharge/charge curves (GCD) and cyclic voltammetry (CV)

were tested (LAND CT2001A). The electrochemical
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impedance spectra (EIS) was carried out on electrochemistry
workstation (CHI750E) with a 45 mV ac signal amplitude
and a frequency ranged from 10 kHz to 0.01 Hz.

Al the electrochemical tests were conducted at ~25°C.

3 Results and Discussion

Figure 1 schematically illustrates the formation of
MoO,@C submicrons. MoO,@C was first synthesized by
employing a hydrothermal process with
(NH4)sM070,4 4H,0 and gelatin, and then annealed to
form  nanostructured MoO,@C. Nanostructured
MoO,@C will have a large surface area and more active
sites, thus improving the kinetics of Li",

>
Hydrothermal : s
-

Annealing

MoO, nanoparticles

Figure 1 Schematic of the synthesis of the MoO,@C.

The phase composition and crystal structure of
MoO,@C is further obtained by XRD. As shown in
Figure 2a, the obtained composites are in good agreement
with the space group p63/mmc (JCPDS: 37-1492) of pure
MnQO,. The distinct diffraction peaks at 36.52° 38.10°
41.37°, 53.80° and 65.73° correspond to the (100), (002),
(101), (102) and (110) planes, respectively. Moreover, the
peak width at half width of diffraction peaks with strongly
intensity suggests a small particle size and high crystallinity
of MoO,, consistent with the characteristics of pure MoO,.
Besides, the baseline of the XRD pattern increases
considerably during 20-30°, which proves the occurrence of
an amorphous carbon. All of these characterizations further
confirm the successful preparation of the highly crystalline
pure phase MoO,@C sample.

]

JCPDS: 37-1492

Intensity (a.u.)

10 20 30 40 S0 60 70 80
2 Theta (degree)

Figure 2 The characterizations of MoO,@C (a) The
XRD pattern. (b) The SEM image showing the average
particle size with ~200 nm. (c) The EDX results of Mo,
O,Cand N
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To further determine the structure, several tools were
used to analyze the nanostructures and characterize the
distribution of elements in the nanostructures. MoO,@C
is studied by SEM. SEM image shows the morphology
and microstructure of MoO,@C. It clearly presents
uniform and smooth solid sphere with an average particle
radius of about 200 nm (Figure 2b). After high
temperature annealing treatment, the spheres still preserve
its structure, indicating the stable structure.

Furthermore, as shown in Figure 2c, the EDX image
shows the existence of Mo, O, N and C species with
10.09%, 32.35%, 11.89% and 45.68%. It is noticeable
that gelatin plays a double functional role, as a reducing
agent and a carbon source at the same time in the
composite. On the grounds of the above results, it is
confirmed the successful preparation of spherical
MoO,@C with nanoscale size.
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Figure 3 The electrochemical performances of
MoO,@C. (a) The first three cycles of CV curves. (b) The
GCD curves. (c) The rate performances with 2 A g™
charge and 0.5 A g™ discharge. (d) The EIS image of
MoO,@C fresh and MoO,@C after 100 cycles

To further explore the potential applicability of
MoO,@C as an anode material in LIBs, the typical button
cells were assembled in the glove box and tested. As
illustrated in Figure 3a, the CV of the MoO,@C electrode
is monitored over a voltage range in 0.01-3.0 V with a
scan rate of 0.1 mV s™. In the first cycle, two cathodic of
peaks are clearly observed at 1.25 V and 1.52 V. This
mechanism of lithium ion insertion and de-insertion
reaction is the same as that already reported in the
paper?. The two cathodic peaks are in relation to the
phase transition from monoclinic to orthoclinic of MoO,
during Li* insertion. In accordance with the study of
Dahn and McKinnon, the two oxidation peaks located at
1.47 V and 1.7 V are shown in the lithium extraction
process?. The reduction peak that is located at ~0.6 V
can be attributed to the formation of a solid electrolyte
interphase (SEI) film between the MoO, submicrons and
the electrolyte. The second cycle, the CV curve remains
stable; meanwhile, its redox peaks are basically the same
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as the first cycle, located at 1.25V/1.47V and 1.52V/1.7V,
respectively. This indicates that an irrecoverable reaction
occurs during the initial Li* insertion, and then, no
noticeable changes are observed in the subsequent cycles.
The obtained potential shows that the material has good
reversibility. At the same time, the polarization of the
electrode material can be alleviated.

The GCD was valued in the potential range of 0.01-3
V, which is the area where the insertion/extraction
reaction is known. Figure 3b reveals the voltage curves of
the nanoscale MoO,@C composite electrode. The first
discharge and charge capacities are approximately
1363.51 mAh g* and 937.09 mAh g, and the initial
Coulombic efficiency (ICE) is 68.73%, which is mainly
attributed to the irreversible lithium intercalation into the
carbon. This is well coordinated with the broad peak
observed in the CV curve. Other irreversible processes
such as some lithium trapped in the MoO, lattice, the
formation of SEI, and the pyrolysis of electrolyte can also
affect the ICE. The reversible discharge capacity of the
MoO,@C compound is higher than its theoretical
capacity, which can be attributed to the better Li*
occupancy in the near-surface environment due to the
nanoscale native particles of MoO,*!. Meanwhile, in the
first cycle, two different discharge plateaus (0.5-1.0 V and
1.0-1.5 V) and charging plateaus (1.0-1.5 V and 1.5-2.0 V)
can be observed, which is in good agreement with the
oxidation and reduction peaks in the CV curves.

Besides, the MoO,@C composition also shows a
remarkably high-rate capability (Figure 3c). A high
current charge is first set and cycled for 50 turns with an
approximate specific capacity of ~120 mAh g-1; then a
low current discharge is set and cycled for 50 turns with a
specific capacity of ~510 mAh g-1, and continues to
circulate 500 cycles. It is observed that the specific
capacity of the electrode basically remains stable,
indicating that the electrode material structure is stable.

To further understand the electrochemical reaction
kinetics of MoO,@C, EIS measurements were performed.
Figure 3d shows the Nyquist plots of MoO,@C in fresh
and after 100 cycles. SEM image after cycling is shown
in the inset. It is shown that each Nyquist plot consists of
a depressed semicircle at high frequencies, a semicircle at
medium frequencies, and a tilted line at low frequencies.
They correspond to the migration resistance of lithium
ions in the SEI interface layer, the charge transfer
resistance, and the solid diffusion resistance of lithium
ions in the active material, respectively. By comparing the
two Nyquist plots, the diameter of the semicircle
decreases significantly after cycling, which is attributed to
electrochemical activation. It is worth noting that the tilt
lines remain parallel throughout the cycling process,
indicating that the solid diffusion of lithium ions is
always stable. The EIS results indicate that the composite
has relatively low impedance and fast Faraday reaction
kinetics, consistent with its superior rate performance.
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Figure 4 (a) The electrochemical cycling performances
comparison of MoO,@C and commercial MoO, and the
inset image is the SEM image of MoO,@C
nanocomposites after cycling. (b, ¢) The SEM images of
commercial MoO, before and after cycling

Remarkably, the long-term cycling stability tests at
high current densities (1 A g') show a discharge
capacity of 760.83 mAh g with capacity retention
of ~ 69.75% (Figure 4a). During the cycles, all
capacities show a tendency to increase and then smooth.
This is due to the slow activation of the material makes
the infiltration of the electrolyte after a period of time.
As a point of comparison, the plain MoO, electrode
display a much lower capacity of 231.00 mAh g™ after
the 84 loops at 1 A g and an obvious decrease trend
during electrochemical process. By comparing the SEM
image of the MoO,@C nanocomposites inside the
Figure 4a, the SEM images of pure MoO, before and
after cycling indicating that the structure of MoO,
submicrons seriously break and collapse (Figure 4b, c).
For the MoO,@C, the structure still maintained a stable
microstructure after cycling (the inset image in Figure
4a). Because the carbon coating can effectively mitigate
the volume expansion of MoO, submicrons during the
charge/discharge process and avoid the fragmentation of
the electrode material.

4 Conclusion

In summary, a green and simply hydrothermal
assisted method is adopted to synthesize MoO,@C
nanocomposites. As anode materials for Li-ion batteries,
MoO,@C nanocomposites demonstrate higher specific
capacitance and more stable cycling ability than pure
MoO,. Besides, the MoO, submicrons that are embedded
in amorphous carbon effectively improve the electrical
conductivity and decrease the cycling resistance.
Combined with lithium metal to aggregate the LIBs, the
MoO,@C anode displays a high initial discharge capacity of
760.83 mAh g™ at 1 A g* and a long-time cycling stability
of ~69.75% after performing 1000 cycles. All these results
indicate that the MoO,@C nanocomposites synthesized in
this work have potential application in LIBs.
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Abstract:

The application of magnesium (Mg) and its alloys in automotive and aerospace industry is promoted gradually because of its
outstanding properties, such as light weight, high specific strength and excellent castability. However, as a chemically active metal, Mg
and its alloys generally possess low oxidation resistance in air at high temperatures because of the high affinity of Mg for O. This has
caused a lot of industrial waste and a short service life. In the present work, according to the relevant mechanism of Mg alloy oxidation
in air at high temperature, the effect of alloying elements on the oxidation of pure Mg and Mg alloys as well as the research progress of

oxidation resistant Mg alloys are briefly reviewed.

Keywords: Magnesium; Magnesium alloy; High temperature; Oxidation; Alloying elements

1 Introduction

Magnesium (Mg) and its alloys, as the lightest
metallic structure materials, has been widely employed
in industries from aerospace to automotive products due
to their low density, high specific strength and stiffness,
wonderful machinability and excellent castability!?.
However, Mg alloys are prone to fire in the process of
casting and processing due to their high activity and strong
affinity with oxygen, which poses a potential danger to the
safe operation of equipment and further limit its
widespread applications. Therefore, most commercial
magnesium alloys cannot be used in aircraft cabins .

The oxidation behaviors of Mg alloys will be
effected by many factors, such as grain size, the quantity
and the distribution of the intermetallic compounds, the
content and distribution of alloying elements, the impurity
and the texture or twin for the wrought Mg alloys. Both
coating and ion implantation also can improve the
corrosion resistance of alloys, however, these methods
have a single function, i.e., only oxidation resistance at
high temperature or corrosion resistance in NaCl solution
and they are more complex in contrast to the alloying for
Mg alloys. Thus, among of these, alloying is an effective
manner to improve the mechanical properties and
corrosion resistances. The added alloying elements will

modified the microstructure of the alloys, including grain
size of a-Mg, the secondary phases and the distribution of
alloying elements dependent on the fabrication processes.
Thus, review the effect of alloying elements on the
oxidation behaviors of Mg alloys at high temperature is
critical to enlarge their application.

Usually, the alloying elements added in Mg alloys
can be classified into two categories: common elements
(Al, Zn, Ca) and rare earth (RE) elements (La, Ce, Nd, Y,
Er and Gd). When Mg and its alloys are exposed to air at
room temperature, they easily react with oxygen to form
oxide films. The structure of oxide divided into three
layers as shown in Figure 1. 1t is well known that MgO,
as the dominant oxidation product of pure Mg and Mg
alloys, has a low Pilling-Bedworth ratio (PBR) of 0.81
less than unity and plays non-protective roles at the
temperature above 450°C &,

The growth rate of Mg oxide is dependent on the
outward migration of Mg ions at a certain temperature for
the same alloys “%. The higher the oxidation temperature,
the faster the lattice diffusion of Mg ions. This results in
the thickening of oxide film. At the same time, the holes
will be produced at the matrix/oxide film interface by the
accumulation and segregation of these defects, then lead to
the cracks at the critical thickness, which further accelerate
the diffusion of Mg ions and promote oxidation ™.

Meanwhile, the microstructure and the physical
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properties of oxide film formed on the surfaces of Mg
alloys during oxidation also affect the oxidation
resistance of the alloys oxidized at high temperature. If
the oxide films are compact with few defects, i.e., voids
and cracks, the oxidation resistance will be improved.
When the alloying elements are added in the Mg alloys,
the oxides layer on the surfaces should contain the oxides
of alloying elements besides MgO as mentioned.

It is well known that the processing of Mg alloy
parts has to be experienced of heat-treatment processing,
such as casting and deformation (extrusion and rolling),
considered the difficult deformation ability at ambient
temperature because of few independent slip systems in
Mg alloys. So, understanding of alloying elements —
oxidation resistance relationships, and the establishment
of the database are all very important for the widespread
application of Mg alloys.

Environment

Hole layer

Dense layer
Honeycomb layer

Mg subatrate

Figure 1 Natural oxide film structure formed on the
surface of Mg alloy after oxidation [}

Hence, the effect of common alloying elements and
rare earth elements on the oxidation behaviors of Mg
alloys and the research progress of antioxidant Mg alloys
are briefly reviewed in this paper.

2 Common Alloying Elements Affect the
Oxidation Resistance of Mg Alloys

2.1Al

Mg-Al serials alloys with good castability, high
strength and low price are the most commonly used
casting Mg alloys 2™ Since the PBR of Al is larger
than unity unlike that of Mg aforementioned, the
compactness of Al,O5 oxide film is better than that of MgO
oxide film against the high temperature oxidation ™.
However, it was reported that the oxidation resistance of
pure Mg is better than that of Mg-Al alloy at high
temperature above the eutectic temperature of Mg-Al
alloys mainly due to the low melting point of B-Mg;;Al;,
eutectic phase, in which the B phase is very easy to be
evaporated and oxidized therefore caused the poor
oxidation resistance ¢,

Research and Application of Materials Science | Vol. 3| No.1 | 2021

The high evaporation rate of Mg described by Keyqp
= 0.6 exp(-25,000/RT) g/cm?, meaning that the higher
the reaction temperature, the more evaporation beats
oxidation kinetically. ™ In case of AZ91D alloy, the
oxide layers are comprised of the dominant MgO and few
of MgAl,O,. The oxidation mechanism of AZ91D alloy is
different at different oxidation temperatures. At
temperatures of solid state, the spheroidization and
dissolution of second phases take place simultaneously
with Al preferential oxidation near the areas enriched in
Al, resulting in the high oxidation resistance. However, at
the semi-solid temperatures, the incipient melting of the
Al-rich fraction, selective evaporation of Mg from liquid
islands and condensation within the scale pores and
cracks are superimposed on the reaction with oxygen,
leading to the weak oxidation resistance.

Barrena ! reported that weight gain of AZ91 Mg
alloys is always higher than that of AM60 through the
cyclic oxidation tests at 500-700°C for 60 min and
540-590°C for 10 min (Figure 2). This suggests that the
oxidation resistance of Mg-Al based alloys is not
dependent on only the Al content but the other alloying
element addition (Mn and Zn). Conversely, Leontis and
Rhines ™ reported that exceeding Al (> 1.1 wt.%)
addition will accelerate the oxidation rates of Mg not as
expected that the addition of Al lower the oxidation rates
of Mg alloys. Even at 400°C, over 10 wt.% Al also
decrease the oxidation resistance of Mg alloys probably

related to the thicker oxide layer *®.
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Figure 2 Curves of weight gain versus time for AM60
and AZ91 alloys in air for two different isothermal times:
a) AM60 for 1 h, b) AZ91for 1 h, c) AM60 for 10 min and

d) AZ91 for 10 min (¥

2.27Zn

Zn is a useful alloying element in Mg alloys, such as
AZ, ZK and Mg-Zn-Y serials alloys, can improve the
mechanical properties of Mg alloys by refining the
microstructures. However, Zn addition will also reduce
the oxidation resistance of pure Mg at high temperature
predominantly owing to the following reasons ™. Firstly,
as the melting temperature of Mg-Zn phases is low, a
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large amount of Mg will evaporate and produce selective
oxidation at high temperature “%: Secondly, Zn is easy to
sublimate at high temperature and to penetrate the alloy
substrate and oxide film results in the formation of holes
at the oxide/alloy interface, which causes the defective
oxide films and therefore accelerates the oxidation rate.
Although binary Mg-Zn alloy is rarely used because of its
instability at high temperature, it has attracted much
attention because of its good mechanical properties for
the alloys with the other alloying elements additions, such
as Mg-Y-zZn alloys, where the oxidation resistance of
Mg-Zn alloys was enhanced with the increasing addition
of Y (Figure 3) %,
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5 \ 5 5
5 of —— £ —M \ g —=—M \
s «f —*—Mg sase) | & 9 1929 5 « 9 \a8.85]
° .58 3 Y \ ® o ==Y, \
2y 2 P Je-
5 U, 15 ——2n s 15 ——12Zn A
E3 8. 4 ® ‘3‘ 5 &7 3.14 3.0 11 2.9 3'263’ .

i 378 349 226 148 420401 37 276 248 248 o 314 302 25 31296 237 § 482
grof TS Mlan I  fos 130} —a—a—t—a—ali

Point number Point number Point number

Figure 3 Backscattered electron images of the
cross-sectional micrographs of the oxide films of (a)
Mg-3Y, (b) Mg-3Y-0.5Zn and (c) Mg-3Y-1Zn alloys with
their corresponding EDS analyses of Mg, Y and Zn
elements !

2.3Ca

It was found that Ca addition in Mg can lower the
oxidation rate at high temperature “?. Small amounts of
Ca addition (0.5+ 1.5 and 3.0 wt.%) decreases the oxidation
rates of pure Mg oxidized at 440°C and 500°C by
thermo-gravimetric experiments, indicating that the
addition of Ca is beneficial to the oxidation resistance of
pure Mg Y. However, the oxidation rate of Mg-3Ca alloy
is higher than that of Mg-0.5Ca alloy at all tested
temperatures. It was explained by the low melting point
Mg-Mg,Ca eutectic structure formed in Mg-Ca alloys
with Ca content exceeding 0.5 wt.%, which will be melt

leading to a liquid island structure at a higher temperature.

Meanwhile, the mass gain results suggested that these
liquid islands promote the evaporation of Mg Y. Further
investigation by Auger electron spectroscopy (AES) on
the element distribution in the surface layer of alloys after
oxidation at 440°C and 500°C showed that only MgO
layer formed on pure Mg with uniform distribution of Mg
and O. However, the element of Ca has been detected on
the surface for Mg-3Ca alloy except for MgO. It is also
noted that the composition of the oxide layer changed
with the different oxidation temperatures. At 440°C, the
surface layer consists of the outer Mg oxide layer and the
relative inner oxide layer containing Ca. However, when
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the oxidation temperature reached 500°C, the outer oxide
layer is CaO, followed by the mixed oxide layer
containing Mg and CaO.
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Figure 4  AES depth profiles sputtered from the surface
of (a) pure Mg at 440°C; (b) Mg-3Ca at 440°C; (c) pure
Mg at 500°C and (d) Mg-3Ca at 500°C for 1 h?!

The improvement in the oxidation resistance of pure
Mg by small amounts of Ca addition is possibly related to
the following reasons: (1) during the oxidation process, a
thin, dense and composite oxide layer composing of CaO
and MgO is formed, which plays a good protection roles
by hindering the diffusion of O and Mg; (2) the addition
of Ca will partially replace Mg in MgO during oxidation
process, which increases the density of MgO in the oxide
film; (3) The highly thermal-stable second phase formed.
Pure Mg alloyed with Ca will produce Mg,Ca eutectic
structure along the grain boundaries. When the oxidation
temperature is lower than the melting temperature of
Mg-Mg,Ca eutectic structure, Mg®* ions are difficult to
diffuse along the dendritic grain boundaries and therefore
inhibit the oxidation.

2.4 Sr

The different ignition temperatures of various Mg-
Sr alloys are dependent on the amount of Sr, which is
easily segregated to the surface prior to ignition because
of its high activity. The ignition temperature of pure Mg is
increased by 214°C from 640°C of pure Mg to 854 <TC of
Mg-6 wt% Sr alloys. ! For the high temperature
oxidation behavior of Mg-Sr hypoeutectic alloys, a
non-uniform two-phase structure oxide scale formed over
the interdendritics after oxidation at 500 °C in dry air
flow for 12 h.

Note that the secondary phases oxidize primarily
causing the formation of MgO and SrO on the surface and
continued, which is related to Sr surface activity affecting
the initial oxidation sequence. ¥ It is highlighted that 75
ppm Sr addition exhibits the similar oxidation resistance of
9 ppm (wt) Be addition in molten AZ91 alloys at 680°C
for 300 min % suggesting that Sr could substitute the
toxic element of beryllium (Be) usually used in casting of
Mg alloys.
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3 Oxidation Resistance of Mg Alloyed with
Rare Earth Elements

In the past decade, the effect of rare earth (RE)
elements on the microstructure, mechanical performance,
creep resistance and corrosion resistance of pure Mg has
been studied extensively. The addition of RE could
enhance the mechanical properties, formability and creep
resistance of Mg alloys at high temperature. Furthermore,
the addition of RE can improve the oxidation resistance
of Mg alloys. Note that the rare earth elements are
divided into two subgroups, light rare earth elements and
heavy rare earth elements. We will review the effects of
light rare earth elements of La, Ce and Nd, heavy metal
elements of Gd, Y and Er on the oxidation resistance of
Mg alloys.

3.1 Light RE elements

3.11La

As the P-B ratio of La,O5 (1.11) is larger than that of
Mg ! the dense oxide layer will be formed on pure Mg
by adding of La compared to that of pure Mg, and this
can improve the oxidation resistance of Mg alloys. The
addition of not only La but La,O3 could improve the
oxidation resistance of AZ31 Mg alloys, in which the
addition of 0.9 wt.% La alloy exhibits the best oxidation
resistance of all samples (Figure5) ", When the practical
La content over 0.9 wt.%, the oxidation resistance of
AZ31 is worsened due to the loose and porous oxide film
formed and the reduced adhesion to the substrate. As a
RE element, the addition of a trace amount of La has a
very positive role in improving the oxidation resistance of

Mg alloys.
a —a—AZ31 —a—AZ31
0201 _o—AZ31-0.35wt.% La N 0201 —e—AZ31-041 W% La
o 0175 —4—AZ31-075wt% La 8 o 0V —4—AZ31-074 W% La
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Figure 5 Oxidation kinetic curves of AZ31 with both
additions. (a) AZ31 with La addition. (b) AZ31 with
L3203[24]

3.1.2Ce

Cerium (Ce) is one kind of light RE elements usually
as the alloying elements in Mg alloys. Wang pointed that
the Ce addition lowered the mass gained of AZ31 alloy
oxidized at 500°C compared to that of AZ31 alloys . It
was found the addition of 0.25 wt.% Ce could increase
the ignition points of AZ91 and AM50 alloys by 50C
primarily ascribed to the dense Ce,O; layer formed .
Once this layer is mixed with MgO, the composite oxide
film will be denser and be free of defects . However, if
the addition of Ce exceeds 0.25 wt.%, the oxidation rate
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will increase related to the limited solid solubility of Ce in
both alloys. The surface morphologies of AM50 alloys
with and without Ce addition after oxidation at 500°C for
1 h were examined shown in Figure 6, where the loose
and porous oxide film could be observed on the base alloy.
When 0.25 wt.% Ce was added, the surfaces of oxidized
alloys were relative smooth with very few holes and
defects. Further increasing addition of Ce to 0.45 wt.%,
the distinct holes and defects can be seen on the surface
of the alloy again (Figure 5C). Thus, a small amount of
Ce addition can improve the oxidation resistance of Mg
alloy. These dense Ce oxide layer on the surface can
protect the substrate from further oxidation. In addition,
the existence of Ce in Mg alloy has no adverse effect on
mechanical properties. Consequently, from a technical
point of view, Ce-containing Mg alloys are worthy of
further study.

Figure 6 SEM micrographs on the surface of the AM50
Mg alloy after isothermal oxidation in air at 500°C for 60
min: (a) 0 wt.% Ce with high porosity; (b) 0.25 wt.% Ce
showing dense oxide layer; (c) 0.45 wt.% Ce showing
porous oxide layer®’
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3.1.3Nd

To improve the oxidation resistance of alloys,
alloying element of Nd could be considered. Small
addition (2.87 and 4.5 wt.%) of Nd can improve oxidation
resistance of Mg oxidized at 500°C, while the oxidation
resistance decreased significantly when Nd content is 11.2
wt.% and 25 wt.%, which are related to the cracks or pores
on the surfaces of alloys during oxidation (Figure7) =2,
Moreover, MgO will be formed prior to Nd,O; at the
initial stage during oxidation via thermodynamic
calculation. The initially formed MgO reduces the content
of Mg elements on the surface of a-Mg as shown in
Figure 8. Correspondingly, the surface activity of Nd
increases leading to the formation of Nd,03 B As the
PBR ratio of Nd,O3 is 1.13 4, the dense composite oxide
film can effectively protect the alloy matrix from further
oxidation.

Figure 7 Surface morphologies of MgNd alloys (Nd =
25 wt.%) oxidized in pure O, up to 90 min at (a) 723 K,
(b) 773 K, (c) 823 K and (d) 873 K[!

Composite oxide scale

(MO + Nd;05)

Figure 8 The schematic depiction of the oxidation in
dilute Mg—Nd alloys at 500°C for 12 h in dry air ©**!

The oxidation mechanism of Nd in ternary Mg alloy
is very complex. Arrabal highlighted that 1.4 wt.% Nd
addition could improve the oxidation resistance of AZ91D
alloys at 410°C, where the oxidation rate of Nd-containing
alloy is 72% compared to the base alloy B¢ The
improvement can be interpreted by the increasing volume
of AI-Nd intermetallic compounds and the decreasing of
Mg,,Aly, phase by Nd addition as shown in Figure 9 (a)
and (b). Compared with other rare earth elements, Nd is
an ideal addition element that can protect Mg alloy from
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oxidation. The oxidation kinetics curves of Mg-Nd (Nd =
25 wt.%) alloy follow the parabolic oxidation at
723-873K. B The oxide layers show a triplex structure:
the outer layer is composed of MgO, Nd,O3; and Nd(OH)3,
the middle layer chiefly consists of MgO and Nd,Os, and
the inner layer is made of MgO, Nd,O3 and the content of
the substrate, where the Nd,Os/MgO layer contributed to
the high oxidation resistance of Mg-Nd alloys acted as a
barrier to retard the outward Mg?* diffusion.

AZ91D GdA by
- v

/‘-_ " 7 5,
0 -?‘.\z:,\ﬂ (A
;i Al-Mn-Gd/ALGd
30 2% i o
10 o

B-Mg,AlL 2

Figure 9 SEM micrograph of AZ91D (a) AZ91D, (b)
AZ91D-0.2Gd, (c) AZ91D-0.7Gd, (d) AZ91D-0.7Nd and
(e) AZ91D-1.4Nd!

3.2 Heavy RE elements

3.21Gd

Gd is one kind of heavy RE elements, which often
was used as an alloying element in improving mechanical
properties of Mg alloys. Moreover, it can also improve
the oxidation resistance of Mg alloys ™. Arrabal F"
concluded that the 0.7 wt.% Gd addition can improve the
oxidation resistance of AZ91 alloy because the addition of
Gd could effectively suppress the formation of unstable
Mg;-Al;, phase during casting. Liu et al. B studied the
oxidation resistance of Mg-Gd-Y-Zr alloy in oxygen or
mixed gas of oxygen and water vapor in the temperature
range of 230°C to 300°C. It was found that weight gain is
negligible after exposure to the atmospheres for 10 h,
meaning that the oxidation rate of Mg alloy containing
Gd and Y is low in contrast with the matrix.

The good oxidation resistance is that the surface is
composed of MgO, Y,0;zand Gd,0;, which hinders the
diffusion of Mg and further protects the alloy from further
oxidation. Wang et al. % studied the high temperature
oxidation behaviors of Mg-10Gd-3Y alloy. The oxidation
kinetics curves follow the parabolic law but not linear
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even oxidation at 600°C for 90 min as shown in Figure
10, indicating that this protection is also applicable to
semi-molten alloys due to the protective effect of Y and
Gd e:)dzc(j]itions.
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Figure 10 Weight gain curves of the Mg-10Gd-3Y
alloys oxidized at 450-600°C for 90 min *%

Kim B attributed the better oxidation resistance of
Gd-containing Mg alloys to its high solid solubility (23.5
wt.%) in Mg. With the increasing temperature, the solute
concentration in the matrix increases due to the
dissolution of the intermetallic phases. Moreover, the high
solid solubility of Gd in Mg promotes the formation of
dense layer during the oxidation process, and therefore
improves the oxidation resistance. Thus, it is an effective
method to develop a new Mg alloys via Gd addition. And
these alloys show the desirable oxidation and flame
resistance, which can be used at high temperature in
future.
3.22Y

The effect of various addition of Y on the Mg alloys
has been studied **2. For Y containing Mg alloys during
oxidation, the following reactions are possible occur. !

2Mg + O, (g) = 2MgO 1)
2Y+3/2 02 (g) = 2Y203 (2)
2Y+3MgO =Y,0; +3Mg (3)

The calculated results show that the element Y is
much more active than Mg, the selection oxidation of Y is
very possible due to the larger affinity of Y with O, and
the outward diffusion of Y accelerating with the
increasing temperature based on reaction (3), that makes
MgO deoxidize associated with the formation of Y,0;as
the outer layer oxide film. Yu attributed the improved
oxidation resistance of Mg with 3.7 wt.% Y addition to a
composite oxide film of Y,0; and MgO (Figure 11).
Further investigation by XPS shows that Y,O3 is mainly

concentrated in the inner layer (Figurel2). However, 8 wt.%

Y addition cause the significant embrittlement >4 For
MgssYoesCe alloy oxidized at 673 and 773 K, The
oxidation dynamics curve follow the parabolic-line law,
which can be fitted as:

x? + 3.38308 x = -2.92579 + 0.02548 t, R-square =
0.99963, for T=673 K, and
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x? + 1.08078 x = -1.03408 + 0.03089 t, R-square =
0.99920, for T= 773K, where t and x represent the time
and mass gained, respectively. 1%

Except single Y addition, combination Y and Al
addition in Mg alloys demonstrates that the addition of Al
exceeds 2.5 wt.% could improve the oxidation resistance
of Mg-2.5Y alloys. For low Al addition (< 2.5 wt.%),
the oxidation resistance of alloys is weak due to the
high-melting-point Al,Y formed during casting that
inhibits the formation of Y,05 on the surface . While
for high Al addition (> 2.5 wt.%), the oxidation
resistance is better owing to the compact Al,O3 films
formed on the surface by the reaction between the
remaining Al and oxygen during oxidation, and hindered
the diffusion of Mg and O ions.

a -

Figure 11  Surface morphologies of (a) Mg-0.5Y, (b)
Mg-1.0Y, (c) Mg-1.7Y, (d) Mg-3.7Y and (e) Mg-5.5Y
alloys oxidized at 550°C for 6 h in dry air [*°!
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Figure 12 The variation in the atomic contents of

elemental Mg, O, Y, and C along the depth direction in
the oxide film of Mg-3.7Y alloy “”
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Figure 13 The weight gain curves of Mg-2.5Y, Mg-
2.5Y-2.5Al and Mg-2.5Y-4.2Al alloys oxidized at 500°C
for 360 min in the dry air !

3.2.3FEr

Few studies evaluated the oxidation behaviors of
Mg-Er Mg alloys at high temperature compared to Mg-Al
and Mg-Y alloys. The Er,O3 in the intermediate layer and
the dense fine-grained Er,05 in the inner layer dominantly
improve the oxidation resistance of Mg alloys. Additionally,
the impurities Ca in the matrix generated the discontinuous
CaO in the outer layer hardly affect the oxidation resistance
of alloys. And the schematic diagram of the multi-layer
oxide film structure shown in Figure 14 (a)~(d).
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olaward

olled (B)I1: Mg+O—~MgO & 2Er+30—Er,0,
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Figure 14 Schematic diagrams of multi-layered oxide

film structures formed on the Mg-8Er alloys at 500°C in
+[44]
air

4 Conclusions

Oxidation resistance is a critical issue for Mg alloys
because the oxidation is not inevitable during fabricating
and processing of these alloys due to its high affinity with
O. Alloying is an effective manner to improve the
oxidation resistance of Mg and its alloys. Hence, the
effect of alloying elements (Al, Zn, Ca, Sr, La, Ce, Nd, Y,
Gd and Er) on the oxidation resistance of Mg and Mg
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alloys was addressed. The conclusion and the future
development were given as follows.

(1) For common alloying elements, the proper
addition of Al, Ca and Sr is beneficial to improve the
oxidation resistance of Mg alloys, while the addition Zn
will decrease the oxidation resistance.

(2) With respect to the rare earth elements X (X: La,
Ce, Nd, Gd, Y and Er), small amounts of addition of X
enhance the oxidation resistance of Mg alloys related to
their solubility in Mg, the relative large PBR compared to
that of Mg and the compact X,0; film formed on the
surface. These factors work together to improve the
oxidation resistance of Mg alloys.

(3) Combination additions of common alloying
elements with rare earth elements can further enhance the
oxidation resistance of Mg alloys compared to those of
binary Mg alloys.

(4) Tailoring the alloying elements added in Mg
alloys should be careful because these elements are
favorable to strengthen the mechanical properties, the
formability and the corrosion resistance in ambient
surroundings. How to coordinate these factors among the
alloying elements should be further studied as well as the
other alloying elements, such as Sr, Mn, Sm and Sn and
so on, also should be further investigated to enlarge the
applications of Mg alloys.
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Abstract:

The microstructure and phase evolution of Mg-10.16Li-8.14Al-1.46Er alloy of as-cast, 250°C+12 h, 300°C+12 h, and 400°C+12 h
were studied by optical microscopy, scanning electron microscope, and X-ray diffraction. The mechanical properties of
Mg-10.16Li-8.14Al-1.46Er alloy in different states were tested by microhardness tester and tension tester. The corrosion resistance of
Mg-10.16Li-8.14Al-1.46Er alloy in different states was measured by electrochemical workstation combined with hydrogen evolution
and mass loss tests. The results show that the microstructure of as-cast Mg-10.16Li-8.14Al-1.46Er alloy consists of a, B, AlLi, AlsEr
and MgAILi, phases. Changes of microstructure are morphology and quantity of o phase, and second phases of MgAlLi, and AlLi by
heat treatments at different temperatures. The best comprehensive tensile properties of Mg-10.16Li-8.14Al-1.46Er at 400°C are
attributed to the o phase structure, solution strengthening and second phase strengthening. After heat treatments at different
temperatures, the corrosion resistance of Mg-10.16Li-8.14Al-1.46Er was improved compared with as-cast samples. The
Mg-10.16Li-8.14Al-1.46Er alloy has the best corrosion resistance at 250°C due to the best homogenization at this temperature.
Keywords: Ultralight Mg-Li alloy; Microstructure; Heat treatments; Mechanical properties; Corrosion resistance properties

Therefore alloying is a traditional method used to
improve the properties of Mg-Li alloy. The addition of Al
in Mg-Li alloy can improve the strength of Mg-Li alloy
through  solution  strengthening and  dispersion
strengthening "**. As for its influence on corrosion
resistance, it is reported that the addition of Al will reduce
the polarization resistance of Mg-Li alloy, which is
detrimental to the corrosion resistance ™%, However, our
previous study found that the alloying element Al formed
in the Mg-Li alloy presents a refined distribution AlLi
phase, which is beneficial to the corrosion resistance of
Mg-9Li-6Al alloy 2. Rare earth elements can
significantly improve the strength of Mg-Li alloy through

1 Introduction

In the 21st century, with the energy crisis and the
environmental crisis, energy conservation and emission
reduction have become the universally recognized way of
development. Lightweight has become one of the main
development ways of energy conservation and emission
reduction. It is essential to refer to the lightweight of
materials. Mg alloys are the lightest of all structural
metals (p ~ 1.74 g cm ). Adding lithium (Li) to
magnesium (Mg) can form ultralight Mg-Li alloy to
further reduce the density of Mg alloys . Meanwhile,
the problem of difficult deformation of Mg alloys is

solved, so Mg-Li alloys are widely used in 3C, medical
treatment, automotive electronics and aerospace [,
However, poor corrosion resistance and low strength are
still the main problems hindering its large-scale
application °!. It is urgent to improve the mechanical
and corrosion resistance properties of Mg-Li alloys.

Microstructure determines the properties of materials.

To improve the properties of Mg-Li alloy, the most basic
is to design the alloy from the angle of alloy casting, so as
to obtain the desired microstructure composition.

solid solution strengthening and second phase
strengthening of forming intermetallic compounds 361,
The addition of rare earth element Er can effectively
reduce grain size, and appropriate rare earth element Er
content makes Mg-10Li-5Zn-0.5Er alloy exhibit the best
mechanical properties 7.

Alloying endows the material with a set structure
and composition. On the basis of alloying, appropriate
heat treatment is applied to adjust the grain size and phase
structure and distribution, which can significantly affect

Copyright © 2021 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.
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its mechanical and corrosion resistance 82, This is also
an important reason why heat treatment is applied in the
field of various metal materials. On the other hand, the
deformation process of Mg-Li alloy is one of the main
strategies applied to improve the performance of Mg-Li
alloy 2. Due to the difficulty of Mg alloys deformation,
large deformation will lead to the cracking and
micro-cracking of Mg alloy after processing, and
seriously affect its service life. Therefore, before the
deformation strengthening of Mg-Li alloy, proper heat
treatment of the as-cast Mg-Li alloy is needed to improve
its machining properties by homogenizing the structure
composition, so as to effectively carry out deformation
strengthening. Different heat temperatures have different
effects on heating treatments. So it is necessary to study
the properties and mechanism of properties change of
Mg-Li alloy caused by different heat temperatures.

In this paper, as-cast Mg-10.16Li-8.14Al-1.46Er
alloy is taken as the research object. For controlling the
same heating time, the effects of different heating
temperatures on the microstructure, mechanical properties
and corrosion resistance properties of Mg-Li alloy are
studied. On the one hand, it is expected to improve the
properties of Mg-Li alloy through different heating
temperatures. On the other hand, it is expected to be a
reference for the selection of homogenizing heat
treatment temperature of Mg-Li alloy before deformation
processing.

2 Material and Methods
2.1 Specimen preparation

The cast Mg-10.16Li-8.14Al-1.46Er ingots were
fabricated at the Zhengzhou Light Metals Research
Institute of Aluminum Corporation of China Limited
(Henan, China). In order to avoid the risk of oxidation at
high temperature, the samples were wrapped in tinfoil
paper. The heating temperatures were set at 250°C, 300°C,
and 400°C, and the heating time was set as 12 h. Water
quenching was carried out immediately after the heat
treatment.

2.2 Material characterization

2.2.1 Microstructure characterization

After mechanical polishing and washing, samples
were etched using a 4 vol.% nitric acid alcohol solution.
Then, the microstructure was observed by VHX-2000
optical microscopy (OM) (Keyence, Osaka, Japan) or an
Auriga-bu scanning electron microscopy (SEM) (Zeiss,
Jena, GER) with the acceleration voltage of 5 kV. The
phase evolution was analyzed by Empyrean X-ray
diffraction (XRD) technology (Malvenpanako, NL, USA).
The voltage and current were 45 kV and 40 mA,
respectively. The diffraction angle (20) ranged from 20°
to 80<
2.2.2 Mechanical properties characterization

The hardness test force of samples in different heat
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treatment states is 0.5 N, and the load time is maintained
for 10 s by HWV-1000 Vickers microhardness tester
(Beijing Times Mountain Peak Technology, Beijing, CN)
with the size of samples was 10x10>2 mm. The tensile
test was carried out on a MTS370.25 tension tester (MTS
Systems  Corporation, Minnesota, USA) with a
displacement rate of 1.5 mm/min. The gauge length,
width, and thickness of the tensile specimens were 25, 10
and 2 mm, respectively.
2.2.3 Corrosion resistance characterization

The corrosion resistance of the samples was
characterized by polarization curve test, hydrogen
evolution test and mass loss test. The polarization curve
test was tested using an RST5200F electrochemical
workstation (Zhengzhou SRIS Instrument Technology,
Zhengzhou, CN), in which the working electrode was the
test samples, the platinum plate was the counter electrode,
and the saturated calomel electrode was the reference
electrode. The samples were immersed in 3.5 wt. % NaCl
solution with an exposure area of 1 cm® The polarization
measurements started from —0.15 V to 0.15 V (relative
to the open circuit potential) with a scanning rate of 0.5
mV/s. In order to directly compare the corrosion rate
measured by electrochemical test with hydrogen
evolution test and mass loss test, the results were
characterized by annual corrosion rate.

The corrosion current density iy (MA cm’z) is
related to the corrosion rate P; (mm y ') and the
conversion equation (182%241;

I:)i = 22.85i corr (1)

For hydrogen evolution test, the samples were
immersed in 3.5wt. % NaCl solution (exposure area was 2
cmz) for 72 h. The mass W, of the sample was recorded
before the test, and the volume change was recorded
every hour during the test. After the immersing, the
samples were immersed in 180 g/L CrOjz solution for 5
min and cleaned by ultrasound. Weigh and record W,
after removing corrosion products. The hydrogen
evolution volume rate Vi, (mm cm 2 d ™) was converted to
corrosion rate Py (mm y %), and the conversion equation
was obtained [1823241;

P, =2279V, @
Mass loss rate AW, (mg cm 2 d™) is converted to

corrosion rate Py (mm y), the conversion equation
[18,23,24].

Ry =2.10AW,, (3)

3 Results
3.1 Microstructure

The microstructures of Mg-10.16Li-8.14Al-1.46Er
before and after different heat treatments were shown in
Figure 1. The microstructures of all samples were
characterised by the a phase, B matrix phase and black
second phase particles, which the composition of the
main phases does not change.However, it is observed that
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the a phase changes to a smaller and elongated direction
at 250°C compared with the as-cast sample. Changes of a
phase are more obvious at 300°C, and the distribution of o
phase is fine at grain boundaries (GBs). The second black
phase particles are decreased obviously. When heating
temperatures at 400 ‘C, the microstructure changes
particularly obvious as showed in Figure 1d. The o phase
distributed at the GBs shows a trend of spheroidization
increasing along the GBs, while the number of o phase
decreases. Then the a phase on the  phase matrix shows
a relatively fine distribution. The second black phase
particles are basically disappeared.

Figure 1 The microstructure of
Mg-10.16Li-8.14Al-1.46Er alloy (a) As-cast, (b) 250°C,
(c) 300°C, and (d) 400°C

Figure 2 shows the XRD patterns of
Mg-10.16Li-8.14Al-1.46Er alloy before and after
different heat treatments. The diffraction peaks of as-cast
Mg-10.16Li-8.14Al-1.46Er alloy includes o phase, [
phase, AlLi phase, AlzEr and MgAILi, phase. When the
heating temperature is 250°C, the composition of the
main phase does not change, but the diffraction peaks of
the MgAILi, phase almost disappear, which is consistent
with the results of microstructure. However, diffraction
peaks of MgAILi, phase were reappeared again at 300°C,
and the intensity of MgAILi, phase diffraction peak
increases at 400°C, the diffraction peaks of AILi phase
were disappeared. In other words, the changes of
Mg-10.16Li-8.14Al-1.46Er alloy after different heat
treatments were mainly the second phases.

As-cast L

——2s50°C+12h ¢ B
300°C+12h ¥ AlLi
MgAIL,
» ALEr

——400°C+12h

Intensity (a.u.)

0 30 4 S50 60 70 80
20/(deg)

Figure2 XRD patterns of Mg-10.16Li-8.14Al-1.46Er alloy
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3.2 Mechanical properties

3.2.2 Microhardness

The hardness of Mg-10.16Li-8.14Al-1.46Er alloy
before and after different heat treatments was shown in
Figure 3. The hardness of Mg-10.16Li-8.14Al-1.46Er
alloy was increased by different heat treatments and the
changes of hardness value were attributed to
microstructure. Combined with the analysis of
microstructure and XRD patterns, the MgAILi, phase
disappears at 250°C, while the MgAILi, phase is a
metastable precipitation phase, which is easy to
decompose and produce AlLi phase, thus resulting in
softening effect 2. However, the hardness value
increased significantly at 250°C, and the peak strength of
AlLi at 250°C did not increase, which indicating that part
of AILi phases were solidly dissolved into the matrix,
thus producing a solid solution strengthening effect. The
hardness value of samples at 300°C was 15% higher than
as-cast samples. However, hardness value of 300°C was
lower than hardness value of 250°C. This is likely due to
the refinement of a phase, which increases the proportion of
the softer B matrix phase, resulting in a decrease in hardness.
XRD patterns show that MgAIL.i, phase is precipitated again,
diffraction intensity of AlLi phase decreased. Therefore, the
strengthening effect was attributed to precipitation
strengthening and solid solution strengthening. The hardness
of samples at 400°C was 23.8% higher than as-cast samples.
In this condition, the diffraction peak intensity of MgAILi,
phase was further enhanced and the diffraction peaks of AlLi
phases disappear, which means that stronger precipitation
strengthening and solid solution strengthening occur at this
temperature. Therefore, the hardness values increases
remarkably.
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Figure 3 Microhardness of the Mg-10.16Li-8.14Al-1.46Er
alloy

3.2.2 Tensile properties

Figure 4 is the engineering stress-strain curves of the
Mg-10.16Li-8.14Al-1.46Er alloy before and after
different heat treatments, and the tensile mechanical
related parameters are summarized in Table 1. The tensile
strength (UTS) of Mg-10.16Li-8.14Al-1.46Er alloy of
as-cast, 250°C, 300°C and 400°C was 180, 221, 237 and
226 MPa, respectively. The yield strength (YTS) was 151,
180, 225 and 198 MPa, respectively. The fracture
elongation (Ef) was 3.0, 3.1, 1.4 and 4.8%, respectively.
The UTS of Mg-10.16Li-8.14AI-1.46Er alloy at 250°C
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was 22.8% higher than as-cast samples. However, the E;
does not change significantly compared to the strength.
The UTS of Mg-10.16Li-8.14AIl-1.46Er alloy at 300°C
was 31.7 % higher than as-cast samples, but the plastic
loss is serious. The UTS of samples at 400°C was 25.6%
higher than as-cast samples and the E; was highest.

=350
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= 3004 ——250°C+12h
= 300°C+12h
§ 250 4 ——400°C+12 h
-
@ 200 1
gﬂ 4
-2 150 4
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2 100 4
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5 5

0 1 2 3 4 5 6

Engineering strain (%)

Figure 4 Engineering stress-strain curve of
Mg-10.16Li-8.14Al-1.46Er alloy

Table 1 Tensile mechanical properties of
Mg-10.16Li-8.14Al-1.46Er alloy

Sample As-cast 250°C  300°C  400C
TYS (MPa) 151 180 225 198
UTS (MPa) 180 221 237 226

Er (%) 3.0 31 14 4.8

3.3 Corrosion resistance

Figure 5 is the polarization curves of
Mg-10.16Li-8.14Al-1.46Er  alloy.  The  corrosion
potentials of samples of as-cast, 250°C, 300°C and 400°C
were —161 V, —162 V, —158 V and —1.57V,
respectively as showing in Figure 5b. The corrosion
potential reflects the corrosion tendency of samples,
which the more negative of the corrosion potential, the
greater of the corrosion tendency. According to the
corrosion potential value, the samples at 300°C had the
smallest corrosion tendency. However, the corrosion
tendency represented by corrosion potential has no
relation with the actual corrosion rate, and the corrosion
current density determines the corrosion rate of the
samples.  The  corrosion  current  density  of
Mg-10.16Li-8.14Al-1.46Er alloy of as-cast, 250°C, 300°C
and 400°C was 1.25X107%, 1.19X 107, 0.79X 107" and
0.6X10" mA - cm™ respectively. Then the order of
corrosion rates from low to high was: 400°C <300°C <
250 ‘C < as cast. This means that the corrosion
resistance of as-cast Mg-10.16Li-8.14Al-1.46Er alloy was
improved by different heat treatments.

According to the corrosion current density value
substituted into formula (1) for calculation, the corrosion
rate P; (mm y ') of Mg-10.16Li-8.14Al-1.46Er alloy in
different states was 2.86, 2.72, 1.80 and 1.37 mm y ™,
respectively. The corrosion current density measured by
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the polarization curve reflects the transient measurement.
The actual corrosion rates of different Mg-Li alloys need
to analyze in combination with long-term immersion
corrosion tests.
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Figure 5 Polarization curves of the
Mg-10.16Li-8.14Al-1.46Er alloy (a) and corrosion
potential and current density (b)

Figure 6 is the immersion test results of
Mg-10.16Li-8.14Al-1.46Er alloy. It can be seen from
Figure 6a that the volume of hydrogen evolution of
as-cast and at 300°C samples was significantly higher
than the other two heat treatment status samples at the
initial stage. The hydrogen evolution of the samples at
400°C was always lower until the immersion time of 45 h.
The volume of hydrogen evolution of samples at 400°C
exceeds the samples at 250°C after 45 h, then exceeds the
samples at 300°C after 63 h. The final volume of
hydrogen evolution was as follows: as cast > 400 C
> 300C > 250°C. This means that the corrosion
resistance of the samples immersed in 3.5 wt. % NaCl
solution for a long time after heat treatment at 400°C was
only higher than the as-cast alloy. The hydrogen evolution
rate Vi (mm cm 2 d ) of Mg-10.16Li-8.14Al-1.46Er of
as-cast, 250°C, 300°C and 400 C was 8.70, 4.35, 4.95
and 5.56 mm cm 2 d %, respectively. According to formula
(2), the Vy converted to corrosion rate Py, (mm y %) and
the hydrogen evolution corrosion rate was: 19.83, 9.91,
11.28 and 12.67 mm y *, respectively.

Figure 6b is the mass loss of
Mg-10.16Li-8.14Al-1.46Er alloy. The mass loss of
samples of as-cast, 250°C, 300°C and 400°C was 9.8, 3.5,
4.9 and 5.8 mg cm > d %, respectively. The corrosion rate
of samples was as follows: as-cast > 400°C > 300°C
> 250°C. The results of hydrogen evolution test
consistent with the results of mass loss test. According to
formula (3), the corrosion rates Py, (mm y ) was 20.85,
7.35,10.29 and 12.18 mm y *, respectively.
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Figure 6 Hydrogen evolution curves (a) and mass loss
(b) of the Mg-10.16Li-8.14Al-1.46Er alloy immersed in
3.5 wt. % NaCl solution for 72 h.
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4 Discussion

Elements Al Er Mg
W% 253 645 27

Spectrum 1

100 pm 100 pm

100 pm 100 pm

Figure 7 SEM and EDS of Mg-10.16Li-8.14Al-1.46Er
alloy by heat treatment at 400°C. (a) microstructure. (b)
point scan map. (c) surface scan map

The properties of the alloys are determined by the
microstructure. Through the analysis of the observation
results in Figure 1, the main phase of o was not obviously
changed by heat treatment at the relatively lower
temperature. This is due to there was no supersaturated
solid solution formation, while no phase was precipitated
during the water quenching. With the increase of
temperature for 300°C, according to XRD analysis in
Figure 2, AlLi phase was the main phase that disappeared
and the MgAlLi, phase diffraction peak appears. MgAlLi,
phase is a metastable phase and it is decomposed at 250°C,
part of which is dissolved into a phase, and the other part
is transformed into AILi phase. With the increase of
temperature to 300°C, supersaturated solid solution will
be formed and MgAILi, will precipitate again during
water cooling. At 400°C, the diffraction peak of MgAILi,
phase is further strengthened. Moreover the a phase
decreases obviously, while the o phase at GBs becomes
larger than the o phase in matrix at 300°C. In order to
further analyze the morphology distribution and elemental
composition of a phase at 400°C, the SEM and energy
spectrum analysis (EDS) was used to observe the
microstructure at this temperature, and the results were
shown in Figure 7. It can be seen from Figure 7a that
bright white particles were distributed in the o phase,
which is AlEr phase by point scanning element analysis
in Figure 7b. This is further confirmed by the plane sweep
diagram in Figure 7c, which the Er element was
distributed on the o phase. The results show that the
supersaturated solid solution was formed at higher
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temperature. During water quenching, part of o phases
precipitates from the matrix phase and presents a fine
needle-like distribution #". However, abnormal growth of
o phase at the GBs may be related to the heterogeneous
nucleation (such as AlsEr). Changes of o phase and
second phase caused by different heat treatments will
result in different mechanical properties and corrosion
resistance properties.

4.1 Analysis of tensile properties

The tensile properties of Mg-10.16Li-8.14Al-1.46Er
alloy by different heat treatments were obviously different.
Figure 8 is the SEM of tensile fractures of
Mg-10.16Li-8.14Al-1.46Er alloy before and after
different heat treatments. It can be seen on the fracture
surface of Mg-10.16Li-8.14Al-1.46Er alloy in different
states was not only composed of dimples, and there are
still many cleavage planes on the surface. According to
the tensile test results, the heat treatment temperature of
300°C has the highest strength and the worst plasticity. It
can be seen from Figure 8b and c that the dimples on the
fracture surfaces of Mg-10.16Li-8.14Al-1.46Er alloy at
250°C and 300°C are small and shallow, but the cleavage
plane of a hexagon appears on the surface of
Mg-10.16Li-8.14Al-1.46Er alloy at 300°C, indicating that
a poor plasticity. According to XRD results, strengthening
phase of MgAILI, appears in this state, and softened
phase of AlLi is partially solute, which is also a reason for
its plasticity deterioration. At the same time, bright white
inclusions were found on the fracture surface of
Mg-10.16Li-8.14Al-1.46Er alloy at 400°C in Figure 8d.
EDS results show that the atomic ratio of Er element to Al
element is about 2.7. It means that bright white inclusion
was ALlEr phase. The above tensile test results show that
the strength of Mg-10.16Li-8.14AIl-1.46Er alloy at 400°C
was relatively higher, which the higher strength may be
related to solid solution strengthening and second phase
strengthening. Figure 9 is the optical microstructure of the
fracture surface of Mg-10.16Li-8.14Al-1.46Er alloy before
and after different heat treatments. The tensile test results
show that Mg-10.16Li-8.14AIl-1.46Er alloy at 400°C has
higher strength and the best plasticity, while the
Mg-10.16Li-8.14Al-1.46Er alloy at 300 C has the
highest strength. According to the observation of
microstructure on the fracture surface, there were bigger
spheroidizing o phases distributed along the fracture
surface in Figure 9d. As for duplex phases Mg-Li alloy, a
phase can coordinate strength and B phase coordinate
plastic. So the distribution of fewer but larger o phases
increased the strength, and more B phases proportion
improved the plasticity. However, the surface of the
fracture shows a tearing zigzag shape at 300°C in Figure
9c, which indicates that the fracture was sudden. The
fracture plane passes through the o phase, and part of the
o phases was torn. These torn o phases were rod-shaped,
which contributing strong but decreasing plasticity.
Morphology and distribution of a phase and the formation
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of intermetallic compounds are important factors
affecting the mechanical properties of samples.

Figure 8 SEM of fracture surface of
Mg-10.16Li-8.14Al-1.46Er alloy. (a) as-cast. (b) 250°C.
(c) 300°C. (d) 400°C

Figure 9 Optical microstructures of fracture surface of
Mg-10.16Li-8.14Al-1.46Er alloy. (a) as-cast. (b) 250°C.
(c) 300°C. (d) 400°C

4.2 Analysis of corrosion resistance properties

The results of three kinds of corrosion resistance
tests show that the corrosion resistance of
Mg-10.16Li-8.14Al-1.46Er alloy after heat treatments
was improved compared with as-cast alloys. While the
corrosion resistance of Mg-10.16Li-8.14Al-1.46Er alloy
by different heat treatments was different. On the one
hand, it is related to the type of corrosion products, on the
other hand, it is related to the phase structure of Mg-Li
alloy. Figure 10 is the surface morphology of
Mg-10.16Li-8.14Al-1.46Er alloy before and after
different heat treatments immersed in 3.5 wt. % NaCl
solution for 72 h. According to the macroscopic corrosion
morphology of Figure 10a,c,e,g, the corrosion surface of
Mg-10.16Li-8.14Al-1.46Er alloy was distributed at
corrosion pits. From microscopic corrosion morphology
of Figure b,d,f)h, the corrosion not only corroded the 8
phase, but also corroded the o phase in a large area. The
results show that pitting corrosion is the main corrosion
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type of different samples. This indicates that samples in
different states have experienced serious corrosion during
immersion. For Mg-Li alloy, the main protective film
components are Li,CO3 and MgCOs;. However, with the
progress of immersion test, corrosion  occurs
preferentially in the B phase, and the corrosion products
are mainly Mg(OH), and LiOH, which are porous and not
protective, unable to resist the erosion of Cl . As
corrosion progresses, the o phase is corroded. But
compared with as-cast Mg-10.16Li-8.14Al-1.46Er alloy,
heat treatment improves the corrosion resistance of
Mg-10.16Li-8.14Al-1.46Er alloy. Figure 11 is the
corrosion section morphology along the depth direction of
Mg-10.16Li-8.14Al-1.46Er alloy before and after
different heat treatments. Mg-10.16Li-8.14Al-1.46Er
alloy is mainly composed of a and B phases, which is
consistent with the microstructure analysis. The top of the
section morphology is uneven in Figure 11a,c,d, which
corrosion occurs on the surface and gradually corroded in
the direction of depth after a long time immersion.
According to Figure 1 and 2, the microstructure changes
of Mg-10.16Li-8.14AI-1.46Er alloy at 300°C lies in the
refinement of o phase, MgAILi, phase and AlLi phase.
The refinement of a phase exposes more [ phases to
immersion corrosion medium, resulting in the outstanding
hydrogen evolution of in the early stage of hydrogen
evolution as showed in Figure 11c. Uniform corrosion in
Figure 11b proves that the samples at 250°C have the
best corrosion resistance from the long time immersion. It
can be seen from Figure 6a that the hydrogen evolution
range of Mg-10.16Li-8.14Al-1.46Er alloy at 250 'C
shows a relatively consistent linear change with time,
which means that it has a good homogenization effect.
While the polarization curve test combined with the
preliminary analysis of hydrogen evolution test shows the
best corrosion resistance in a short time at 400°C. At the
same time, it is also found that no matter what the state of
samples is, it preferentially corrodes the § phase when the
corrosion occurs. With corrosion of B phase leads to
falling off o phase. The best corrosion resistance in a
short time at 400°C due to inhibitory effect of a phase.
The microstructure changes of
Mg-10.16Li-8.14Al-1.46Er alloy at 400°C not only on a
phase but also the second phases. That is AlLi phase was
solidly dissolved into the matrix and precipitation
MgAILi, phase. Immersing in the early stage of the
samples at 400°C, corrosion resistant performance was
outstanding due to the distribution of spheroidizing o
phase and needle-like o phase. However, with the process
of immersion, corrosion takes place preferentially in 3
phase. At the same time, AlILi phase distributed in o/
phase boundary plays the role of corrosion barrier 2%,
But AlLi phase was solidly dissolved after heat treatment
at 400°C, which means that its barrier effect disappears.
Therefore, the p phase matrix corrosion is serious with
the progress of corrosion, while the o phase loses
protection. Then the volume of hydrogen evolution was
increasing.
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Figure 10 Surface morphology of
Mg-10.16Li-8.14Al-1.46Er alloy immersed in 3.5 wt. %
NaCl solution for 72 h. (a, b) as-cast. (b, ¢) 250°C. (e, f)

300°C. (g, h) 400°C

Figure 11  Section morphology of
Mg-10.16Li-8.14Al-1.46Er alloy immersed in 3.5 wt. %
NaCl solution for 72 h. (a) as-cast. (b) 250°C. (c) 300°C.

(d) 400°C

5 Conclusions

The comprehensive mechanical and corrosion
properties of Mg-10.16Li-8.14Al-1.46Er were
investigated before and after heat treatments. The main
conclusions are summarized as following:

Q) The microstructure of as-cast
Mg-10.16Li-8.14Al-1.46Er includes a, B, MgAIlLi, AlEr
and AlLi. After heat treatments at different temperatures, the
microstructure changes are the morphology and quantity of o
phase, the second phases of MgAILi, and AlLi.
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(2) After heat treatments at different temperatures,
the hardness and strength of Mg-10.16Li-8.14Al-1.46Er
alloy were improved compared with the as-cast samples.
At 400°C, Mg-10.16Li-8.14Al-1.46Er alloy has the best
comprehensive mechanical properties due to its a phase
structure, solution strengthening and second phase
strengthening.

(3) After heat treatments at different temperatures,
the corrosion resistance of Mg-10.16Li-8.14Al-1.46Er
was improved compared with the as-cast samples. The
Mg-10.16Li-8.14Al-1.46Er alloy has the best corrosion
resistance at 250°C due to the best homogenization at this
temperature.
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Abstract:

A strategy for the preparation nitrogen-doped carbon encapsulated Si nanocomposite with a void layer (Si@void@NC) is proposed, in
which the nitrogen doping content in the carbon layer is tunable. Aniline and ortho-phenylenediamine are both selected as the nitrogen,
carbon sources and co-polymerized on Si@SiO,, in which SiO; is functionalized as a void template. SEM and TEM observation show
that Si nanoparticles are encapsulated in a hollow and interconnected carbon cages with a thickness of less than 10 nm, which is
inclined to agglomerate together to form larger particles in micrometer scale. The variation of mole ratio of aniline and
ortho-phenylenediamine will enable the change of nitrogen doping level in the carbon layer and ranges from 3.2% to 8.4%. The
nitrogen is doped into the carbon framework in the form of pyridinic, pyrrolic and graphitic nitrogen. Electrochemical tests indicate
that the nitrogen content influences the SEI formation and the lithiation of Si nanoparticles. The potential for the decomposition of
electrolyte to form SEI film and the alloying of Si-Li negatively shift when the nitrogen doping content is increased. Furthermore, the
cycling performance of Si@void@NC is improved when raising the nitrogen content in the carbon. And the optimal nitrogen content is
7.5%, which is corresponding to the mole ratio of aniline to ortho-phenylenediamine is 5:5.

Keywords: Silicon anode; Nitrogen doping; Lithium-ion batteries

. degradation of the electrode and a rapid decay of the
1 Introduction capacity. To overcome the issues, various strategies have
been explored to prepare diverse structures, such as
silicon nanotube, silicon nanowire, porous silicon, which
enable the accommodation of the volume change .
Alternatively, modifying the Si nanoparticles with a
carbon layer will contribute to the improvement of the
performance of Si-based anode. This is because the
carbon can enhance the conductivity of Si nanoparticles
as well as prevent the direct contact of Si nanoparticle
with the electrolyte. Particularly, it can partially alleviate
the huge volume expansion B!, Therefore, the structure
and the composition of carbon will play different effects
on the performance of Si nanoparticles. With regard to the
further improvement of the electrical conductivity of the
Si/C composites, heteroatom doping of carbon has
emerged as an effective method. N, S, O and B have
already been utilized as dopants to modify the electronic
and crystalline structures of carbon, giving rise to the
improvement of its electrochemical performance .
Among the various doping heteroatoms, nitrogen is

Lithium-ion batteries (LIBs) is one of the most
promising energy storage devices for various applications
such as portable electronics, electric vehicles, and grid
scale energy storage. To satisfy the increasing demand for
higher energy and power density, enormous effects have
been devoted to explore advanced materials for LIBs.
Among the various existing anode materials, silicon (Si),
delivering the exceptional high specific capacity of 4200
mAh-g'1 (in the form of Li,,Si) is considered to be a
promising alternative to commercial graphite (about 370
mAh-g™) ™. Furthermore, its other advantages, including
high abundance in earth and low discharge potential (ca.
0.5 V wversus Li*/Li) also make it attractive anode
materials for LIBs. Nevertheless, the commercial
application of Si-based anode has been hindered by the
huge volume expansion (>300%), the instability of
solid-electrolyte interphase (SEI) film on the Si surface
and low electrical conductivity during the lithium ion
insertion and extraction processes, which thus cause the
Copyright © 2021 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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considered to be one of most attractive dopant in the
carbon matrix, as its atomic size is comparable to that of
carbon. Moreover, the high electronegativity as well as
additional free electrons will contribute to the conduction
band of carbon. It has been reported that the nitrogen
atom incorporation increases the surface hydrophilicity of
carbon-based electrodes to lithium ion, leading to the
additional improvement to the capacity ™. First
principles calculations demonstrates that the pyridine-N
and the graphite-N local structures in the carbon lattice
account for the enhanced lithium storage capacity . A
variety of nitrogen-containing carbon sources could be
chosen to achieve the nitrogen-doped carbon in Si/C
composite anodes, for example, polyaniline 2
ethylenediamine ™ polypyrrole ¥, polydopamine ™4,
benzenedinitrile ™, melamine "®, glucosamine™, et al.
However, using these nitrogen-containing carbon source,
a certain nitrogen content in the carbon for the resulted
Si/C composite is achieved. In particular, as we know, it
is difficult to adjust the nitrogen content and the effect
of nitrogen doping content on the electrochemical
performance of Si/C composites is rarely reported.

Aniline and its derivatives are important industrial
raw material used primarily for the synthesis of
conducting polymer, pesticide, dye, plastic, rubber.
ortho-phenylenediamine containing two amino groups
will endow the derived carbon with higher nitrogen
content than aniline-derived carbon. It is reported that
aniline could be co-polymerized with
ortho-pheneneyldiamine in a wide range mole ratio 2.
Herein,  poly(ortho-phenylenediamine-co-aniline)  is
chosen as a nitrogen-containing carbon source for the
preparation of nitrogen-doped carbon layer encapsulated
silicon composites. In the composite, the nitrogen content
in the carbon layer is adjustable by tuning the monomer
mole ratio of aniline to ortho-phenylenediamine. The
storage of lithium in the nitrogen content-tunable
Si/N-doped C composites is evaluated. The results
suggest a moderate level of nitrogen in the carbon layer is
suitable and the prepared Si-based composites exhibit an
optimal electrochemical performance.

2 Experimental Section
2.1 Materials

Nano silicon (powder, crystalline, 50-100 nm, 99%)
was provide by Shanghai Chaowei Nanotechnology Co.,
Ltd. China. 3-aminopropyltriethoxysilane (APTES) and
tetraethoxysilane (TEOS) were purchased from Shanghai
Chem. Co., Ltd. Aniline (AN), ortho-phenylenediamine
(oPD), ammonium peroxydisulfate (APS), and other
reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd and were used without any purification.
Deionized water was used throughout the experiments.

2.2 Synthesis of Si@void@NC composites
Simply, 0.25 g Si powder was ultrosonically
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dispersed into a mixture of water and alcohol (350 mL,
water:alcohol (V:V)=1:4). After adding 4 mL NH;H,0
(14.5mol/L), 0.4 mL of APTES and 3 g of TEOS were
slowly dropwise added and were kept stirring for 12 h.
The product was subjected to the centrigugation, washing
and drying to get Si@SiO,. To synthsize the
copolymer-coated Si@SiO,, 0.01 mol of mixed AN and
oPD with a certain mole ratio was added into Si@SiO,
dispersion containing 1 mol/L HCI. Then, 10 mL of 1.25
mol/L APS solution was slowly poured and the reaction
was kept for 4 h. After washed and dried,
Si@SiO,@poly(aniline-co-ortho-phnylenediamine)
composite (denoted by Si@SiO,@Cp) was achieaved.
Afterward, Si@SiO,@Cp composite was subjected to the
carbonization at 800 °C for 2 h in an Ar atomsphere with
a ramping rate of 2 °C/min, then
Si@SiO,@nitrogen-doped  carbon  (Si@SiO,@NC)
composite was obtained. Finally, SiO, was ethced by
5 %(wt) HF solution to get Si@void@nitrogen-doped C
composites, which was assigned to Si@void@NC. The
nitrogen doping content in the carbon of Si@void@NC
was tuned by changing the mole ratio of AN to oPD from
10:0, 8:2, 55 to 2:8, which were assigned to
Si@void@NC-1, Si@void@NC-2, Si@void@NC-3 and
Si@void@NC-4, respetively.

2.3 Characterizations

X-ray photoelectron spectroscopy (XPS) spectra
were taken on VG Multilab 2000 photoelectron
spectrometer.  Attenuated total reflection  Fourier
transform infrared (FT-IR) spectra were collected on
Thermo Scientific Nicolet iS 50 with the wavenumber of
4000-600 cm™. The phase structures were analyzed and
identified by X-ray diffractometer (Empyrean B.V.
Holland) with a Cu K. radiation. The morphology and
structure were observed on field emission scanning
electron microscopy (Hitachi SU8010) and transmission
electron microscopy (JOEL 2100F), respectively.

2.4 Cells assemble and electrochemical measurements

A homogeneous slurry consisting of active material,
carbon black (Super P) and sodium carboxymethyl
cellulose (CMC) with a weight ratio of 8:1:1 to was
coated on Cu foil by doctor-blade method. After drying at
60°C in vacuum overnight, the Cu foil was punched into
12 mm diameter discs with an effective mass loading of
0.5-0.7 mg/cm?. Then the two-electrode coin-type cells
(CR2032) were assembled in an Ar-filled glovebox with
Li metal foil as counter and reference electrode, 1 M
LiPFg dissolved in the mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC) and diethyl carbonate (DEC)
(1:1:1 in volume) as the electrolyte and Celgard 2300
membrane as the separator. The galvanostatic
charge/discharge tests were carried out on Land CT2001A
battery test system in a potential range of 0.01-1.5 V (vs.
Li/Li"). The capacity is calculated based on the mass of
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Si@void@NC composite on the electrode. The cyclic
voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were conducted on
Zahner Zennium (Germany) electrochemical workstation.
All the electrochemical measurements were conducted at
room temperature.

3 Results and Discussion

The preparation procedure of Si@void@NC
composites is schematically illustrated in Figure 1. Firstly,
Si nanoparticles is modified by a SiO, coating through the
hydrolysis of APTES and TEOS, which functions as a
void templet between the carbon layer and Si
nanoparticles. The addition of APTES favors the uniform
cover of the copolymer due to the amino group. After the
co-polymerization of AN and 0-PD on SiO, coating and
the carbonization at an inert atmosphere, SiO, coating is
etched by HF solution. The molar ratio of AN to 0-PD is
changed to adjust the doping level of nitrogen atoms in
the final Si@void@NC composites.

APTES copolymerization
TEOS carbonizatlon etching

Si@sio, Si@Sio,@NC Si@void@NC

Figure 1 Schematic illustration of the preparation
processes of Si@void@NC composites

The molecular structure of different samples is
inverstigated to observe the evolution of Si nanoparticles
by FT-IR spectroscopy. Figure 2(a). displays FT-IR
spectra of samples acquired at the different steps during
the preparation of Si@void@NC composites. The pristine
Si nanopaticles show several adsorption peaks due to
Si-O-Si stretching (1170 cm™and 1080 cm™) and bending
vibrations (883 cm™ and 830 cm™) °1. Contrast to
pristine Si nanoparticles, Si@SiO,@Cp shows several
strong absorption bands between 1700 cm™ and 900 cm™.
The peaks at 1537 cm™ and 1486 cm™ are the stretching
vabration of the giunoid and benzenoid rings in
polyaniline ! respectively. The band at 1631 cm™
suggests the existence of oPD in the copolymer . Most
importantly, the occurrence of the bands at 1370 cm™,
1060 cm™ and 892 cm™ proves the phenzaine-like cyclic
structure in the copolymer backbone %2 which could
either be attributed to the presence  of
poly(ortho-phenylenediamine) blocks or the cyclic
formation of the adjacent oPD and AN unit in the
copolymeric chain, comfiring the copolymerization of AN
and oPD. After the carbonization of Si@SiO,@Cp in an
inert atmosphere, the copolymer will be converted to the
nitrogen doped carbon materials. Meamwhile, the typical
absorption bands of the copolymer will vanish. It is
found that the structure of the composite isn’t damaged
by HF acid etching besides the removal of SiO..
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Figure 2 (a) FT-IR spectra and (b) XRD patterns of
different samples. The inset in Figure b is the
magnification in range of 10 to 45 degree. (m—Si,
€—Si0,)

The crystalline structure of different Si-based
samples is futher investigated by X-ray diffraction
spectroscopy (XRD), as shown in Figure 2(b). The
pristine Si nanoparticles are crystalline and show several
sharp diffraction peaks at 28.5947.3< 56.1< 69.0< 76.3°
and 88.0< which can be indexed to (111), (220), (311),
(400), (331) and (422) lattice planes of cubic Si (JCPDS
NO. 27-1402), respectively. Once SiO, is deposited on
the surface of Si nanoparticles, a broad and weak band
centred at 23° is observed, which is due to the diffraction
of amorphous SiO,. While the copolymer of AN and oPD
is formed and further converted to the nitrogen-doped
carbon layer on SiO,, there is no new peak observed in
the diffraction pattern and the diffraction profile almost
does not change besides the further decline in the
diffraction strenghth. At the same time, the weak and
broad peak near 23° still exsits. However, once treated by
the HF etching, the diffraction corresponding SiO, is
weakened and shifted to a higher angle. Additionally, the
peak strenghth for Si nanoparticles drastically increases,
implying SiO; layer is removed and the space between Si
and nitrogen-doped carbon is created.

SEM images of pristine Si nanopartilces (Figure
3(a,b)) show that they are predominantly spherical in the
shape with a diameter ranging from 50 nm to 100 nm.
The modification of Si nanoparticles by SiO, results in a
slight increase in the size. Meanwhile, some Si@SiO,
particles aggregate together, as shown in Figure 3(c,d). In
contrast, the remarkable change in the morphology and
size for the Si@void@NC is observed in Figure 3(e,f).
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The agglomeration of Si@SiO,@Cp during the surface
polymerizaton and carbonization may acccount for the
structure change for Si@void@NC.

The internal structure of Si@void@NC is
investigated by TEM, as displayed in Figure 3(g, h). The
agglomerated Si@void@NC is evident, which is in
accordance with the results of SEM. It is noted that Si
nanoparticles are successfully encapsulated inside the
interconnected nitrogen-doped carbon cage.lt is seen that
the nitrogen-doped carbon cage is very thin and has a
thickness of less than 10 nm. Additionally, a void between
Si nanoparticle and the thin carbon layer is generated. The
void place presented in Si-based composite nanoparticle
will accommodate the expansion during the lithiation of
Si and stabilize the electrode.

.

100 nm

100 o m(

Figure 3 SEM (a-j) and TEM (k-1) images of (a, b)
pristine Si, (c,d) Si@SiO, ,(e,f) SI@Si0,@Cp , (g,h)
Si@SiO,@NC and (i-1) Si@void@NC
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Figure 4 (a) XPS survey spectra of Si@void@NC
samples and the high-resolution spectra of (b) Si 2p, (c) C
1s in Si@void@NC-3 and (d) N 1s in different
Si@void@NC samples

Table 1 The relative nitrogen contents of Si@void@C
in different ratio of An to OPD

Si@void@N Si@void@NC- Si@void@NC- Si@void@NC-

Sample
C-1 2 3 4
Nitrogen
content
3.2% 4.0% 7.5% 8.4%
(vs.
carbon)
Figure 4(a) shows the X-ray photoelectron

spectroscopy (XPS) survey spectra of Si@void@NC
samples. It is confirmed that both the carbon and nitrogen
elements exist in all Si@void@NC samples, implying the
nitrogen is doped into the carbon lattice. Moreover, the
increase in the relative peak strength of nitrogen to carbon
with the increase of the mole ratio of o0-PD to AN
suggests that the nitrogen level in the carbon layer
gradually raises. According to the peak area of nitrogen
and carbon, the relative atomic content of nitrogen in the
carbon layer is calculated and the results are shown in
Table 1. The nitrogen content of 3.2% is achieved while
only AN is polymerized on Si@SiO,. However, once AN
is copolymerized with oPD, the nitrogen content is
increased and the content is 4.0%, 7.5% and 8.4% for
Si@void@NC-2, Si@void@NC-3, Si@void@NC-4,



respectively. Accordingly, the nitrogen doping content in
the carbon layer is readily tuned by the copolymerization
of AN and 0-PD. The chemical state of Si, C and N is
studied by their corresponding fine XPS spectra. Figure
4(b) shows the Si 2p spectrum. The peaks with the
binding energy of 98.9 eV and 99.5 eV are assigned to
Si-Si bond, while the peaks centering at 102.3 eV and
103.1 eV are attributed to SiO, owing to the sight
oxidation of Si nanoparticles ™%, The C1s peak in Figure
4(c) consists of three sub-peaks located at 284.4 eV, 285.7
eV and 287.7 eV corresponding to C-C C-N and C=0,
respectively. The existence of N-C bond is due to the
substitution of N atoms, suggesting the successful
N-doping into the carbon framework ™**. The N 1s
high-resolution XPS spectrum can be deconvoluted into
three peaks located at 397.8 eV, 399.7 eV and 400.4 eV,
respectively, which are associated with the pyridinic,
pyrrolic and graphitic nitrogen atoms doped into the carbon
framework '#*"], The nitrogen doping in the carbon layer is
beneficial to achieve high electronic conductivity and
provides additional lithium storage sites, boosting the
performance of Si anode. Moreover, more oPD seems to
cause a high content of graphitic and pyridinic nitrogen,
which facilitates the lithium intercalation .
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Figure 5 (a-d) The charge-discharge curves of the 1%-3",
5" cycles for (a) Si@void@NC-1, (b) Si@void@NC-2, (c)
Si@void@NC-3 and (d) Si@void@NC-4 and (e) cycling
perfance and coulombic efficency of Si and
Si@void@NC at current density of 100 mA/g at a current
density of 100 mA/g

The charge and discharge profiles of the four
Si@void@NC samples for the 1%, 2", 39 5" cycle at a
current density of 100 mA/g are displayed in Figure 5. For
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all the samples, the similarity of their profiles in the first
charge/discharge cycle demonstrates that the electrochemical
reaction of lithium in these Si@void@NC composites has no
distinct difference. A long slope plateau in the charge process
from 1.0 to 0.20 V will vanish in the subsequent cycles,
resulting in the irreversible consumption of lithium and the
formation of the SEI film. The slope profile between 0.1 V
and 0.01 V is considered to be the lithiation of Si. All the
Si@void@NC samples deliver an initial discharge capacity
of over 1400 mAh/g in the first cycle. The discharge capacity
gradually decrease during the charge-discharge cycle. When
the mole ratio of AN to 0-PD is fixed at 5:5, the capacity
fading is the slowest. It is noteworthy that a charge plateau is
present near 0.4 V for Si@void@NC especially noticeable
for the sample Si@void@NC. This is ascribed to the
dealloying process of Si nanoparticles 4!,

The cycling performance of Si@void@NC has been
evaluated  using  galvanostatic  charge-discharge
measurements at a current density of 100 mA/g with the
lower and upper cutoff voltages of 0.01 V and 1.5 V
(Figure 5(e)). Si@void@NC-1 prepared only using
polyaniline as carbon and nitrogen sources delivers an
initial capacity of 1378 mAh/g, but rapidly reduces to 594
mAh/g for the second cycle. Subsequently, the discharge
capacity decays and a low capacity of 227 mAh/g is
remained at 50™ cycle. However, with the increase of the
concentration of 0-PD during the polymerization,
implying the increase of nitrogen doping content in the
carbon layer, the capacity decay becomes slow. It is
evident that Si@void@NC-3 manifests the best cycle
stability and a capacity of 346 mAh/g is retained,
suggesting too high nitrogen content in the carbon layer
may deteriorate the performance of Si@void@NC. Besides,
the coulombic efficiency of the four samples for the first
cycle is about 47%-58%, and quickly reaches above 95%.
Nevertheless, the results are not satisfactory in terms of the
cycling stability. This may be due to the structure of
Si@void@NC, which is needed to optimize further such as
the void volume, the thickness of carbon layer.
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Figure 6 The differential capacity curves of (a)
Si@void@NC-1, (b) Si@void@NC-2, (c)
Si@void@NC-3 and (d) Si@void@NC-4
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The electrochemical lithiation and delithiantion
reaction of Si nanoparticles is able to be observed detailly
in the differantial capacity curves (dQ/dV) . Figure 6
displays the differential capacity curves of Si@void@NC
samples for the first two cycle. During the discharge
process, all the samples encounter the SEI formation

(between 0.4V and 1.0V) and the lithiation (below 0.1 V).

It is notewrothy that SEI formation and lithiation of Si
nanoparticle require a lower potential, verified by left
shift of the peaks corresponding to SEI formation and
lithiation, when oPD is added. This is mightly caused by
the increase of nitrogen content in the carbon layer. It is
reported that Pyridinic and pyrrolic N species are more
active because they can induce defects and edge sites in
carbon material, favoring the diffusion and insert into the
carbon . In the research, higher oPD will introduce
more nitrogen atom in the carbon layer. And there are
three type of nitrogen species in the carbon layer, namely
pyrrolic N and pyridinic N and graphitc N. As seen in
figure 4(e), when nitrogen content in the carbon is
increased, the ratio of graphtic N to pyrrolic N and
pyridinic N raises. Therefore, low pyridinic and pyrrolic
N will reduce the reaction actively of lithium ion, then a
lower potential is required for the formation of SEI film.
During the discharge, two peaks corresponding to the
delithiation of Si-Li alloy are persent. In the second cycle,
besides the reaction potential, there is not significatanly
difference in the lithiaion and delithiation of amorphous
Si converted in the first cycle, demonstating that the
nitrogen doping level will affect the lithiantion and
delithiation difficulty of Si nanoparticle. In terms of
capacity fading during the cycle, the mole ratio of 5:5 for
AN to 0-PD is optimal.

4 Conclusion

A Si@void@NC nanocomposite with a tunable
nitrogen content in the carbon layer is prepared. In the
composite, a void between Si core and carbon layer is
created through the etching of SiO, template. And AN and
oPD is co-polymerized and utilized as
nitrogen-containing carbon source, in which the mole
ratio of AN and oPD can is varied to modulate the
nitrogen doping level in the carbon layer. The
characterization shows that Si@void@NC is inclined to
agglomerate together to form larger particles in
micrometer scale the copolymerization and carbonization,
in which Si nanoparticles are encapsulated in a hollow
and interconnected carbon cages with a thickness of less
than 10 nm. It is found that the nitrogen content in the
carbon layer varies from 3.2% to 8.4%. Moreover, the
nitrogen doping into the carbon are present in the form of
pyridinic, pyrrolic and graphitic nitrogen, regardless of its
content in the carbon. Electrochemical tests indicate that
the SEI formation and the lithiation of Si nanoparticles
become difficult as the nitrogen doping content is raised.
Additionally, the capacity fading is inhibited for
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Si@void@NC with a suitable nitrogen content.
Compared to a capacity of 227 mAh/g for
Si@void@NC-1 derived only from polyaniline, a
capacity of 346 mAh/g is remained after 50
charge-discharge cycles for Si@void@NC-3 prepared
with the mole ratio of 5:5 for AN and oPD. Nonetheless,
the cycling stability is not satisfactory, which may be
improved by the optimization of the preparation
conditions and the structure of Si@void@NC.
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