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Integrated Al/Ni electrodes of lithium-ion batteries (LIBs) with variant atomic ratios were successfully
fabricated by a one-step laser-sintering process. The microstructure, phase composition, and pore
structure were controlled by the raw material composition and laser parameters. The electrodes showed
working merits without any conductive agent and binder, or even the collector used in a traditional
battery. It was shown that the electrode consisted of multi-phases, i.e., Al, AlzNi,, AlzNi, and Ni, when the
Al/Ni atomic ratio was higher than 5: 5. A lower Al/Ni atomic ratio less than 5 : 5 favored the formation
of a dual-phase electrode consisting of AlzNi, and Ni. As the Al content increased, the specific surface
area of the as-sintered electrodes increased in the initial stage and then decreased. The formation of
pores was closely related to the content of the residual Al phase after the laser sintering. The residual Al
phase filled the pores when the Al content was high, leading to a lower pore size. In contrast, the liquid
Al phase completely reacted with the Ni component, leaving a large number of pores at its original sites.
The linked pores can serve as transport channels for Lit ions, provide mass sites for electrochemical
reactions, and also buffer huge volume changes of the active material. Among the electrodes, the one
with an Al/Ni ratio of 3 : 7 showed the best cycling/rate performance, i.e., a capacity of 522.8 mA h g~*
by a current of 0.1 A g~* after 200 cycles, even holding to 338.4 mA h g~* by a big current impact at
2 A gt It formed a metallurgical combination between the conductive network and the active material
with multiple porous structures, which is helpful for the electrodes to provide high capacity and maintain
structural stability during cycling. In addition, the average laser-sintering time of a single electrode was

rsc.li/rsc-advances

1 Introduction

In recent years, with the increasing applications of portable
electronics devices, electric/hybrid vehicles, and large-scale
electricity grid storage, the demand for lithium-ion batteries
(LIBs) with high energy/power densities is more urgent than
ever before. Traditional carbon materials have good cycling
performance, but they suffer from low capacity (375 mA h g™ %),
low reaction potential (0-0.25 V vs. Li'/Li), and safety issues
caused by lithium dendrite growth.' It is therefore desirable to
develop new materials with high capacity and high cycling
stability. It is well-known that electrochemically active mate-
rials, such as Si, Sn, Al, Ge, Sb, Bi, Pb,*** are accessible to be
pulverized and fall off from the electrode due to great volume
changes, leading to a serious degradation of the cycle perfor-
mance. LiAl possesses a theoretical capacity of 993 mA h g™,
corresponding to a volume expansion of 97%.'>** In addition, Al
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within 10 s, which is suitable for industrial mass production.

has the advantages of low density, high conductivity, abundant
reserves, and low cost." As a possible substitute material for
traditional carbon electrodes, Al and LiAl alloys have been
studied extensively.’*'*” However, the main obstacle to the
development of Al anodes is still the issue of the large volume
expansion. The stress caused by volume changes can effectively
be alleviated by adding a host matrix of electrochemically inert
materials (such as Fe, Co, Ni, Cu, Cr, Mn, P) or other active
materials to form intermetallic compounds.”***"~**
Intermetallic compounds have been explored as potential
anode materials for lithium-ion batteries. The work mainly
focuses on combining an active material and an inactive mate-
rial. Al-Ni intermetallic compounds offer the advantages of
a high yield strength, low ductility, and low elastic modulus. They
can also reduce the tendency for active particle cracking and
buffer large volume changes to maintain the electrode integrity
and good electronic contact between the active particles and
conductive phases. Al-Ni intermetallic compounds were fabri-
cated and their Li‘-diffusion properties tested in Machill and
Rahner's work.” The capability of the AI-Ni intermetallic
compounds for lithium incorporation was found to be much
higher than that of pure Al It was also confirmed that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffusion coefficient of Li" in Al-Ni intermetallic compounds
increases with the Ni content. Although the addition of Ni
element to Al electrodes leads to a decline in the specific capacity
and energy density, the improvement of the cycle performance
can make up for the deficiency.

Intermetallic compounds used as electrode materials are
mainly prepared by chemical synthesis,”* high-energy mechan-
ical milling (HEMM),**” thermal sintering or heat treatment*?°
(often combined with the HEMM method), electrodepositing,***>
chemical vapor deposition (CVD),**?* etc. The preparation process
is complex, and more importantly, the active materials are
unevenly distributed, agglomerated, and even separated from the
electrode during the charge/discharge process, which affects the
cycling performance of the electrode. In addition, these methods
for preparing intermetallic compounds have a number of disad-
vantages too, such as a long process flow, low efficiency, high cost,
and high risk to the environment. To solve the above problems,
a Sn/graphite anode was previously prepared by laser sintering,*
together with exploration of the effect of the laser parameters on
the electrode structure and performance, which provides a foun-
dation for preparing a composite electrode consisting of the active
metal Al and inert metal Ni.

By preparing an integrated electrode, the metallurgical
combination of a collector and active material is obtained
without the need to use a conductive agent and binder, which
leads to a higher mechanical strength and structural stability in
the charge/discharge process. Herein, the phase constitution
and structural characteristics of a laser-sintered Al/Ni electrode
with different atomic ratios were explored. The formation
mechanisms are also discussed through the theory of laser
liquid-phase sintering. A porous integrated electrode supported
by a Ni skeleton was successfully prepared. Such a porous
structure inside can well act as the channels for Li* diffusion, as
well as buffer the volume expansion/contraction caused by the
change/discharge processes. Moreover, the increased specific
surface area of the active material provides more reaction sites
for electrochemical reactions.
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2 Experimental

Al/Ni electrodes with systematically varying atomic ratios from
9:1 to 1:9 were fabricated by laser sintering. First, raw
powders of Al (99.9% purity, 10-20 pm) and Ni (99.9% purity,
20-100 pm) were blended by a vacuum ball grinder according to
the required atomic ratio. Subsequently, the powder mixtures
were compressed into a disc with a diameter of 14 mm and
a height of 1 mm under 30 MPa pressure. Then, a 5 kW
continuous wave CO, laser unit with a wavelength of 10.6 um
was used as a heat-generating source for sintering the inte-
grated anodes in an argon protection environment. Based on
the preliminary experiments, the optimized laser processing
parameters were set as follows: laser power 200 W, laser beam
diameter 15 mm, laser irradiation time 20 s, and argon flow rate
7.0 L min .

The phase constitution of the laser-sintered specimens was
identified using an XRD-6000 X-ray diffraction (XRD) system
equipped with Ni filtered, Cu Ko radiation operating at 40 kV
and 30 mA. X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Thermo ESCALAB XI+ device with an Al Ko (hv =
1486.6 eV) excitation source. The data analysis was performed
using the Casa-XPS software with a Shirley background. The
microstructural characteristics and composition were analyzed
using a Zeiss Supra 55 scanning electron microscopy (SEM)
system and EPMA-1720 electron probe microanalyzer (EPMA).
To investigate the size distribution and structure feature of the
pores in the laser-sintered specimens, nitrogen isotherm
adsorption curves were measured using a Quadrasor-SI auto-
matic specific surface area and porosity analyzer.

To measure the electrochemical performances, all the laser-
sintered specimens were thinned down to 0.2 mm thickness
through the use of successively finer silicon carbide grinding
paper, and were assembled into CR2025-type half-cells in
a glove box filled with argon gas. Lithium foils were used as the
counter electrodes, while 1 mol L™* LiPF¢ was dissolved into
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by
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Fig. 1 XRD patterns of the laser-sintered Al/Ni electrodes with different atomic ratios and the enlarged spectrum of 23°-50°.
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volume) solution to act as the electrolyte. Cyclic voltammetry
measurements were performed on a CHI660D electrochemical
workstation at a scanning rate of 0.1 mV s~ within the potential
range of 0.01-2.00 V. Electrochemical impedance spectra were
analyzed in the frequency range between 0.01 Hz and 100 kHz
with a signal amplitude of 5 mV. Charge/discharge character-
istics were measured using a Land CT2001A battery system at
various current densities in the voltage range of 0.01-2.00 V.

3 Results and discussion
3.1 Microstructure

Fig. 1 shows the X-ray diffraction (XRD) patterns taken from the
as-sintered Al/Ni electrodes and the enlarged spectrum of 23°-
50°. When the Al/Ni atomic ratios were more than 5 : 5, the
phase structure of the as-sintered electrodes consisted of Al, Ni,

Table 1 Constituent phases (mass percentage) of the as-sintered
electrodes obtained through the reference intensity method
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Al;Ni, and Al;Ni, phases. The difference was that the content of
the Al phase decreased with the decrease in the Al/Ni atomic
ratio, while the Ni, Al;Ni, and Al;Ni, phases showed a reverse
trend with Al, as revealed in Table 1. When the Al/Ni atomic
ratio decreased to less than 5 : 5, the diffraction peaks corre-
sponding to Al and Al;Ni phases disappeared. Meanwhile, the
content of the Ni phase continued to increase, and the content
of the Al3Ni, phase reached the maximum value of 40.4% at an
Al/Ni atomic ratio of 3 : 7, and then decreased to 12.0% at the
Al/Ni atomic ratio of 1 : 9.

The element composition of the Al/Ni electrodes were further
confirmed by the XPS profiles as shown in Fig. 2. In Fig. 2a, The
Ni 2p level is split into Ni 2p;/, and Ni 2p4,, sublevels owing to
the spin-orbit interaction. For electrodes made with the Al/Ni
atomic ratio from 9:1 to 1:9, the peak heights of Ni 2P;/,
and Ni 2p,, increased gradually, the binding energies increased
first and then decreased. As indicated by the dotted line in
Fig. 2a, the Ni 2p;,, and Ni 2p,, levels in Ni, Al;Ni,, and Al;Ni
were 852.65, 853.40, 853.75 eV and 869.90, 870.70, 871.05 €V,
respectively.*® Therefore, it could be determined that there were
Ni, Al3Ni,, and ALNi phases in the electrodes, and their

Al/Ni atomic ALNi contents were reflected in the positions of the peaks. However,
ratio Al phase Ni phase phase Al;Ni, phase it was difficult to distinguish the energy level between Al;Ni,
and Al;Ni due to the small shift. Moreover, for the electrodes
9:1 75.4 17.9 3.6 2.1 . : : .
713 163 356 115 36 with the AI/Ni atomic ratios of 3:7 and 9:1, two shake-up
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Fig. 2 High-resolution XPS spectra of (a) the Al 2p and (b) Ni 2p orbitals for the electrodes with different Al/Ni atomic ratios.
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Fig. 3 Typical SEM images of the as-sintered electrodes with different
Al/Ni atomic ratios of: (@) 9:1, (b) 7:3,(c) 5:5,(d) 3:7,and (e) 1: 9.

of the electrode with an Al/Ni atomic ratio of 9 : 1, four peaks
appeared at binding energies of 67.21, 69.38, 70.98, and
75.25 eV, which corresponded to Ni 3p3/,, Ni 3py, Al 2p, and
AL, O3, respectively.’”*®* With the decrease in Al content, the peak
height of Al 2p decreased gradually, and when the atomic ratio
of Al/Niwas 1 : 9, the peak could not be observed. The variation
of the Al,O; peak was the same as that of Al 2p. It is worth
mentioning that the surface of Al can be easily oxidized. Due to
the limited detection depth and resolution of XRD, there was no
Al,O; peak, but while the detection depth of XPS was only
several nanometers, Al,O; could be detected. The Ni 3p level
was split into Ni 3p;/, and Ni 3p;/, sublevels, and the variation
of the peak heights was consistent with that of the Ni content.
The positions of these two peaks moved toward the direction of
low binding energy when the Ni content increased.

Fig. 3 presents typical SEM images of the as-sintered Al/Ni
electrodes. The EPMA analysis results of the electrodes
in different zones (marked A, B, C, etc. in Fig. 3) are shown in
Table 2. For the electrode with the Al/Ni atomic ratio of 9: 1, it
was found that some block or columnar particles, together with
a fewer bright particles, were embedded in a dark matrix.
Moreover, a gray epitaxial growth layer around each bright
particle was clearly visible (Fig. 3a). Combined with the XRD
and EPMA data, these particles were assigned to Ni, Al3Ni, Al,
and Al;Ni, phases. Similar constituent phases were observed in
the as-sintered electrode with the Al/Ni atomic ratio of 7: 3.
However, in that case the Al;Ni phase evolved into larger blocks
that grow in the form of aggregates. Meanwhile, the bright Ni
particles, together with their epitaxial growth layers, exhibited
an obvious increase in the size and volume fraction (Fig. 3b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 EPMA analysis results of the as-sintered electrodes

Composition (at%)
Electrodes with -

Al/Ni (at%) Zone Al Ni Phase
9:1 A 2.28 97.72 Ni

B 61.58 38.42 ALNi,

C 72.81 27.19 AL;Ni

D 98.94 1.06 Al
7:3 E 3.18 96.82 Ni

F 58.59 41.41 ALNi,

G 75.57 24.43 ALNi

H 98.83 1.17 Al
5:5 I 2.90 97.10 Ni

] 63.36 36.64 ALNi,

K 72.50 27.50 Al;Ni

L 97.87 2.13 Al
3:7 M 1.48 98.52 Ni

N 62.06 37.94 ALNi,
1:9 o 2.29 97.71 Ni

P 61.81 38.19 ALNi,

This variation trend became more pronounced when the Al/Ni
atomic ratio was 5:5 (Fig. 3c). Furthermore, as the Al/Ni
atomic ratio decreased to 3 : 7, the Ni particles became larger
and irregular in shape (Fig. 3d). When the Al/Ni atomic ratio was
1:9, the Ni particles connected with each other to form a skel-
etal network with an increase in their fraction, while fewer
Al;Ni, matrix phases were maintained (Fig. 3e).

Based on the above analyses, the microstructure evolution
during the laser-sintering process is proposed. The sintering of
electrodes with the Al/Ni atomic ratios more than 5 : 5 begins
with the formation of Al liquid due to its low melting point,
followed by the wetting and spreading of Al liquid over the Ni
solid surface, so that the Ni particles are separated by a liquid
bridge. The friction between the Ni particles is significantly
reduced, which allows them to easily rearrange under the action
of the compressive capillary stress exerted by the liquid. Once
a liquid-solid interface is established, the Al liquid provides
a path for matter transport, since diffusion in a liquid is much
faster than in a solid. Rapid transport in the Al liquid causes the
formation of a diffusion layer around the Ni particles, and
induces a chemical reaction to form an Al;Ni, phase within the
layer. With epitaxial growth of the layer, some bulges are formed
in the liquid-solid interface due to interfacial turbulence.
Furthermore, a peritectic reaction occurs between the bulges
and surrounding liquid to form an Al;Ni phase according to the
Al-Ni phase diagram, which then separates from the epitaxial
growth layer. Meanwhile, the size of the Ni particles gradually
reduces due to the continuous diffusion reaction. Through this
process, Ni particles become almost spheroidal in shape since
the sharp angle of the particle has a higher solubility in a liquid
than the flat places. As the content of the liquid is more than
that required for peritectic transformation, residual liquid is
produced after the transformation. As a result, a multiphase
structure consisting of Ni, Al;Ni, Al, and Al;Ni, phases is formed
at the terminal stage of sintering. For the cases of the electrodes
with Al/Ni atomic ratios less than 5 : 5, initially Al particles melt

RSC Adv, 2022, 12, 13168-13179 | 13171
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and then epitaxial diffusion layers form. However, there is
insufficient remaining liquid to support the subsequent peri-
tectic reaction, such that a dual-phase structure consisting of Ni
and Al;Ni, phases is obtained. In these cases, Ni particles take
up a prismatic shape, and some of their contact regions become
relatively flat. This is because the capillary stress leads to
a higher chemical potential in these regions. Precipitation
occurs at the sites away from the contact area. With a further
decrease in the Al/Ni atomic ratio, the Ni particles connect with
each other to form a skeletal network, which allows the particles
to pack more efficiently. It is worth mentioning that the inter-
face between the phases is a metallurgical combination, which
greatly enhances the strength of the electrode. The influence of
the metallurgical combination and pore structure can buffer the
volume expansion and maintain the integrity of the electrodes
in the charge/discharge process. This effect will be verified in
the subsequent electrochemical results. The two typical
processes are sketched in Fig. 4.
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3.2 Porosity and specific surface area

The specific surface area and pore-size distribution of the
materials can be obtained from the nitrogen adsorption-
desorption isotherms.****' Fig. 5a presents the nitrogen
adsorption-desorption isotherms of the Al/Ni as-sintered elec-
trodes. As shown in Fig. 5a, all the curves appeared similar and
belonged to the type III isotherm according to the IUPAC
(International Union of Pure and Applied Chemistry) classifi-
cation, which indicates a weak interaction between adsorption
and desorption.**** Correspondingly, the surface areas of the
electrodes ranged from 7.1 to 112.4 m”> g~ ' as the Al content
decreased. For the Al/Ni atomic ratios of 3:7 and 1:9, the
specific surface areas (112.4 m> g~' and 93.1 m”> g ') were
significantly higher than that of other electrodes. The nitrogen
sorption increased gently at P/P, < 0.9, corresponding to micro-
and mesopores in the range of 1.0-6.5 nm for all the electrodes,
as shown in Fig. 5b. The nitrogen sorption showed a great
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Nig) 9} 2 g/ Nig
(b) Al;Ni () ALNi g,
Ni CD 5 ‘;:)E Ni ® ‘iai.'::::::;ai;u Ni S,
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@ rearrangement @ dissolution/reprecipitation ® solid state sintering

Fig. 4 Schematic diagram of the microstructure evolution of the Al/Ni integrated electrodes with (a) Al/Ni atomic ratios more than 5 : 5 and (b)

Al/Ni atomic ratios less than 5 : 5.
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(a) Nitrogen adsorption—desorption isotherms and (b) pore-size distribution curves of the as-sintered electrodes.
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incensement at P/P, > 0.95 for the electrodes with Al/Ni atomic
ratios of 7 : 3 and 1 : 9, and the corresponding pore-size range
was 11-25 nm.

Once the Al particles melt to form the liquid phase during
the laser-sintering process, capillary stresses cause the redis-
tribution between the liquid and Ni particles, leading to the
sequential filling of the pores. Since the small pores have a high
surface-to-volume ratio, they are filled first and the large pores
later. However, the pore filling has a percolation problem,
depending on the amount of the liquid phase; whereby the
liquid may have no access to all the small pores, so some of
them remain empty when the large pores start to fill. When the
Al/Ni atomic ratio is 9: 1, since the liquid is sufficient, the
rearrangement by itself can lead to an almost fully dense
material with few closed pores. As the Al/Ni atomic ratio
decreases, the filling of the pores decreases due to the increased
viscosity of the liquid, which causes an increase in porosity.
When the Al/Ni atomic ratio decreases to 5 : 5, the solid-solid
contacts begin to form, in which case the liquid phase is still
capable of penetrating indefinitely along the particle edges.
However, the liquid phase is largely consumed in the subse-
quent interface reaction, leading to large pores at its site. When
the Al/Ni atomic ratio deceases to 1:9, the formation of the
solid skeleton inhibits the penetration of the liquid phase
between the particles, so that the liquid forms isolated pockets
in the narrow gap between the neighboring particles, limiting
greatly the sizes of the pores.

3.3 Electrochemical properties

To understand the electrochemical properties of the as-sintered
electrodes, cyclic voltammogram (CV) curves for the initial three
cycles were measured in the range of 0.01-3.00 V at a scan rate
of 0.1 mV s~ ' as shown in Fig. 6. In Fig. 6a, during the first
negative scanning of the Al/Ni electrode with the atomic ratio of
9 : 1, there was no obvious reduction peak corresponding to an
SEI layer. Relevant studies also show that there is no or only
a weak peak corresponding to an SEI layer on the CV curve
during the first charge and discharge of Al electrodes.'®****
Then, the irreversible reduction peak of R; (~0.26 V) and the
reversible peak of R, (~0.12 V) appear, corresponding to the
lithium intercalation reaction of Al,Ni, (stands for Al;Ni, and/or
AL;Ni) and Al, respectively. The reaction equations for the above
lithium intercalation process are as follows in eqn (1) and (2). In
eqn (1), the reduced Ni does not participate in the subsequent
reaction, and acts as the conductive particles to enhance the
conductivity of the electrode. During the subsequent negative
scanning, there is no reduction peak around 0.26 V, indicating
that AlL,Nij, has reacted completely during the first cycle. From
the second cycle, the reduction peak appears only at about
0.12 V, indicating that Al is the only lithium intercalation phase
in the subsequent cycle. During the positive scanning, the
reversible oxidation peak O; around 0.58-0.64 V corresponds to
the delithiation reaction of Li,Al as per the following eqn (3).

ALNi, + xLi" + xe~ — xLiAl + yNi (1)

Al+ Li" + e~ o LiAl (2)

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

06

a’ st
04 (a) o, 1 cycle §3 ( {) o =— 1“dcycle
_ 2" cycle = — 2" cycle
< 02 3" cycle < 2 o — 10" cycle
Z 00 - Q,é” —— 100" cycle
e > (&)
3-02 S
04 5
[s}
06 . )
00 05 10 15 20 25 5 200 800 1200 1600
Potential (V) Capacity (mAh g")
S 3
< =
£ 3 24|
8 ¢
S T
o =14
)
s}
o
04 047 = . :
00 05 10 15 20 25 30 0 400 800 1200
Potential (V) Capacity (mAh g”)
03
Q & y
02{© R e 8 c)
< o1 s
£ =24
€ 00 2
S04 g
R, 5"
-0.2 § discharge
03550 20‘5 T0 15 20 25 a( O
. . P t t: | V. ) . 0 400 800 . 1200
otential (V) Capacity (mAhg™)
06
(d o 0,~058V =
0.4 o,~10av | =
0,~164V =5
Z 02 . =
2 5
g 0.0 4
5.02 s~076V | &
o R,~ 026V <
0.4 R,~ 012V s
6 ol
00 05 10 15 20 25 30 0 200 800 1200
Potential (V) Capacity (mAh g")
3
‘EQ
J 2
g
I
£ 14
Q
E discharge
-0.15

200 400 600 80D 1000
Capacity (mAh g")

- - 0
0.0 05 10 15 20 25 30 0
Potential (V)

Fig. 6 Cycle voltammogram curves of the as-sintered electrodes for
the initial three cycles with a Al/Ni atomic ratio of: (@) 9 : 1, (b) 7 : 3, (c)
5:5,(d)3:7, and (e) 1: 9. The galvanostatic discharge/charge profiles
of the as-sintered electrodes with a A/Ni atomic ratio of: (a') 9 : 1, (b')
7:3,(c)5:5,(d) 3:7, and (¢') 1: 9 for the 1st, 2nd, 10th, and 100th
cycles.

LiAl & Al + Li* + ¢~ (3)

Moreover, with the increase in cycle times, the height of the
reduction and oxidation peak decreased, which shows that the
charge/discharge capacity decreased during cycling.'® In Fig. 6b
and c, the peak positions are basically consistent with Fig. 6a.
With the decrease in Al/Ni atomic ratio, the intensities of the
reduction peak R, and oxidation peak O, gradually decreased,
which is consistent with the change in the residual Al content in
the as-sintered electrode.
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As shown in Fig. 6d, during the first negative scanning, two
irreversible reduction peaks appeared at the S point (~0.76 V)
and R, point (~0.26 V), respectively. The former corresponded
to the irreversible reaction between the electrode and the elec-
trolyte, indicating that a stable SEI layer was formed on the
electrode surface.” The SEI layer is an electronic insulator, so
that its formation hinders the further decomposition of the
electrolyte. At the same time, it provides a channel for Li"
intercalation/de-intercalation, which makes the electrode work
reversibly. The latter corresponds to the irreversible reaction of
the Li" and AlLNi,, as shown in eqn (1). During the discharge
process, LiAl is delithiated into Al, as shown in eqn (3), corre-
sponding to the oxidation peak of the O; point (0.58-0.64 V).
From the second negative scanning, Li" intercalated into Al
form LiAl, as shown in eqn (2), which corresponded to the
reduction peak of R, (~0.12 V). The delithiation process may not
be completed in one step, and a small amount of LiAl will
remove Li" in several steps, corresponding to the weak oxidation
peaks near O, (~1.04 V) and O3 (~1.64 V). In Fig. 6e, the reaction
process was similar to the electrode with an Al/Ni atomic ratio of
3 : 7 due to having the same phase compositions. Only a small
amount of LiAl can be produced through the reaction (eqn (1))
due to the lower content of ALNiy, resulting in less active
materials in the subsequent reversible electrochemical reaction
(eqn (3).

Fig. 6a’-¢’ show the 1st, 2nd, 10th, and 100th cycled
discharge/charge profiles of the as-sintered electrodes with
different Al/Ni atomic ratios in the potential range of 0.01-
3.00 V at a current density of 0.1 A ¢~ . In the first discharge, as
the Al content decreased, the electrode delivered specific
capacitances of 1582, 1353, 1108, 1033, and 909 mA h g™, with
initial coulombic efficiencies (ICE) of 39.2%, 48.0%, 50.2%,
67.9%, and 70.1%. The irreversible capacity loss was caused by
the generation of side reactions and SEI layers in the initial
cycle. For the as-sintered electrodes for the initial three cycles
with Al/Ni atomic ratios of 3 : 7 and 1 : 9, the higher ICS values
were attributed to the improvement of the electrical conduc-
tivity and shortening of the diffusion distance for Li" ions due to
the Ni framework and pore structure. Especially for the elec-
trodes with the Al/Ni atomic ratios of 3:7 and 1: 9, the irre-
versible reduction peak corresponding to the SEI film appeared
at 0.76 V, while the other electrodes had no the plateaus around
it, which was consistent with the results in the CV profiles
(Fig. 6a—e). In the first charge process, a slope plateau appeared
in the potential range of 0.58-0.64 V, corresponding to the
delithiation reaction of LiAl. In the following cycles up to 100
rounds, as the Al content decreased, the discharge capacity
decreased to 61, 80, 128, 563, and 474 mA h g’l. Compared with
the first discharge capacity, the capacity retention was 3.8%,
5.9%, 11.5%, 54.5%, and 52.1%, respectively. The as-sintered
electrode with the AI/Ni atomic ratio of 3:7 delivered
a higher capacity than other Al composite electrodes reported in
recent years; for example, the Al-Cu-Fe quasicrystal electrode
with a capacity of 60 mA h g~* (100 cycles),** Al metal-organic
framework/graphene with the capacity of 403 mA h g~' (100
cycles), and Sn-18 wt% Al electrode with the capacity of
500 mA h g " (50 cycles)'® under a current of 0.1 Ah g ™.
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In order to further study the charge/discharge performance
of the as-sintered electrodes, the specific capacities and
coulombic efficiencies of the electrodes were tested, as shown in
Fig. 7a. For the as-sintered electrodes with Al/Ni atomic ratios
more than and equal to 5 : 5, it was obvious that the capacities
decreased seriously during cycling, and were all less than
200 mA h g~' after 200 cycles. However, for the as-sintered
electrodes with Al/Ni atomic ratios of 3:7 and 1:9 at 200
cycles, the capacities of the electrodes remained at a high level.
Especially for the electrode with the Al/Ni atomic ratio of 3 : 7,
the capacity reached 522.8 mA h g~ ', which was significantly
higher than the theoretical capacity of the traditional carbon
anode (372 mA h g™ '). Fig. 7b shows the rate capacity of each
electrode at different current densities. The rate performance
results of the as-sintered Al/Ni electrodes were basically
consistent with the cyclic performance. For the electrodes with
Al/Ni atomic ratios more than 5 : 5, the rate performance of
each electrode was poor. For example, the capacity of the elec-
trode with the Al/Ni atomic ratio of 9:1 dropped from 91.7
(01Ag ) to 183 mAh g " (2 Ag "), and the capacity did not
return to the initial value in the subsequent small current cycle,
indicating that the internal structure was damaged irreversibly
at a large rate charge/discharge. In contrast, for the electrodes
with an Al/Ni atomic ratio less than 5 : 5, the electrodes showed
good rate performance. Especially for the electrode with the Al/
Ni atomic ratio of 3 : 7, average reversible capacities of 691.1,
592.4, 480.2, 403.7, 337.1, and 567.4 mA h g~ were obtained at
current densities of 0.1, 0.2, 0.5, 1, 2, and 0.1 A g~ ', respectively.
Meanwhile, the capacity was restored to 82% of its initial value
at a current density of 0.1 A g”', indicating that the electrode
internal structure remained stable after a high rate charge/
discharge cycle. Table 3 presents a summary of the electro-
chemical properties of some intermetallic compound anodes
reported in the literature. Through comparison, it can be seen
that the Al/Ni electrode prepared by laser sintering showed
a strong capacity advantage and cycle stability.

To further reveal the morphological variations of the as-
sintered electrodes after cycling, typical SEM images are pre-
sented for the different Al/Ni atomic ratios after 200 cycles at the
current density of 0.1 A g~ ', as shown in Fig. 8. For the Al/Ni
atomic ratio more than and equal to 5: 5, a large number of
cracks and even active materials peeled off from the electrode in
the electrode with the Al/Ni atomic ratio of 9 : 1. The maximum
width of the cracks was about 5 pm. This is because the porosity
of the electrodes was low, and there was not enough space to
alleviate the volume expansion of the active material during the
charge/discharge processes, leading to fracture of the electrodes
and a loss of electrical connection, resulting in serious capacity
fade. For the Al/Ni atomic ratio less than 5:5, only a small
number of cracks appeared, and the maximum width of the
cracks was less than 0.1 um, while no peeling of the active
material was observed, and the integrity of the electrodes
remained good. Here, there were a lot of pores in the electrodes,
which could effectively alleviate the volume expansion, while
the unique Ni framework formed in the laser sintering process
played an important role in maintaining the integrity of the
electrodes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) Cycling performances of the Al/Ni as-sintered electrodes at a current density of 100 mA g~* between 0.01-2.00 V. (b) Rate capabilities

of the as-sintered electrodes at various current densities from 0.1 A g~* to 2.0 A g* in the potential range of 0.01-2.00 V.

For the great difference in the performance of each Al/Ni as-
sintered electrode during the cycle, we try to explain this in
terms of the structure as following. For the electrodes with the

Al/Ni atomic ratio more than and equal to 5:5, due to the
existence of the residual Al phase in the as-sintered electrodes,
the higher the content of the residual Al phase, the more Li"

Table 3 Summary of the electrochemical properties of intermetallic compound anodes and the synthesis methods reported in the literature

Active substance Synthesis method Capacity after cycling Ref.
CusSn, Chemically dealloying 340 mAhg ' (0.1Ag ", 100 cycles) 46
CusSng Electrodepositing 448 mAh g ' (0.1 Ag 1, 25 cycles) 47
NizSn, Chemically dealloying 347mAhg ' (0.1Ag ", 100 cycles) 46
Niz 5Sn, Mechanical milling 200 mA h g ' (0.01 Ag*, 450 cycles) 48
NizSny High energy ball milling 125 mA h g~ (0.0002 A ecm ™2, 70 cycles) 25
CoSn@C Hydrothermal, annealing, etching 519mAhg ' (1Ag*, 300 cycles) 49
C@Mg,Si Mechano-thermal technique 380mAhg ' (2Ag ", 500 cycles) 50
Cu,Sb Chemical synthesis 230 mA h g~ ' (0.0001 A cm ™2, 30 cycles) 21
Cu,Sb Chemical reduction 200 mA h g~' (0.0006 A cm 2, 25 cycles) 22
NiSb/G One-step solvothermal route 270 mA h g ' (0.04 A g, 30 cycles) 23
FeSb,/G One-step solvothermal route 220 mA h g~ ' (0.04 A g, 30 cycles) 23
Zn,Sb;/C High energy ball milling 400 mA h g (0.04 A g%, 10 cycles) 26
Zn,Sbs Chemical vapor deposition 450 mAh g' (0.1 Ag™ ", 100 cycles) 51
ZnSb Electrodepositing 400 mAh g ' (0.1 Ag ", 100 cycles) 32
SnSb/C High energy ball milling 420 mAhg ' (0.1 Ag Y, 50 cycles) 27
TiSb, Heat-treatment and milling 170 mAh g™" (0.1 Ag™, 100 cycles) 28
Al3Ni, Laser sintering 520 mAhg ' (0.1Ag ", 200 cycles) This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images as-sintered electrodes with different Al/Ni atomic ratios of: (@) 9 : 1, (b) 7: 3, (c) 5: 5, (d) 3: 7, and (e) 1 : 9 after 200 cycles.

ions are involved in the intercalation process during charging.
However, owing to the shrinkage of LiAl alloy in the process of
lithium removal, interior cracks are caused by tensile stress,*
and the active material is separated from the electrode, result-
ing in a significant capacity fade. Moreover, the low porosity and
specific surface area result in insufficient space for the electrode
to inhibit volume expansion during charge and discharge. The
dispersion of Ni particles and the inhomogeneity of the
components in the electrodes greatly hinder the diffusion of
lithium ions and the transmission of electrons. The above three
points are the main reasons for the rapid capacity fade and poor
rate performances. For the electrodes with Al/Ni atomic ratios of
3:7 and 1:9, the electrodes showed good cycle and rate
performances. In combination with the schematic diagram of
the electrode reaction mechanism in Fig. 9, the reasons for their
good performances can be explained as follows. First, as a good
conductor of electrons, the Ni framework can act as a current
collector. At the same time, it can resist the stress caused by
expansion during the charge and discharge, and maintain the
structural stability of the electrode. Second, the pores distrib-
uted throughout the electrode can not only relieve the volume
expansion, but also provide a channel for the rapid

13176 | RSC Adv, 2022, 12, 13168-13179

transmission of Li* ions. Third, the Ni produced in the first step
electrode reaction of Al;Ni, and Li" can act as conductive
particles in the subsequent reaction. Moreover, the LiAl
produced in the above reaction attached to the Ni particles
continues to participate in the reaction and provides capacity
for the electrode. It is worth mentioning that the capacity of the
electrode with the Al/Ni atomic ratio of 1 : 9 was lower than that
of the electrode with the atomic ratio of 3 : 7, which was mainly
due to the decrease in the content of the active material Al;Ni,
and the pores.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed on the laser-sintered Al/Ni integrated
electrodes to further investigate the electrochemical properties.
Fig. 10 shows the Nyquist plots and fitting curves for the elec-
trodes in the initial state and after 3 cycles. As shown in Fig. 10a,
the impedance spectra of the initial state were composed of
a semicircle in the high frequency range and a sloped line in the
low frequency range. The former reflects the resistance of the
charge transfer and the latter represents the diffusion of Li" in
the solid electrode. In Fig. 10b, compared with the initial state,
in the impedance spectra of the cycled electrodes appeared two
semicircles in the high frequency range. The first new

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic diagram of the electrode reactions for the electrodes with the Al/Ni atomic ratio less than 5 : 5.

semicircle represents the diffusion of Li* in the SEI film, while
the other semicircle and the sloped line represent the same
process as in the initial state.

The insets of Fig. 10 are the analog circuits of the initial and
cycled electrodes by numerically simulating the impedances
spectra. Here, R, reflects the contact resistance of the electrolyte
and electrode; R, and CPEy, are the charge-transfer resistance
and its relative double-layer capacitance, which appear as
a semicircle at high frequencies; and W; is the Warburg
impedance related to Li" diffusing in the active materials, cor-
responding to the sloped line at low frequencies. After cycling,

2500
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R; and CPEjg are the resistance and capacitance of the SEI layer
on the surface of active phases, which correspond to the semi-
circle at high frequencies. The faradaic current density (Ir) and
the diffusion coefficient (Dy) of Li" ions were calculated by the
following eqn (4)-(6) and all the results are listed in Table 4.

Z' =R+ Ry+ R + a0 " (a)
Iy = RTI(nAFR,) (5)
Do = 0.5(RTIAF?5,,C)* (6)

(b) cycled electrodes
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Fig. 10 Nyquist plots for electrodes and fitting curves of the laser sintering Al/Ni integrated electrodes (a) at the initial state and (b) after 3 cycles

within the frequency range between 0.01 Hz and 100 kHz.
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Table 4 Parameters for the components in the equivalent analog circuit

Initial state

After 3 cycles

Al/Ni (at%) R/(Q) R./(Q) Dy/(m* s 1) Ig/(mA em?) Ry/(Q) R./(Q) Dy/(m* s Ig/(mA cm™?)
9:1 8.8 1515.1 3.12 x 107 1.10 x 1072 6.4 796.2 1.16 x 107" 2.10 x 1072
7:3 9.5 1148.0 5.08 x 107" 1.45 x 1072 5.6 539.9 2.85 x 107 3.10 x 1072
5:5 8.5 693.2 6.81 x 107 2.41 x 1072 6.7 507.0 3.36 x 107 3.30 x 1072
3:7 8.7 338.6 7.81 x 107" 4.93 x 1072 5.7 133.8 9.02 x 10~ ¢ 12.5 x 102
1:9 5.6 296.9 7.98 x 107 5.62 X 107> 3.2 270.4 2.86 x 107 6.18 x 1072

where R, is the charge-transfer resistance, and it equals R, in
the initial state and the sum of R, and R; after cycling; R is the
gas constant (8.314 ] mol " K™ '); F is Faraday's constant (9.6485
x 10* C mol™); T is room temperature (298 K); A is the surface
area of the electrode; g, is the Warburg coefficient and its value
equals the slope of the line Z ~ w °% w is the Angular
frequency; C is the molar concentration of Li'; and 7 is the
number of electrons transferred per molecule attending the
electronic transfer reaction.

The data in Table 4 are the simulation results from fitting the
curves using ZView software. All the values of R, were less than
10 Q before and after the cycles, indicating the batteries were
well assembled and the structural stabilities were good after
cycling. The R, values of the laser-sintered Al/Ni integrated
electrodes decreased after cycling, especially decreasing to the
lowest value of 133.8 Q for the electrode with the Al/Ni atomic
ratio of 3 :7. At the same time, it could be found that the
diffusion coefficient D, (9.02 x 107" m* s7') and the Faraday
current density Iy (12.5 x 107> mA cm™?) of the electrode with
the Al/Ni atomic ratio of 3 :7 were higher than those of the
other electrodes after cycling. Obviously, this may be attributed
to the stable and porous structure formed by laser sintering.
Therefore, the specific capacity of the electrode with the Al/Ni
atomic ratio of 3 : 7 was the highest, while the cycle stability
was excellent in all the electrodes.

4 Conclusion

Al/Ni integrated electrodes were successfully prepared by laser
sintering. The microstructure, phase composition, and pore
structure of the as-fabricated electrodes were closely related to
the composition of the raw materials and the laser parameters.
The results showed that for Al/Ni atomic ratios more than 5 : 5,
the main phases were Al, Al;Ni,, AI;Ni, and Ni. In contrast, for
the electrodes with Al/Ni atomic ratios less than 5:5, they
featured a Ni framework supporting an Al;Ni, intermetallic
compound. The Ni skeletons played the role of a support and
conductive network. The large porosity and specific surface area
played important roles in maintaining the stable high capacity,
ensuring the full contact between the active substances and
electrolyte, and alleviating the volume expansion in the charge/
discharge process. The Ni skeleton and epitaxial growth Al;Ni,
layer were combined metallurgically, and the stability of the
electrode structure was maintained by the strong mechanical
strength. Therefore, this was reflected in the good cycle stability

13178 | RSC Adv,, 2022, 12, 13168-13179

and rate performance under high current. In particular, the
capacity of the electrode with the Al/Ni atomic ratio of 3 : 7 was
above 520 mA h g~ ' after 200 cycles at the current density of
100 mA g~ '. Even when the current density was 2 A g~ ', the
capacity was 338.4 mA h g~ '. Laser sintering provides a new
attempt and exploration direction for the large-scale industrial
preparation of integrated electrodes.
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