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A three-dimensional (3D) architecture design of the battery electrodes is believed to enhance the energy
and power densities of conventional lithium-ion batteries. In this paper, we report a unique 3D archi-
tecture anode fabricated by electrodeposition of ultrathin Ni3Snyg intermetallic alloy onto a commercially
available nickel foam current collector from an aqueous electrolyte. Along with 3D nickel foam, planar
(2D) copper current collector was also electrodeposited at the same deposition conditions to compare
the effect of architecture. The X-ray diffraction results obtained from three-dimensional and planar
anode electrodes indicated that the main phase of electrodeposited alloys for both substrates was Ni3Sng.
The designed three-dimensional electrode demonstrated a high discharge capacity of 843,75 mAh g~ !
during initial cycles and an improved cycle performance over 100 cycles in contrast with the same alloy
electrodeposited onto planar substrate. The high surface area of the electrode and short Li*-ions diffu-
sion paths along with suppression of volume expansion provided by the proposed 3D structure and Ni
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inactive matrix play a key role in improving the performance of the electrode.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Advances in energy storage devices in the next 10—15 years are
expected to come from lithium-ion batteries. However, the current
architecture used in Lithium-ion batteries (LIBs) electrodes appears
to pose a limit on energy and power densities in electrodes. New
architectures are needed to design LIBs with the improved perfor-
mance desired in advanced high-power applications.

Utilization of the three-dimensional architecture for the elec-
trode materials design has appeared as a promising approach for
the significant enhancement of the electrochemical performance of
conventional LIBs, especially for high capacity materials. By suc-
cessfully changing the battery architecture from planar to three-
dimensional geometry, a large capacity and a high power
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capability can be obtained due to a large surface area of electrodes
and a shortened transport distances for Lit-ions between the
electrodes [1,2]. To date, many successful three-dimensional cath-
ode [3,4] and anode [5—7] materials for LIBs were reported.

Tin-based anode materials attracted an immense attention due
to their high volumetric and gravimetric capacities relative to the
commonly used carbon-based anodes [8]. However, during Li*-ions
insertion and extraction, tin (Sn) undergoes large volume expan-
sion and shrinkage, leading to the electrode destruction, which
undermines the advantage of the material's high capacity [9]. In
order to overcome the stated problem, Sn can be alloyed with
metals such as Ni [10], Cu [11], Co [12] and Mn [12,13] to form a
matrix, where the inactive metallic components act as a buffer
during an expansion suppressing the electrode destruction. Among
these alloys, Sn—Ni intermetallic alloys were extensively studied
[14—16]. The electrodes with the matrix of Sn and inactive Ni,
demonstrated an improved cyclability with suppressed volume
expansion occurred during cycling.

2468-6069/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Various methods have been reported for fabricating Sn-based
intermetallic alloys such as ball milling [17,18], E-beam evapora-
tion [19] and electrochemical deposition [14,16]. Among these
methods, electrodeposition was found to be a simple and inex-
pensive method to obtain thin films deposited on complex struc-
tures. Moreover, the microstructures of the deposits could be well-
controlled by monitoring and varying the electroplating conditions.
The morphology and electrochemical performance of the obtained
Sn intermetallic alloys were reported to depend on either compo-
sition of the electroplating solution [20] or the electrodeposition
parameters such as time, current, potential and temperature [21].

In this paper, commercially available nickel (Ni) foam was used
as an inert three-dimensional substrate-current collector. The
unique structure of nickel foam offers a tremendous surface area,
high mesoporosity, good electric conductivity, and an excellent
chemical stability in a wide variety of liquid electrolytes. To obtain
3D electrode foam was coated with Sn—Ni intermetallic alloy from
pyrophosphate aqueous solution by inexpensive and simple elec-
troplating method. The 3D structured Ni foams structure [22] was
able to support a high electrical conductivity and accommodate the
volume changes during lithiation/delithiation processes, allowing
for a remarkable performance enhancement compared with the
Sn—Ni electrode deposited onto planar copper (Cu) foil under
similar conditions.

2. Material and methods
2.1. Material preparation

The Ni3Sny4 intermetallic alloy films were electrodeposited on
nickel (Ni) foam and copper (Cu) foil current collectors/substrates
to obtain three-dimensional and planar structured electrodes,
respectively. The process of electrodeposition was carried out in a
two-electrode cell at 50 °C. Ni foam (Goodfellow Inc., thickness
1.6 mm, porosity >95%), and Cu foil (MTI Corp., thickness 9 pm)
were used as working electrodes while platinum foil served as a
counter electrode. Prior to electrodeposition process, the substrates
were washed with ethanol, soaked into 6 mol dm~> hydrochloric
acid for 5 s, washed several times with DI water, and then soaked
into wetting agent solution (2 g L~! sodium dodecyl sulfate (SDS) in
DI water). The electrodeposition solution was prepared as reported
previously [10,23]. It consisted of 0.175 mol dm~3 SnCl,-2H,0,
0.075 mol dm~3 NiCly-6H,0, 0.5 mol dm—> K4P,0; and
0.125 mol dm3 glycine. The solution pH was adjusted to 8 by
5 mol dm~3 NH4OH. All reagents were of analytical grade and were
purchased from Sigma-Aldrich. Electrodeposition of the interme-
tallic alloys was conducted using KPO7 potentiostat/galvanostat
(Bank Elektronik GmbH) at a constant current of 10 mA with a
deposition time of 10 min. After deposition, electrodeposited Ni
foam and the Cu foil were rinsed with absolute ethanol and then
dried in air at room temperature for further analysis. The masses of
deposited Ni3Sny alloy films were 1.722 mg and 1.175 mg for Ni
foam and Cu foil substrates, respectively.

2.2. Materials characterization

The crystal structures of the obtained alloys were analyzed us-
ing X-ray diffraction (XRD, SmartLab, Rigaku Co., Japan, Cu Ka ra-
diation). The XRD data were obtained over a 2 6 range from 20 to
80° at a scan rate 4 deg. min~! using 40 kV, 30 mA X-ray. Scanning
electron microscopy (SEM, JSM-7500F JEOL, Japan) and SEM
coupled with energy-dispersive X-ray spectroscope (SEM-EDS,
USA) were employed to investigate morphology and homogeneity
of distribution of the alloys’ components. The thicknesses of the

alloys were measured using TEM Lamella milling and FIB-SEM for
3D and 2D electrodes respectively.

2.3. Electrochemical investigation

The electrochemical performance of Ni3Sng/Ni foam and NizSng/
Cu foil electrodes was investigated using the CR2032-type coin-
cells, assembled in an argon filled glovebox (MBraun Inc.). Metal
lithium was used as both counter and reference electrodes. A Cel-
gard 2400 microporous polypropylene membrane was used as a
separator. The electrolyte was 1 M LiPFg in a mixture of ethylene
carbonate/ethyl-methyl carbonate/dimethyl carbonate (EC/EMC/
DC, 1:1:1 vol %). The coin cells were tested galvanostatically on a
multi-channel battery testing system (BT-2000, Arbin Inc., and
Neware Battery tester, Neware Co.) at a current density of 1/5C,
between the cutoff potentials 0.01 and 1.5 V for over 100 cycles. All
potentials in this work are given vs. Li/Li*. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were performed
using a VMP3 potentiostat/galvanostat (Bio-Logic Science Instru-
ment Co.). CV was carried out at the scan rate of 0.5 mV s~ ! be-
tween 0 V and 2 V range. EIS was performed to compare the charge
transfer resistances of fresh and cycled electrodes. To measure the
impedance of uncycled coin-cells, the coin cells were first cycled
three times to activate the anode with the consequent resting time
for 5 h. The impedances of the cycled electrodes were recorded at a
frequency range from 10 mHz to 20 kHz with the altering voltage
signal of 10 mV.

3. Results and discussions

In aqueous electrolytes Sn can easily react with Ni forming
various Ni—Sn intermetallic phases. However, not all phases are
active towards LiT-ions due to the different binding energies.
Hence, the reversible capacity of the electrodeposited alloy directly
depends on the formed intermetallic phases. In order to identify
the phases present in the obtained thin films, XRD was carried out.
Fig. 1 shows the XRD patterns of pristine and electrodeposited Ni
foam and Cu foil substrates. The pristine Ni foam has three sharp
peaks situated at 20 = 44.5°, 51.8°, and 76.4° (JCPDS N2 04—0850),
which correspond to the crystal planes of Ni, while the pristine Cu
foil demonstrates multiple crystallographic orientations of Cu
(JCPDS N°04—0836) situated at 26 = 43.4° 50.6° and 74.2°. After
electrodeposition, along with the peaks from Ni and Cu, several
peaks at 20 = 304° 31.7° 33.3° 39.4° 42.6° and 43.3° were
detected in both electrodes. The peaks coincide well with the
intermetallic alloy phase NizSng (JCPDS N204—0845) [20,24] indi-
cating that the main phase of the alloy films mainly consists of
Ni3Sng. Several distinctive peaks at 20 = 54.3°, 57.3° and 58.6° ob-
tained from Ni3Sny4/Cu foil correspond to different crystal planes of
CusSn alloys which might be resulted from the reaction of Sn with
Cu foil itself. The diffraction peak at 32.1° present in two samples
probably involves the presence of Sn.

Fig. 2 demonstrates the SEM surface images obtained from
pristine and Ni3Sng alloy electrodeposited Ni foam and Cu foil
substrates. Pristine Ni foam has a three-dimensional porous
structure with relatively smooth surface. After electrodeposition
the surface was homogeneously coated with the alloy without any
cracks and voids. Densely packed morphology of the thin film
consists of some big irregularly shaped crystalline grains along with
small ones ranging between 0.5 and 2 pm. The pores present in the
pristine foam were maintained perfectly after electrodeposition.
Pristine Cu foil (Fig. 2b) has a planar surface with a rough
morphology of hill-like structures. From Fig. 2d, it can be observed
that Cu foil was also covered uniformly with the electrodeposited
alloy. In spite of the fact that the surfaces of both Ni foam and Cu foil
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Fig. 1. XRD patterns of pristine Ni foam and Ni3Sny/Ni foam electrode (a), and pristine Cu foil and Ni3Sny/Cu foil electrode (b).

8 gl g
_ 300 pm

300 um

Fig. 2. SEM images of pristine Ni foam (a), Cu foil (b), Ni3Sns/Ni foam electrode (c) and Ni3Sn4/Cu foil electrode (d).

were covered evenly with the Ni3Sng-based film, the morphology of
the electrodeposited films is found to be different depending on the
surface state of the current collector. The roughness of Cu foil sur-
face led to the formation of hill-like film with the larger dimensions
(up to 3 um) compared to the foam substrate.

The roughly estimated thickness of deposited NisSng films
constituted of around 1—1.2 pm for planar Cu foil anode and around
140—300 nm for 3D Ni-foam anode as seen in Fig. 3. Thanks to the large
surface area of the Ni foam it was possible to obtain very thin film.

In order to confirm the co-deposition of Ni and Sn onto the
substrates and homogeneity of the Ni3Sny alloy phase over the
whole surface, the energy-dispersive X-ray spectroscopy (EDS)
analysis was acquired. The results obtained from both substrates
are shown in Fig. 4. Both Ni foam and Cu foil samples reveal a
uniform distribution of elements as expected. In addition to the
results of XRD, the homogeneous intensity of Sn in both samples
reconfirms the existence of Ni3Sng.

Further, to examine the electrochemical activity of obtained
electrodes CV tests were carried out at a scanning rate of 0.5 mV s~
within a potential window of 0—2 V. Cyclic voltammograms of
Ni3Sny/Ni foam and Ni3Sng/Cu foil electrodes, shown in Fig. 5,
indicate several redox couples that correspond to the alloying/
dealloying of NisSng and Sn phases with Li*-ions upon cycling [25].
The initial charges of both samples appear to be different from
consequent charges. This can be explained by the activation of the
alloy accompanied by changes in the electrodes. During the
cathodic scan process, the reduction peak located at 0.67 for both
electrodes should be assigned to the process of alloying of Li*-ions
with Sn. And the following reduction peak located at 0.3 V could be
assigned to the alloying of Ni3Sn4 alloy phase. For the NizSny/Cu foil
electrode peak appeared at 1.5 V during initial cycles disappearing
at third cycle that can be assigned to the side reactions of Cu current
collector with lithium ions. The overall lithiation can be repre-
sented as [26,27]:
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Fig. 4. The SEM images and distribution maps of the elements in Ni3Sny/Ni foam (a—c) and Ni3Sny/Cu foil (d—g) electrodes obtained using energy-dispersive X-ray spectroscopy

(SEM-EDS).

NizSny +17.6Li" 4+ 17.6e~ — 4Li4 4Sn+ 3Ni; Sn+4.4Li"
+ 4.4e " Lig 4Sn (lithiation) (1)

During the following anodic scan process, the de-alloying re-
action occurs for both of the electrodes. The oxidation peaks located
at 0.55 V, 0.7 V and 0.8 V should separately correspond to the
extraction process of Lit-ions from the Ni3Sng and Sn [21,28]. The
delithiation mechanism can be described as the follows:

Lig4Sn — Sn +4.4Li" + 4.4e~ (delithiation) (2)

One can observe that the current intensity for 3D electrode is
much higher than that of planar electrode. It can be deducted that
the large surface area of three-dimensional structure and film
thickness provide faster Li*-ion diffusion.

Fig. 6 illustrates the first charge-discharge potential profiles of
Ni3Sn4/Ni foam and Ni3Sngs/Cu foil electrodes. The voltage profiles
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Fig. 5. Cyclic voltammograms of Ni3Snu/Ni foam (a) and NisSny/Cu foil (b) electrodes obtained at a scanning rate 0.5 mV s~! in the voltage range is 0—2 V.

of both electrodes possess several charge and discharge plateaus
indicating a multistep lithiation and delithiation processes, which
are in a good agreement with the obtained CV data. During the
initial charge process (Fig. 6) the reaction starts at 0.67 V for both
electrodes indicating the reaction of Sn with Li*-ions. After the
potentials go straight to approximately 0.37 V where Sn atoms
segregate from the Ni3Sny alloy structure and alloys with Li*-ions
to form the Li—Sn alloy phase. A gradual decrease of the potential
after plateaus results from the coexistence of several LiSn alloy
phases such as LizSns, LisSny, Liy3Sns, LizSny and Lix»Sns in active
material [21]. The delivered irreversible capacities were
920,66 mAhg~! and 802,04 mAh g~! for as deposited Ni3Sns/Ni
foam and Ni3Sng/Cu foil electrodes, respectively. During the
discharge, multiple plateaus are clearly observed at the potentials
0.8V,0.7V,0.61Vand 0.47 V, which reflect the delithiation of Sn in
different state of lithiation. Ni3Sn4/Ni foam electrode was able to
deliver 843,75 mAh g*l whereas Ni3Sny/Cu foil electrode retained
668,25 mAh g~ . The irreversible capacity loss during first cycle is
related to the SEI formation [29].

Fig. 7 represents the cycle performance of Ni3Snys/Ni foam and
Ni3Sn4/Cu foil electrodes for 100 cycles at 1/5C rate between 0.01 V
and 1.5 V along with dQ/dV profiles. The tendency of capacity fade
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Fig. 6. Initial (a) and charge/discharge profiles of Ni3Sn/Ni foam (b) and NisSn4/Cu foil
electrodes (d) at 1/5C rate in the voltage window between 0.01 V and 1.5 V.

in both samples is not similar to each other which might be the case
of structure effect. The capacity of Ni3Sns/Ni foam decreases grad-
ually with only abrupt capacity fading after 30th cycle. On the other
hand, the capacity of Ni3Sng/Cu foil electrode first increases up to
10th cycles with following stiff decrease then stabilizes reaching
the minimum capacity in 70th cycles delivering only 5% of its initial
capacity. The increase in capacity with the number of cycles during
several initial cycles for Ni3Sny4/Cu foil electrode could be related to
the increase of surface area of the active thin film due to the formed
cracks accompanying the volume change, which is expected to
increase the reactivity of the electrode. The sharp capacity drop
after 13 cycles for Ni3Sng/Cu foil electrodes might be a result from
delamination of the active material film from the Cu substrate due
to mechanical degradation of the electrode as the alloy could not
withstand the large volume changes after repeated cycles; i.e. the
deposited planar electrode has lower stability compared with the
3D structured Ni3Sng deposited electrode. The capacity retention of
the Ni3Sng/Ni foam sample is enhanced in comparison to the planar
structured Ni3Sny4/Cu foil electrode. The three-dimensional struc-
ture of Ni foam helps against the volume expansion and is believed
to be the main reason behind the performance enhancement in
case of Ni3Sny/Ni foam electrode. From dQ/dV profiles of both
electrodes we can conclude the Ni3Sng/Cu foil electrode went
through massive change and couldn't accommodate Lit-ions (see
Fig. 7a, b).

Rate capability of Ni3Sng/Ni foam and NizSng4/Cu foil electrodes
at current densities varied from C/5 to 5C is shown in Fig. 8. Charge
capacities decrease with increasing C-rates for both electrodes. But
itis important to note that the Ni3Sny/Ni foam electrode was able to
deliver 50% of initial capacity even at a high current. After 15 cycles
with different rates, the C rate was switched back to C/5, and the
capacities close to the initial capacities were recovered. These re-
sults illustrate the possibilities of fast kinetic reactions achieved by
using unique 3D architecture. Both electrodes retain satisfactory
capacity at high current densities which might be attributed to the
thickness of the film. The thin film in both cases provides fast Li*-
ions diffusion.

The electrochemical impedance spectra of the Ni3Sng/Ni foam
and Ni3Snyg/Cu foil electrodes are given in Fig. 9 as Nyquist plots.
The impedance was measured after 100 cycling process. Both
Nyquist plots have the same features, namely one semicircle in the
medium frequency, which is usually attributed to the charge
transfer, and an inclined line at low frequency region responsible
for lithium ion diffusion in bulk of the electrode. The charge
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loying process. In this process, it is thought that the more electro-

chemically active part of the alloy is selectively dissolved with the Fig. 8. Rate capability of Ni3Sny/Ni foam and Ni3Sny/Cu foil electrodes at different C-
rates in the voltage window between 0.01 V and 1.5 V.
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Fig. 10. SEM images of Ni3Sng/Ni foam (a, b) and Ni3Sny/Cu foil (c, d) electrodes after 100 cycles of charge/discharge.

formation of a nanoporous structures [30]. Comparing Fig. 10b and
d, one can observe that the pores and voids present in the planar
anode are much larger in comparison to 3D anode. This fact might
be the reason of electronic path loss resulted from the higher stress
loading which in turn contributed to the capacity loss over
continued cycling. Combined with the electrochemical data, SEM
images indicate that the Ni3Sns/Ni foam electrode is relatively
stable to cycling compared to the planar electrode and the Ni
scaffold remains robust to the volume change of the anode.

4. Conclusion

In summary, Ni3Sng intermetallic alloy was successfully
electrodeposited onto two types of substrates - Ni foam and Cu
foil using simple and inexpensive electrodeposition method
from aqueous solution. The homogeneity of Ni3Sng intermetallic

alloys which covered 3D and 2D substrates was revealed by SEM
while the EDX analysis confirmed a uniform distribution of Sn
and Ni elements throughout the structure of Ni foam and Cu
foil. The obtained Ni3Sny/Ni foam electrode showed a remark-
able specific discharge capacity of 843,75 mAh g~! during initial
cycles and stable cycle performance over 100 cycles. Meanwhile,
the Ni3Sny/Cu foil electrode demonstrated a discharge capacity
of 640 mAh g~! with dramatic failure over prolonged cycling.
Based on the stated results it can be concluded that the high
surface area of the electrode and short Lit"ion diffusion length
along with suppression of volume expansion of electrode, pro-
vided by the unique 3D structure and Ni inactive matrix, play a
crucial role in improving the performance of the 3D electrode.
The obtained results for Ni3Sng/Ni foam electrode are very
promising but further investigation is required to stabilize the
capacity behavior.
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