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Ni-P Coated Sn Powders as Anode for Lithium Secondary Batteries
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Abstract : Nano-sized Sn particles were coated with Ni-P layer using an electroless deposition method and their
anodic performance was tested for lithium secondary batteries. Uniform coating layers were obtained, of which the
thickness was controlled by varying the Ni?* concentration in the plating bath. It was found that the Ni-P layer plays
two important roles in improving the anodic performance of Sn powder electrode. First, it prevents the inter-particle
aggregation between Sn particles during the charge/discharge process. Second, it provides an electrical conduction path-
way to the Sn particles, which allows an electrode fabrication without an addition of conductive carbon. A pseudo-
optimized sample showed a good cyclability and high capacity (> 400 mAh g™') even without conductive carbon loading,
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1. Introduction

Metallic Sn has been projected as one of the promising alter-
natives to carbon-based anode for lithium secondary batteries.
The theoretical specific capacity of Sn (992 mAh g™) is much
higher than that of graphite (372 mAh g™)." lts practical use is,
however, still hindered due to an unsatisfactory cycle life that is
largely caused by a severe volume expansion/contraction during
the alloying and de-alloying reaction with Li* ions. Such a large
volume change is known to induce a pulverization of Sn metal
particles, which would eventually deactivate their Li* storage
ability.”® Nano-sized Sn particles can be an approach to avoid
the pulverization since the absolute volume change would be
minimized. While some improvement has been achieved with
this nano-sized Sn approach,”!” another problem has emerged.
Repeated alloying and de-alloying reaction leads to an aggrega-
tion of nano-sized Sn particles into larger ones, which would be
pulverized again upon cycling,'*"?

One strategy to improve the cycle life of nano-sized Sn parti-
cles may be the coating with conductive materials. It is intuitive
that the coated layer can act as a barrier to suppress the inter-
particle aggregation by decreasing the chance for direct contact
between Sn particles. It is also very likely that the conductive
coating layer can provide an electrical contact to the Sn core. In
this work, we have ascertained this concept using the Ni-P
coated Sn particles that were synthesized by an electroless dep-
osition technique.'*'> The preparation and electrochemical per-
formance of Ni-P coated nano-sized Sn powders (NCSP) are
reported. Also, the roles of Ni-P coating in improving the cycla-
bility are discussed.
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2. Experimental

Ni-P layer was coated on the surface of nano-sized Sn
powder (Alfa Aesar) by an electroless deposition technique
employing sodium hypophosphite' as the reducing agent. The
composition of plating baths is listed in Table 1. The thick-
ness of Ni-P layer was controlled by the concentration of
NiSOy4 © 6H,O with the other variables being fixed (Table 1).
The pH of plating solution was adjusted to 9.0 by the addi-
tion of a dilute NaOH solution. In practice, the Sn powder
(0.2 g) was dispersed in the plating solution (100 mL) by
sonication for 20 min, and then stirred for 3 h at 80°C. The
Ni-P coated Sn powder thus obtained was collected by filter-
ation, and rinsed with ethanol and distilled water.

The elemental analysis was made by inductively-coupled
plasma emission spectroscopy (ICP) using a Shimadzu ICPS-
7500 spectrophotometer. The x-ray diffraction analysis was
conducted with a Model Bruker D8 Advance x-ray diffracto-
meter (XRD) using CuK, radiation. The powder morphology
was examined using a JEOL JSM-6700F field-emission
scanning electron microscope (FE-SEM). The thickness and
uniformity of Ni-P layer on the surface of Sn was examined
with a JEOL JEM-2000 EXII transmission electron micro-
scope (TEM).

Table 1. The composition of plating baths for electroless Ni-P
deposition on Sn nanoparticles

Component Concentration / mol dm™
Glycolic acid 0.20
Sodium citrate 0.10
Sodium hypophosphite 0.20

Nickel sulfate Ni-1: 0.02, Ni-2: 0.03, Ni-3: 0.04
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For the preparation of composite Sn electrodes, a mixture
of active material (bare Sn powder or NCSP), Super-P (as a
carbon additive for conductivity enhancement), and
poly(vinylidene fluoride) (PVdF, as a binder) (72 : 14 : 14
by weight unless otherwise specified) was dispersed in N-
methyl pyrrolidone (NMP), and mixed for 2 h in a mortar
and pestle. The resulting slurry was spread on a piece of
copper foil (as a current collector, 25 mm thickness and cut
into 1 cm® apparent area) using a doctor blade. The electrode
was vacuum-dried at 120°C for 12 h, and subsequently roll-
pressed in order to enhance the inter-particle contact and to
ensure a better adhesion to the current collector.

Beaker-type three electrode cells were used for the gal-
vanostatic charge-discharge measurements. All the cell
assembly was carried out in an Ar-filled glove box. Lithium
foil (Cyprus Co.) was used as the counter and reference elec-
trode, a porous polypropylene membrane as the separator,
and 1.0 M LiClOy solution in ethylene carbonate (EC) and
diethyl carbonate (DEC) (1 : 1 by volume) as the electrolyte.
Cells were galvanostatically cycled between 0.0 and 2.0 V
(vs. Li/Li*) at a current density of 50 mA g™'. The galvano-
static intermittent titration technique (GITT) was used to
monitor the evolution of internal resistance during cycling,
where a current pulse of 50 mA g™ was applied for 10 min
to measure the closed-circuit voltage (CCV) and turned off
for 20 min to obtain the quasi-open-circuit voltage (QOCV).
The sequential current pulse was applied for both charging
and discharging period in the range of 0.0-2.0 V. The inter-
nal resistance was calculated from the difference between the
CCV and QOCYV in each voltage transient. GITT experi-
ments were carried out with a WBCS-3000 battery cycler
(Xeno Co.) while all the other electrochemical measurements
with a TOSCAT-3000U battery cycler (Toyo System Co.) at
ambient temperature.

3. Results and Discussion

Three samples were prepared according to the conditions
listed in Table 1. The average weight ratio of phosphorus to
nickel in the coating layer determined by ICP was about 0.1,
suggesting that less-crystalline (or amorphous) Ni-P phase
has been formed."” The Ni contents in NCSP samples are
plotted in Fig. 1. The Ni-P deposition increases with an
increase in the Ni** concentration in the plating bath. Espe-
cially, it increases considerably when Ni?" concentration
changes from 0.03 to 0.04 mol dm™ while there appears a
slight increase from 0.02 to 0.03 mol dm™. The electroless
deposition of Ni-P employing sodium hypophosphite is
known to be an autocatalytic reaction that is accelerated once
a certain amount of nickel is deposited. Therefore, the reac-
tion would proceed slowly if the nucleation rate is not fast
enough. It has to be noted that the Ni%* concentration in this
work is substantially low compared to the typical electroless
Ni-P deposition procedure.'” The nucleation rate below 0.03
mol dm™ appears too slow to facilitate the deposition pro-
cess, indicative of the existence of a critical point between
0.03 and 0.04 mol dm™ where the nucleation of Ni-P phase
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Fig. 1. Weight ratio of Ni/Sn in the Ni-P coated nano-sized Sn
particle (NCSP) samples as a function of Ni2* concentration in the
plating baths.

becomes significant.

The morphologies of bare Sn and NCSP samples prepared
at different Ni** concentrations are compared in Fig. 2. The
particle size of bare Sn is about 50-300 nm. The morphology
of Ni-1 and Ni-2 powders is similar to that of bare Sn, but a
slight increase in particle size and roughened surface indicate
the Ni-P deposition (Figs. 2b and 2¢). The morphology of
Ni-3 appears somewhat different, where the average particle
size has been slightly increased and several tens nano-sized
grains of Ni-P layer can be clearly recognized on the surface
of Sn particles (Fig. 2d).

Figs. 3a and 3b show the transmission electron microscopy
(TEM) images of bare Sn and Ni-3 sample, respectively. The
Ni-P coating layer is clearly seen outside of Sn particles in
Fig. 3b. The layer appears very uniform with thickness of
over 20 nm.

Fig. 4 shows the x-ray diffraction (XRD) patterns of bare
Sn and NCSP samples. SnO phase is identified on the bare
Sn sample, indicating that its surface is partially oxidized.
On the other hand, SnO, phase is commonly found in the
NCSP samples, probably due to an oxidation at the elevated
temperature (80°C) and the basic condition (pH = 9) of plat-
ing bath.'!” The characteristic broad peak corresponding to
amorphous Ni-P can be noticed around 45°, which is over-
lapped with the peaks corresponding to Sn and Ni3Sny
phases to make its identification difficult. The intensity of
this broad peak around 45° increases with an increase in NiZ”
concentration in the plating bath, indicative of a thicker dep-
osition of Ni-P layer, which is in a good agreement with the
ICP results shown in Fig. 1. Some intermetallic phases of
Ni-Sn are also found. Yoon et al.’® reported that Ni;Sn, and
Ni3P phases form at the interface between Sn and Ni-P layer
in their study of Ni-P deposition on Sn-Ag alloy. Even
though Ni;P phase is not found in our NCSP samples,
Ni;Sns and a metastable phase that is not described in the
equilibrium phase diagram can be identified in the XRD
data.'”?® With the accumulation of Ni-P layer, the intensity
of peaks corresponding to Ni;Sny and the metastable phase
increases whereas those corresponding to metallic Sn
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Fig. 2. The FE-SEM images of (a); bare Sn, (b); Ni-1, (¢); Ni-2, and (d); Ni-3 particles. Note the change in size and morphology of particles as a

function of Ni** concentration in the plating bath.
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Fig. 3. The TEM images of (a); bare Sn and (b); Ni-3 particles. Note
that the Ni-P layer (the lighter image) is coated on the surface of Sn
particles (the darker image) in (b).

decrease, which is possibly due to a reduced x-ray beam
intensity penetrating the Ni-P layer and finally reaching the
Sn core. It is thus inferred that at least two phases including
Ni3;Sny and a metastable phase exist between the Sn core and
amorphous Ni-P coating layer.

Fig. 5a shows the galvanostatic voltage profiles of bare Sn
recorded in the first two cycles of charge and discharge. Fig.
5b shows the differential capacity plot of a bare Sn electrode
in the first cycle and Fig. 5c¢ shows the differential capacity
plots during the first charge for the samples listed in Table 1.
The plateau in Fig. 5a or the peak in Fig. 5b appearing
around 1.4 V vs. Li/Li* in the first charging period is
ascribed to the decomposition of electrolyte on Sn surfaces. 2'??
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Fig. 4. The XRD patterns of bare Sn and NCSP samples. Note the
evolution of new phases in the electroless plating process.

As show in Fig. 5c, this peak can be located in the bare Sn
and-Ni-1 electrodes, but not in the Ni-2 and Ni-3 electrodes.
Obviously, the coating thickness or uniformity in Ni-1 parti-
cles is not enough to cover the Sn surface completely while
both Ni-2 and Ni-3 particles are covered so effectively that
the exposure of metallic Sn surface to the electrolyte is neg-
ligible. The peaks near 1.1 V vs. Li/Li" representing the
reduction of SnO to metallic Sn are recognized in all the
samples. (Fig. 5¢).'” The intensity of this peak is the largest
in the profile of bare Sn anode, but gradually diminished as
the Ni-P layer becomes thicker. Possibly, an add-up of Ni-P
layer has reduced the weight fraction of SnO and part of
SnO has been converted to SnO; in the plating process as
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Fig. 5. (a); The galvanostatic charge/discharge voltage profiles of bare Sn electrode in the first two cycles, (b); the differential capacity plot of
bare Sn electrode in the first cycle, and (c); the differential capacity plots of bare Sn and NCSP electrodes in the first charge. Note in (c) the
variation of peak intensity at 1.1 and 1.4 V regions that are relevant to the irreversible reactions, and the peaks at <0.7 V that are associated

with the alloying/de-alloying reactions of Li-Sn phase.
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Fig. 6. The specific discharge capacity of bare Sn and NCSP
electrode upon cycling. Note that the NCSP electrodes exhibit a
better cyclability at the expense of discharge capacity.

indicated in the XRD results (Fig. 4). The peaks below 0.7 V
are assigned to the alloying and de-alloying reactions of Li-
Sn phase.

The variation of specific discharge capacity of bare Sn and
NCSP electrodes is shown in Fig. 6. It is clearly seen that
the cycle life is improved by the Ni-P coating, which is
counter-balanced by a steady decrease in the discharge

capacity that is caused by the inactiveness of amorphous Ni-
P phase for alloying reaction with Li* ions.

Fig. 7 shows the SEM images of bare Sn and Ni-2 elec-
trodes taken before and after cycling. The Sn particles in
fresh bare Sn electrode are uniformly distributed over the
whole electrode as shown in Fig. 7a. On the other hand, the
original morphology of Sn particles is hardly recognized in
the cycled electrode (Fig. 7b). The size becomes as large as
a few microns and the particles are unevenly distributed after
10 cycles, indicative of a severe aggregation of bare Sn par-
ticles during the alloying and de-alloying reaction with Li"
ions. Ni-2 electrode shows a different behavior as shown in
Figs. 7c and 7d. Except for a slight enlargement in particle
size, the shape of particles appears unchanged even after 20
cycles. Therefore, it can be concluded that the Ni-P layer
coated on Sn particles effectively plays as a barrier to dis-
courage the particle aggregation, which can account for the
better cycle performance observed in the NCSP electrodes.
The cyclability of Ni-1 sample is, however, only slightly bet-
ter than that of bare Sn sample (Fig. 6), suggesting that the
amount of coated Ni-P phase in this sample is not enough to
prevent the particle aggregation.

In addition to the barrier role, the Ni-P layer that carries a
high electronic conductivity is likely effective to maintain the
electronic conduction path to and from the Sn particles while
they are repeatedly expanded and contracted. In order to ver-
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Fig. 7. The FE-SEM images of bare Sn and Ni-2 electrodes: (a); bare Sn electrode before cycling, (b); bare Sn electrode after 10 cycles, (¢); Ni-2

electrode before cycling, and (d); Ni-2 electrode after 20 cycles.
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Fig. 8. (a); The cycle life performance of bare Sn and Ni-2 electrodes
that were fabricated without the conductive carbon, and (b); the

evolution of internal resistance in the first cycle that was traced by
the GITT experiment. :

ify this hypothesis, the electrodes were prepared without the
conductive carbon and electrochemically characterized. Fig.
8a shows the variation of specific capacity with cycling for
the bare Sn and Ni-2 electrode. The bare Sn electrode rap-

idly loses its Li* storage ability after first discharge while the
Ni-2 electrode exhibits a much better cyclability. The GITT
has been employed to validate the effectiveness of Ni-P coat-
ing in enhancing the electronic conduction by measuring the
internal resistance of anodes. The evolution of internal resis-
tances for bare Sn and Ni-2 electrodes that were fabricated
without the conductive carbon is shown in Fig. 8b. The
internal resistance decreases during the charging (alloying)
period while it increases during the discharging (de-alloying)
period. The decrease of internal resistance in the charging
period can be explained by a better contact between particles
that is provided by a volume expansion of Sn particles as a
result of alloying reaction with Li* ions and electrons. The
increase of internal resistance in the discharging period is,
however, caused by a breakdown of the conductive network
that is in turn caused by a volume contraction of Sn particles
in the de-alloying process. Note that the electrode layer is
not so elastic that once-expanded layer upon charging
remains swollen even after a discharging. Similar phenomena
have been reported in the case of Li-Si alloy.?® In this work,
the internal resistance of Ni-2 is much lower than that of
bare Sn in both the charge and discharge period. It is now
clearer that the Ni-P layer plays an additional role in provid-
ing an electronic path to and from the Sn particles.

4. Conclusion

Electroless Ni-P deposition has been performed on the sur-
face of Sn particles. The amorphous Ni-P phase is found on
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the surface of Sn particles, and intermetallic phases such as
Ni;Sny and a metastable phase are found at the interface
between Sn and Ni-P layer. The Ni-P layer thickness was
controlled in the range of tens of nanometers by varying the
concentration of nickel sulfate in the plating bath. It has been
shown that the Ni-P coating layer on the nano-sized Sn par-
ticles reduces the decomposition of electrolyte on the metal-
lic Sn and allows a better cycle life since this layer
suppresses the aggregation of Sn particles and keeping the
electronic path to and from the Sn particles. On the other
hand, the Ni-P coating gives an unfavorable effect on the
specific capacity due to its inactiveness for the reaction with
Li" ions. The Ni-P layer thickness should thus be optimized
by trading-off between the capacity and cyclability.
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