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ABSTRACT

The electrochemical behavior of active electrode (anode) materials (AEMSs) for lithium-ion battery (LIB), prepared
with Sn-Co powders electrodeposited in three different current modes, was investigated. It is shown that AEM with
Sn-Co powder, obtained in constant-potential mode, has the highest tin content (82.1 wt. %) and the best performance
and stability in operation. The anode material, made with this Sn-Co powder, shows a first-cycle charge capacity of
450 mAh g-1, which decreases to 295 mAh g for 10 battery cycles at a current load of 0.8 mA (0.1C). The data also
showed that the AEM with Sn-Co powder, deposited in pulse-potential mode, which has the lowest tin content (24.5
wt. % Sn) but the highest dispersity compared to the other powders tested, shows better performance than that of
a powder with a tin content of 68.6 wt. %, obtained in constant-current mode. It can be concluded that for the high
electrochemical activity of the anode materials, prepared with Sn-Co powders, both the high tin content and the high

dispersity and morphological uniformity of the powders are of great importance.
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INTRODUCTION

With the rapidly increasing demand for
environmentally friendly and safe energy sources,
Li-ion batteries, LIBs are gradually occupying the
mainstream market of energy storage devices due to
their advantages of high capacity, long cycle life and
superior fast recharging ability [1 - 3]. Graphite anodes in
LIBs are stable under long-term operation but have one
important drawback besides potential safety issues [2].
This is their relatively low theoretical current capacity
(372 mAh g') compared to that of tin for example (994
mAh g') [4]. Therefore, metallic Sn-based anodes
have been recommended as one of the most promising
alternatives to graphite anode in recent years in both Li-
ion and Na-ion batteries [5 - 10]. The main problem for

the practical application of pure tin anodes is the large
volume changes (about 400 %) during the lithiation
and delithiation (insertion/extraction) processes, which
lead to a rapid destruction of the electrodes and large
irreversible capacity loss during cycling [1, 8, 11].
Alloys of tin with transition metals such as Fe, Co, Ni
increase the number of cycles and stabilize the anodes
against the occurring volume changes and pulverization
during long-term operation [1 - 3, 12]. Co or Ni atoms
have been found to form a matrix around the tin atoms
and this structure leads to a decrease in the volume
expansion of tin during the electrochemical reactions
with lithium in LIBs [1]. In search of opportunities
to improve battery performance, many modification
strategies have been developed, including size control,
alloying, and structural design [1, 3].
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Modern research has proven the importance of
reducing the particle size of applied anode materials for
the qualitative improvement of lithium incorporation
and release processes [12 - 17]. Nanostructured Sn-Co
alloys, encapsulated in hollow carbon carries [15] or
nanostructured Sn-Co alloys, deposited on nanocarbon
in the shape of nanospheres [6, 8, 13], nanoneedles
[7, 17], or other shape, have been investigated [18,
19]. Sn-Co powders, obtained by mechanical mixing
[20], mechanically alloyed Sn-Fe(C) powders [21],
Sn-Co(C) composites [22], Sn-Co thin films have also
been investigated as anode materials for LIBs. Highly
porous Sn-Ni alloys [23], macroporous structures [17]
and transition metal alloys deposited on nickel foam [14]
have also been investigated. Pulsed electrodeposited
Sn-Co alloys have shown high current capacity as an
anode in LIB [4, 24].

There is no data to investigate the electrochemical
behavior of electrodeposited Sn-Co powders as an anode
material in LIBs. An ammonium-fluoride electrolyte was
developed by us for the preparation of Sn-Co powders
[25]. Data on the elemental, phase composition and
surface composition of the powders, as well as on its
specific surface when applying three current modes —
constant-current, constant-potential and pulse-potential
modes have also been reported [26, 27].

The present study aimed to investigate the
electrochemical behavior of lithium-ion battery
anode materials that were made with Sn-Co powders
electrodeposited in different current modes.

EXPERIMENTAL
Sn-Co powders obtaining

Sn-Co powders were electrochemically deposited at
room temperature, t=20°C from an ammonium - fluoride

electrolyte with a composition: 70 g L' NH,F, 1.5
mL/150 mL ¢.H,SO,, pH = 3.8 - 4.0 with ratios between
the main salts (SnCl, and CoCl,) given in Table 1. The
powders were deposited using three different current
modes: constant-current (CCM), constant-potential
(CPM) and pulse-potential modes (PPM).

Morphological and elemental analysis

The surface morphology of the samples was
analyzed by scanning electron microscopy (SEM)
using an SEM/FIB LYRA I XMU microscope of the
company TESCAN with the following characteristics:
electronic source - tungsten heated filament; resolution
3.5 nm at 30 kV; accelerating voltage 200 V up to 30
kV. The microscope is equipped with an EDS detector
for quantitative analysis Quantax 200 of the company
BRUKER. Spectroscopic resolution at Mn-Ka and 1
keps 126 eV was used.

The parameters of the corresponding modes (current
density for CCM, potential for CPM, pulse frequencies
at pulse filling © = 0.5 and average cathode potential
for PPM), in which the three samples were deposited,
as well as their elemental compositions in wt. %, are
also given in Table 1.

Fig. 1 shows SEM images of the three samples at
two microscopic magnifications. As can be seen from
Fig. 1, the powders have very different morphologies. It
depends not only on the method of deposition but also
on the composition of the powders. The tin-enriched
powders obtained in CPM have needle-like, elongated
particle shape (Fig. 1(c), (¢*)), while those in PPM are
fine-crystalline, with a typical dendritic shape (Fig. 1
(b), (b*)). Sn-Co powders deposited in CCM have an
irregular shape with an average particle size of about 10
pum, which is between that of the two considered samples

(Fig. 1 (a), (a%)).

Table 1. Elemental composition of Sn-Co powders (in wt. %) and current conditions for their electrodeposition in constant-
current mode (CCM), constant-potential mode (CPM) and pulse-potential mode (PPM).

Sample é\olrlggs iérlln\?vg. hoe/i r elemental Current mode | Conditions ISI? %élci(;]l2 ratio in the solution
1 S, Co, O, CcCM j=150mAcm? | 0.1M Sn/0.15MCo
2 Sn,, Co. . PPM L ) | 0.3M Co/0.15MSn
3 Sn,, Co, O,,, CPM E=-1.0V(SCE) | 0.3M C0/0.15MSn
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Fig.1. SEM images of the investigated Sn-Co powders (samples 1-3 from Table 1) at two microscopic magnifications:
(a) - (c) x500; (a*) - (c*) x2500: (a) - (a*) sample 1; (b) - (b*) sample 2; (c) — (c*) sample 3.

Preparation of anode material

The tested anodes were prepared by mixing 80 %
active material, AM (Sn-Co powders) with 10 %
teflonized acetylene carbon black (TAB-2) and 10 %
binder PvDF (polyvinylidene fluoride), i.e. the active
mass is a mixture of AM : TAB2 : PvDF with a weight
ratio of 80 : 10 : 10. The prepared powder mixture
was dispersed in 2 - 3 drops of solvent 1-methyl-2-
pyrrolidine (NMP) to obtain a smooth mass, which
was uniformly applied to a copper foil in the shape of
a circle with a diameter of 15 mm. The thus prepared
electrode was dried at 120°C for 24 hours in a vacuum
dryer and pressed under a pressure of 200 kg cm™.

The electrolyte, used in our tests, is of the type
liquid anhydrous aprotic organic solution, which is
a mixture of 1M LiPF, with ethylene carbonate (EC)
and dimethyl carbonate (DMC) in a ratio EC : DMC
= 1:1 used as solvents for LiPF,. The water content of
the electrolyte is below 30 ppm. Lithium foil was used
for both counter and reference electrodes. The cell was
galvanostatically charged and discharged over a range
of current densities from 0.1 to 1.0 mA in a potential
window of 0.01 to 3.0 V.

Three-electrode cell

A coin-type CR2032 three-electrode cell (Fig. 2)
was assembled in an argon environment in a dry box.
This cell was designed to replicate the conditions of a
real disk cell, namely, a limited amount of electrolyte
and a dense electrode pack. The dense electrode pack
was provided by additional pressure on the electrodes
from a hollow metal cylinder - a piston (6) through a
spring (5). The advantage of this cell is in the repeated
and easy assembly and disassembly when conducting the
electrochemical studies of the electrodes. Another main
advantage of the cell is the presence of a Li/Li+ reference
electrode, which allows simultaneous monitoring of the
change in the potentials of both electrodes during the
electrochemical experiment. A fiberglass separator (2) is
placed on the negative electrode. On top of the lithium
(1) and the separator (2) lies an insulating cylinder (7), in
which the investigated active anode material (8) applied
as a paste on a conductive nickel mesh (9) is placed.
The electrode pack is pressed by a metal piston with a
spring on it (5). The piston and spring provide tightness
of the pack as well as electrical contact between the test
electrode and the cell cover.
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Fig. 2. Three-electrode coin-type cell (the model lithium-
ion battery).

Electrochemical tests

Cyclic voltammetry A BA500 Series Battery
Analyzer with computer control was used to perform
the electrochemical tests of the anode materials. The
cycling of the cells with different tested anodes was
carried out at room temperature in the voltage range 0.0
- 3.0 V vs. Li"/Li at different current loads from 0.2 to
1 mA and with a set of 10 hours charge/discharge. The
potential window has been adopted in the literature for
the study of anode materials. To create quasi-equilibrium
scanning conditions (conditions, very close to real
battery operation), CV dependencies were recorded
at a potential scan rate of 50 to 1000 puV s'. Using the
cyclic voltammetry method (CV) the mechanism of
the lithiation (insertion) and delithiation (extraction)
processes of Li-ions in and from the tested electrodes
was investigated.

Galvanostatic cycling

It involves applying a charge or discharge current to
an electrochemical system and measuring the change in
potential as a function of time. Maximum and minimum
charge and discharge potentials are set, which must be
reached in a certain number of cycles. When a current
equal to and greater than its open circuit potential is
applied to the system, it begins to charge. This causes
the lithium ions embedded in the anode to be extracted
and the cell potential rises to the set upper charge
limit. Exceeding this limit leads to the extraction of
a larger than permissible amount of lithium ions and
disruption of the stability of the structure of the used
active electrode material (AEM). The reverse process
occurs when a current is applied, where the cell voltage
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decreases and energy is consumed. The cell voltage
starts to drop until the lower discharge limit is reached.
Exceeding this potential limit leads to the occurrence
of irreversible changes in the electrode due to the
introduction of a larger than permissible amount of
lithium ions and disruption of its structure. The data
obtained are plotted as a function of potential, E [V]
versus time t [h] or versus capacity C (mAh) or specific
capacity C__ (mAh g!). If the processes are reversible,
the charge and discharge curves should be symmetrical.
Due to the polarization during discharge and charge, this
practically does not happen.

RESULTS AND DISCUSSION

Three samples of Sn-Co powders whit elemental
composition and conditions for their deposition given
in Table 1 were tested as AEMs. CV dependences
were recorded for 3 - 5 battery cycles. The results are
described for each of the samples.

Sn Co,, O, - Sample 1 from Table 1
Cyclic voltammetric curves

Fig. 3 presents the cyclic voltammetric curves for
the processes in a potential window of 0.050+2.0 V,
occurring on an anode material prepared with sample
1 from Table 1. Successive oxidation and reduction
peaks are observed in the CV curves, which illustrate
the detachment (delithiation) during discharge and
incorporation (lithiation) during charging from/into the
structure of the anode material.

As can be seen from Fig. 3, in the cathodic direction
during the first cycle, the curve has the greatest difference
in current compared to the other curves. In this cycle the
SEI is formed - a protective film on the surface, which
is distinguished by great stability, which is evidenced by
the absence of such a dependence in the subsequent 2nd
to 5th cycles. In the cathodic branch of the curve up to
the 3rd cycle, one reduction peak at 0.6 V and one around
0.2 V are observed (Fig. 3 (a)), and after “stabilization”
in the 4th and 5th cycles (Fig. 3 (b)) - only at about 0.3
V. According to literature data [28], the first peak in
the cathodic direction (toward more negative potential
values) could be due to a topotactic electrochemical
reaction of lithium insertion (lithiation) and formation
of alloys Li Sn, according to Eq. (1):

Cathodic direction - lithiation reaction:
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Fig.3. Cyclic voltammetric curves for AEM, prepared with sample 1 from Table 1: (a) for 1-3 cycle and (b) for 4-5 cycle

at a scan rate of 50 uV s

Co,Sn +xLi" +xe — Li Sn +yCo (1)

Peaks corresponding to potentials below 0.6 are
associated with the formation of Li Sn alloys in which
“x” can vary from 7 to 22. The curves at the 4th and 5th
cycles are an indication of the stabilization of the charge-
discharge processes. The small hysteresis means that the
electrochemical reaction taking place is reversible, but
also for the irreversible formation of a protective SEI
film (Fig. 3 (b)).

In the anodic direction, corresponding to the
cathodic, anodic current peaks between 0.7 - 0.8 V are
observed. They are the result of decomposition of the
various phases of the Li Sn alloy to the formation of Li*
according to Eq. (2):

Anodic direction - delithiation reaction:
Li Sn + yCo — Sn +xLi"+ yCo + xe” 2)

Galvaneostatic cycling of AEM with sample 1
Understanding the mechanism of lithium
incorporation and release in tin is very important in
the development of anode materials based on it. It
was shown that when a graphite anode material was
modified with 20 % tin, several additional reduction
and oxidation peaks between 0.6V and 0.8V (vs. Li'/
Li) were observed in the cyclic dependences, which
increased with increasing Sn content and correspond to
the formation of various LixSn alloys [28]. According
to the Li-Sn phase diagram [29] at room temperature
eight crystal phases with the following stoichiometric
ratios are possible: Li,Sn,, LiSn, Li.Sn,, Li,Sn,, Li ,Sn,,

LiSn,u Li,Sn,. It was established that each alloy is
electroactive at different potentials: Li,Sn, - 0.86 V
(0.66 V); LiSn - 0.54 V ; Li.Sn,- 0.53 V; LiSn,-0.51
V; Li,Sn, - 04 V; LiSn -034V; Li_Sn, -02V;
Li,Sn,-0.01 V [28].

In order to evaluate the qualities of the obtained
AEMs for application in real electrochemical systems,
the behavior of the material was studied under two
current loads (0.2 mA and 0.4 mA) for a total of 20
charge/discharge cycles. A standard procedure was used,
which included continuous galvanostatic cycling of the
test sample under standard conditions, upper and lower
cycling limits, and set discharge and charge current. In
order to compare the data with those of other authors, the
following method of operation was adopted: discharge
and charge current 1:1, discharge current 0.1 C (10 hour
discharge mode) when the capacity C is the theoretical
capacity of the AEM. Only for the first current, the rate
of discharge and charge is 0.1 C, calculated according to
the mass of the inserted powder. The next current load is
recalculated against the same mass against the standard
cycling rate of 0.1 C.

From Fig.4 it can be seen that the charge current
capacity decreases from 98 mAh g for the first cycle
and reaches about 45 mAh g! for the first 10 cycles and
changes little for the next 10. The discharge capacity
decreases from 70 to 43 mAh g! for the first 10 cycles.
The results show that the anode material exhibits charge
and discharge stability. The closeness of the current
efficiency during charging and discharging speak for
the stable operation of the anode material during its
exploitation.
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Fig. 4. Dependencies of the specific current capacity
for AEM on the number of cycles for two current loads,
prepared with sample 1 from Table 1.
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Fig. 5. Cyclic voltammetric curves for AEM, prepared with
sample 2 from Table 1.

Sn,, Co.__ - Sample 2 from Table I
Cyclic voltammetric curves

Fig. 5 shows a CV dependencies describing the
processes in a potential window 0.05 - 2.0 V for an
anode material prepared with sample 2 from Table 1 at
ascan rate of 500 uV s!. The course of the curves makes
it possible to say that in the first cycle, with a charge in
the cathodic direction, at potentials around 0.3 - 0.4 V,
a stable SEI film is formed.

As can be seen from Fig. 5, in the cathodic direction
during the first cycle in the curve one reduction peak is
observed at 1.3 V and around 0.6 V. The first one is weak
and could be related to impurities present in the AEM.
According to the data from the literature, the second peak
could be due to a topotactic electrochemical reaction of
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lithium insertion (lithiation) and formation of alloys such
as Li Sn, according to Eq. (1), mentioned above [28]. In
the anodic direction, a current holding at 0.3 V, a clear
peak at 0.7 V and a small peak at 1.1 V are observed.
The reactions, corresponding to these peaks, are the same
as those mentioned above for sample 1 - decomposition
reactions (delithiation) of lithium-tin alloys with
different composition of lithium (Li Sn), leading to the
formation of Li" and Sn according to equation (2). As
can be seen from the comparison with Fig. 4, for sample
2 the lithiation and delithiation processes of the material
occur at much higher rates compared to sample 1.

Galvanostatic cycling of AEM with sample 2

Fig. 6(A) shows the charge-discharge curves of
sample 2 at a current load of 0.4 mA (0.1 C). The cycling
was performed in the range determined by the CV
measurements and accepted from the literature, namely
from 0.1 to 2.0 V. The obtained data are comparable
to literature data for similar materials. The selected
potential window allows to estimate the full potential
of'the reversible capacity of the electrochemical system
without it undergoing structural changes. On the first
cycle, the material shows a charge capacity of 180
mAh g!. The charge capacity of the 9th cycle is 115
mAh g'. The obtained data indicate a well-formed and
ordered crystal structure of sample 2. The size of the
particles, their structure and the presence of porosity in
the observed agglomerates have a favorable effect on
the demonstrated discharge capacity. On the other hand,
the discharge capacities of the material do not exceed
105 mAh g'. This guarantees the sufficient amount of
lithium, necessary to preserve the crystal structure and,
as a result, very good reversibility of the material.

Discharge and charge capacity of sample 2 at
different current loads

To evaluate the qualities of the obtained AEM for
application in real LIBs, its behavior at three different
current loads: 0.2, 0.4 and 0.8 mA (respectively 0.05 C,
0.1 C, 0.2 C) was investigated. Fig. 6(B) shows the data
for the resulting charge/discharge capacity at different
current loads. The charge capacity obtained at 0.4 mA
is 123 mAh g'! for the first cycle and decreases to about
75 mAh g at the 10th cycle. Similar characteristics are
achieved at a current load of 0.2 mA - the capacity is
about 92 mAh g'. Tt is high and remains stable until the
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Fig. 6. (A) - Charge/discharge characteristics; (B) - Specific current capacity versus number of cycles for three current

loads for AEM prepared with sample 2 from Table 1.

10th cycle. However, the large hysteresis in the curves
at both current loads indicates instability of AEM and
rapid loss of lithiation and delithiation properties. At the
maximum current load for the experiment up to 0.8 mA,
a reduction of the capacity from about 50 mAh g' for
the 1st cycle to 29 mAh g for the 9th cycle is reached.
The low capacities, achieved at the maximum current
load, are explained by a low lithium diffusion rate, in
which the amount of lithium removed is small. Due to
the increased overpotential and earlier reaching the upper
limit of the charge transfer rate, there isn’t enough time
to release the required amount of lithium.
Sn,, Co, O, (obtained in Cpm) - Sample 3 from Table
Cyclic voltammetric curves

Fig. 7 shows the cyclic voltametric curves for
AEM, prepared at a scan rate of 500 uV s for anode
material made with sample 3 from Table 1. The sample
shows similar electrochemical behavior to the other two
previous AEM. In the cathodic direction, peaks appear
at 1.3V and 0.6V, due to an electrochemical reaction
related to Sn as a Sn-Co alloy component, involving
the formation of Li Sn alloys and the release of Co
according to equation (1) - a lithiation reaction (1) upon
charge. The additional peak at 1.32 V disappears after
the second cycle and is therefore likely related to a side
reaction involving impurities in the AEM. In the anodic
direction, two clear peaks similar to those in the curves
for samples 1 and 2 are observed - at 0.65 V and a small
peak at 0.9 V. The reactions, corresponding to these
peaks, are the same as those indicated above for these

8000 -

00 08 o 15 10 75 30
E.V (LiTLi)

Fig. 7. Cyclic voltametric curves for AEM, prepared with

sample 3 from Table 1.

samples - reactions of separation of the Li Sn alloy to
form Li and Sn according to equation (2). The curve has
a much smaller hysteresis between the two charge and
discharge processes ata 500 pV s scan rate. In this case,
as well, this indicates that the electrochemical reaction
taking place is highly reversible and that a stable SEI film
is formed. For sample 3, the lithiation and delithiation
processes in the material structure proceed at much
higher rates compared to the other two samples (1 and
2 from Table 1). All observed peaks slightly decrease
in subsequent cycles after the first cycle. All this is an
indication that the studied material could show very good
electrochemical behavior, which was also confirmed by
the following results.
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Discharge and charge capacity of sample 3 at various
current loads

To evaluate the qualities of the obtained AEM for
application in real LIB, its behavior at two different
current loads 0.8 and 1.0 mA was studied, as in Fig. 8
presents the data for the obtained charge and discharge
capacities depending on the number of cycles. The
average discharge capacity, obtained at a current of 0.8
mA, is significantly higher than the capacity achieved
at 1.0 mA.

The recorded charge capacity for 10 cycles of battery
operation at a current load of 0.8 mA varies between 450
mAh g and 195 mAh g''. As the current load increased
to 1.0 mA, the current capacity decreased from 143
mAh g for the first charge cycle to about 92 mAh g!
for the 10th cycle. The achieved high values of the
charge capacity are mainly related to the composition
of the sample - it has the maximum amount of tin of all
samples, which is the electrochemically active part of
the alloy, but on the other hand, it is characterized by a
specific structure (Fig. 1(c), (¢*)).

The summary data of the performed electrochemical
tests of the three samples are presented in Table 2. From
the data in Table 2 it is clear, that the AEM with the
highest tin content (82.1 wt. % Sn, sample 3) shows
the best electrochemical performance for the first three
cycles and stability under high current loading. This is
a sample with the coarsest crystal structure on the other
hand. At the same time, the data show that the activity of
AEM with the lowest tin content (24.5 wt. % Sn, sample
2) has better characteristics than powder with tin content
68.6 wt. %, sample 1.

From SEM image in Fig.1(b) it can be seen, that
powder, deposited in pulse-potential mode has a much
more developed surface and a typical dendritic structure.
It can be concluded that the reduction of the particle size
is indeed of very high importance for the processes of
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e
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cvcle number

Fig. 8. Dependencies of the specific current capacity for
AEM prepared with sample 3 from Table. 1 in terms of the
number of cycles for two current loads.

incorporation and release of lithium in the metal matrix.
Besides the high content of the active element - tin, an
important factor for the electrochemical behavior of the
anode material is the small particle size of the metal
powders, i.e. their high dispersion.

CONCLUSIONS

The following main conclusions can be drawn from
the study:

e The electrochemical behavior of active electrode
(anode) materials (AEM) for LIBs, prepared with
Sn-Co powders electrodeposited in three different
current modes, was investigated;

e AEM with Sn-Co powder, deposited in constant-
potential mode, has the highest tin content (82.1
wt. %) and the best performance and stability in
operation. The anode material, made with this Sn-
Co powder, shows a first-cycle charge capacity of
450 mAh g, which decreases to 295 mAh g for

Table 2. Data on the specific charge (C,, jand discharge capacity (C, ) after the I-th, II-th and III-th cycles (data from

the galvanostatic experiment).

Sample | Alloy Mode | C, () |C, (D |C,dD) | C,, D) | C, ) | C, ., () I, mA
1 Sn, Co,, O, Cem | 99 70 68 57 58 48 0.2
2 Sn,, Co., Ppm | 123 68 92 66 83 64 0.4
3 Sn,, Co, O, . Cpm | 450 310 315 290 300 268 0.8
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10 battery cycles at a current load of 0.8 mA (0.1C);

e AEM with Sn-Co powder deposited in pulse-potential
mode, which has the lowest tin content (24.5 wt. %
Sn) but the highest dispersity compared to the other
powders tested, shows better performance as anode
material than that of a powder with a tin content of
68.6 wt.%, obtained in constant-current mode;

e For the high electrochemical activity of the anode
materials, prepared with Sn-Co powders, both
the high tin content and the high dispersity and
morphological uniformity of the powders are of
great importance.
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