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ABSTRACT: In this paper we report a new, high performance lithium-ion battery
comprising a nanostructured Sn—C anode and Li[Liy,Nig4/3C004/3Mn; /3]0,
(lithium-rich) cathode. This battery shows highly promising long-term cycling
stability for up to S00 cycles, excellent rate capability, and a practical energy density,
which is expected to be as high as 220 Wh kg™" at the packaged cell level. Considering
the overall performance of this new chemistry basically related to the optimized
structure, morphology, and composition of the utilized active materials as
demonstrated by XRD, TEM, and SEM, respectively, the system studied herein is
proposed as a suitable candidate for application in the lithium-ion battery field.
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B INTRODUCTION

Severe economy and climate changes within recent years
triggered large demand for secure, clean, and eflicient energy
resources, resulting in a remarkable development of renewable
energy supply and (hybrid) electric vehicles. However, the
proper use of renewable energy requires its efficient storage.
Accordingly, lithium-ion batteries have attracted substantial
interest as versatile, safe, and clean energy storage devices.
Consequently, they are presently considered as the power
source of choice for (hybrid) electric vehicles and as supply/
demand-balancing energy storage for renewable energy plants.
The currently leading, conventional, and mostly utilized
lithium-ion battery differs only little from the first lithium-ion
battery developed by Sony in the early 1990s," which
comprised graphite, lithium cobalt oxide, and an organic
carbonate-based solution containing a lithium salt as the anode,
cathode, and electrolyte, respectively. However, enabling, for
instance, electric vehicles with a convenient driving range and
safety characteristics requires the improvement of the energy
density and the development and implementation of safer
electrolytes in order to reduce the safety issues generally related
to these high energy systems.”> For such reasons, researchers
are investigating alternative electrode active materials enabling
increased specific capacities and/or higher operational voltages
to increase the energy density and specific energy of such
devices. Regarding the anode side, lithium—metal alloys, such as
Li—Sn and Li—Si, are currently considered as the most
appealing active materials,* in particular in their most advanced,
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nanostructured configuration, frequently leading to enhanced
cycling stabilities and specific capacities ranging from 400 to
2000 mAh g~'(vs 372 mAh g 'for the state-of-the-art anode
material graphite).”*With respect to the cathode side, solid-
solution layered oxides, such as the combination of Li,MnO,
and LiMO, (M = Mn, Co, Nj, etc.), are attracting increasing
interest as suitable cathode materials due to their superior
electrochemical, chemical, and thermal stability, and, in
particular, due to their enhanced specific capacities in
comparison with LiCoO,. Moreover, the possibility of partially
or even completely replacing toxic and expensive cobalt with
more sustainable transition metals has led to a substantial
interest in this class of active materials.” > We demonstrated
recently that the lithium-rich active material with the general
formula Li[Li;;;Mn,,;]O, X LiMO,(M = Mn, Nj, Co) is a
suitable candidate for next generation lithium-ion batteries
because of its superior specific capacity, enhanced rate
capability, and stable cycling performance.'®"" In addition, we
reported a nanostructured Sn—C composite, showing higher
specific capacities and greater rate capability than the state-of-
the-art lithium-ion anode material, graphite.'*

Herein, we report the combination of the high performance
Li[Lig,Nig4/3C00,4/3Mn; ¢/3]O, and nanostructured Sn—C
electrodes in a lithium-ion battery showing excellent electro-
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chemical performance in terms of cycle life, rate capability, and
energy density. Accordingly, we propose this new electrode
chemistry combination as a suitable candidate for application in
efficient energy storage systems.

B EXPERIMENTAL SECTION

The synthesis of the Sn—C nanocomposite, involving a resorcinol—
formaldehyde gel preparation and impregnation with an organo-
metallic tin precursor, followed by annealing under argon—hydrogen
atmosphere, was reported already in previous studies.">'* Thermo-
gravimetric analysis (TGA) was performed on the Sn—C composite in
the temperature range 25—950 °C under air flux (60 mL min™")
applying a heating rate of 10 °C min™". The synthesis of the lithium-
rich cathode Li[Lij,Nig4/3C04/3Mn, /3]0, material was reported
recently in detail by Wang et al.'®'! Briefly, Li-
[Lip,Nig4/3C004/3Mn; /3]0, was prepared by coprecipitation of
nickel, cobalt, and manganese acetate (Aldrich, >98%) in a molar
ratio of 1:1:4 with lithium hydroxide hydrate (Aldrich, >98%) in an
aqueous solution. The precipitate was rinsed extensively with distilled
water and, then, dried at 120 °C under vacuum overnight.
Subsequently, this precursor was mixed with lithium carbonate
(Aldrich, >98%), and the resulting mixture was annealed in two
steps at S00 °C for 5 h and at 850 °C for 20 h under air.

The structure of the synthesized active materials was analyzed by
using either a Rigaku D-Max X-ray diffraction (XRD) instrument or a
Bruker D8 Advance, both equipped with a Cu Ko, radiation source.
The morphology of the lithium-rich cathode powder was investigated
by using a scanning electron microscope (SEM, ZEISS AURIGA),
while the morphology of the Sn—C anode powder was studied by
means of transmission electron microscopy (TEM, JEOL 1200EX II
microscope) and scanning electron microscopy (SEM Phenom-Fei).
For the electrochemical characterization, electrodes were prepared by
casting a slurry, comprising 80 wt % active material, 10 wt % PVdF
(6020 Solef Solvay, binder), and 10 wt % SP C-65 (Timcal, electron
conducting additive) dispersed in N-methyl-2-pyrrolidone (NMP,
Aldrich), on copper (for Sn—C) and aluminum (for Li-
[Lip,Nig4/3C004/3Mn; 6/3]0,) foils using a laboratory-scale doctor
blade. These electrode tapes were subsequently dried in an oven at 60
°C. The electrodes disks having a diameter of 12 mm were punched
and dried again under vacuum at 110 °C overnight. The active material
mass loading was on the order of 1 mg cm™ for the anode and about
1.5 mg cm ™ for the cathode. The electrochemical characterization was
performed using three-electrode Swagelok-type cells. In lithium-ion
half-cells the Sn—C and the Li[Li,,Nig 4/3C0g4/3Mn, ¢/3]O, electrodes
were used as the working electrodes, while metal lithium disks were
utilized as counter and reference electrode. A layer of glass fiber
(Whatman) soaked with a 1M solution of LiPF in EC:DEC 3:7 was
used as the electrolyte. The cells were assembled in an argon-filled
drybox with an O, and H,O content lower than 1 ppm. Galvanostatic
cycling tests within the voltage range 0.01—2 V for Sn—C and 2.5—4.7
V for Li[Liy,Nig4/3C0g4/3Mn; /3]0, were carried out by means of a
Maccor Series 4000 Battery Test System. Cyclic voltammetry was
performed in the same potential ranges using a scan rate of 0.1 mV s™*
by means of a VMP2/Z multichannel galvanostat—potentiostat (Bio-
Logic, France). Prior to full-cell assembly and cycling, the irreversible
capacity of the Sn—C anode was limited by a chemical activation
procedure. This consisted of placing in contact the anode and a
lithium foil wetted by 1M solution of LiPF4 in EC:DEC for 10 min
using a pressure of 0.2 kg cm™2 as reported in a previous publication.12
The galvanostatic cycling of the cathode-limited lithium-ion cell was
conducted by means of a VMP2/Z multichannel galvanostat—
potentiostat (Bio-Logic, France) in the 2—4.4 V range, using a
procedure consisting of the repetition of a series of increasing C-rates,
corresponding to a specific current of 100, 200, and 300 mA g™, for up
to 500 cycles. All electrochemical studies were performed at room
temperature.

Bl RESULTS AND DISCUSSION

Prior to its electrochemical characterization, the anode and
cathode active materials were structurally and morphologically
characterized by XRD and SEM/TEM analysis. The diffraction
pattern reported in Figure la shows reflections that can be
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Figure 1. XRD patterns of the Sn—C nanostructured composite anode
(a) and of the Li[Liz,Nip 4/3C004/3Mn, 4/3]O, cathode (b); in the inset
is the magnification of the C2/m phase reflection peak.

assigned to metallic Sn (JCPDS no. 86-2265), while no
evidence of SnO or SnO, was detected, revealing proper
synthesis conditions. The presence of metallic tin, only, is
expected to result in a superior electrochemical performance of
the active material both in terms of high capacity retention and
low charge—discharge polarization."”'* In Figure 1b, the
diffraction pattern obtained for Li[Liy,Nig4/3C004/3Mn;6/3] O,
shows the well-defined a-NaFeO,-type structure, with a R3m
space group and, in minor part, with a C2/m space group as
indicated by the low intensi?r reflections magnified in the figure
inset at about 20 = 21°.'>' According to previous experience
with these two active materials, these structural characteristics
are expected to result in the optimum electrochemical
performance when applied as anode and cathode in a
lithium-ion cell.

Figure 2a, reporting the TG analysis of the Sn—C composite,
reveals a Sn:C weight ratio of about 38:62. The morphology of
the Sn—C and Li[Li;,Niy4/3C0g4/3Mn,4/3]O, samples was
studied by TEM and SEM, respectively. The SEM image of the
Sn—C reported in Figure 2b shows micrometric morphology of
the composite, i.e., having a particle size of about 50—60 pm,
while the TEM images reported in Figure 2c and 2d evidence
that the amorphous carbon matrix is uniformly loaded by Sn
particles with a size of few tens of nanometers. This
morphology ensures contemporarily high tap-density and,
thus, high volumetric energy density, as well as optimized
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Figure 2. (a) TG analysis of the Sn—C composite performed under air, (b) SEM image of the Sn—C anode, (c and d) TEM images at various
magnifications of the Sn—C nanostructured composite, and (e and f) SEM images at various magnifications of the Li[Liy,Nig4/3C0g.4/3Mny /3]0,

cathode material.

cycling performance due to the reduction of the mechanical
stress affecting the nanostructured Sn particles upon electro-
chemical (de-)alloying process. Moreover, this peculiar
morphology determines further relevant aspects of the
electrochemical behavior, such as the initial irreversible capacity
associated with the reduced surface area by utilizing micro-
meter-sized rather than nanosized particles, resulting in a
reduced initial electrolyte decomposition, i.e., a decreased solid
electrolyte interphase (SEI) formation. Regarding the reversible
lithium storage in the carbon matrix, previous studies evidenced
a contribution of about 100 mAh g~ to the overall reversible
capacity.'>'* Hence, considering the Sn to C weight ratio of
38:62 and the corresponding specific capacities of 993 mAh g™
and 100 mAh g™ for Sn and carbon, respectively, the

composite is expected to deliver a reversible capacity of about
440 mAh g™

Figure 2e and f, showing the SEM images of the
Li[Lig,Nig4/3C004/3Mn;6/3]O, layered cathode, reveal that
this material is composed of aggregates of primary particles,
having an average diameter of about 100—200 nm. This
particular morphology, studied in detail in the literature,'”
allows short diffusion pathways for lithium ion diffusion,
resulting in an improved electrochemical performance,
particularly at elevated (dis-)charge rates. In addition, the
formation of larger secondary particles leads to a reduced
surface area, limiting the occurrence of side reactions during the

181
electrode charge process.'®"
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Figure 3a compares the cyclic voltammetry profiles of the
Sn—C anode and the Li[Lij,Niy4/3C004/3Mn, /3]0, cathode.
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Figure 3. (a) Cyclic voltammetry at a scan rate of 0.1 mV s™" of the
Sn—C composite (left, potential window of 0.01—2 V) and
Li[Liy,Nig4/3C04/3Mn; /3]0, (right curve, potential window of
2.5—4.7 V) electrodes. (b) Voltage profiles recorded at the fifth
cycle of lithium-ion half-cells comprising the Sn—C nanocomposite
(blue, voltage range 0.01 to 2.0 V) or the Li[Liy,Nig4/3C0q.4/3Mny ¢/3])-
O, cathode (red, voltage range 2.5 to 4.7 V), applying a specific
current of 100 mA g™". In the insets the long-term cycling performance
for these half-cells is presented.

During the first scan, the Sn—C curve (reported in black)
shows the typical irreversible processes related to the SEI
formation on the amorphous carbon matrix and the reduction
of synthesis residuals,">*° while the following cycles are
characterized by the expected reversible profile, associated
with the lithium—tin alloying/dealloying process, centered at
about 0.5 V vs Li/Li*.?"??* Meanwhile, the Li-
[Liy,Nig4/3C004/3Mn, ¢/3]O, cathode profile shows during the
first charge (reported in red) the irreversible oxidation peak
around 4.5—4.7 V associated with a structural reorganization of
the electrode and associated partial oxygen loss, typical of this
class of materials.*> The subsequent voltammetric cycle shows
peaks associated with the reversible insertion/extraction of
lithium into the octahedral site of the layered structure centered
at potential values of 3.9 and 3.4 V upon oxidation and
reduction, respectively.**> Furthermore, a shift of the
reversible oxidation process to lower potential values, ie.,
around 3.0 V, caused by the structural layered/spinel
intergrowth in the electrode structure,”® is observed for the
following cycles. Figure 3b shows the steady state voltage
signature of the Sn—C anode (blue curve) and of the
Li[Liy,Nig4/3C004/3Mn; /3]0, cathode (red curve) upon
galvanostatic cycling in lithium half-cells. In the inset, the

corresponding long-term cycling performance for 100 con-
tinuous (dis-)charge cycles is presented. The figure reveals that
the Sn—C anode delivers a stable capacity of about 400 mAh
g~!, i.e, a value approaching the theoretically expected specific
capacity for this nanocomposite with an average operational
potential of about 0.5 V and a capacity retention of around 98%
after 100 cycles (see related inset in Figure 3b). The Sn—C
voltage profile well reflects the lithium—tin alloying/dealloying
process in a nanostructured compound, in which the
multiplateau curve expected by the various alloying/dealloying
steps is, instead, merged in one sloping profile."* Meanwhile,
the voltage profile of the Li[Lij,Nig4/3C004/3Mn; /3]0,
reported in Figure 3b shows the typical lithiation—delithiation
process of NMC-layered electrodes characterized by a solid-
solution-like behavior possibly accompanied by some phase
changes during the electrochemical process that may lead to
partial capacity fading, in particular upon continuous cycling.
Figure 3 evidences that the Li[Liy,Nig4/3C004/3Mn, /3]0,
discharge process starts at 4.5 V and proceeds almost linearly
until 3.1 V, so that the average working voltage of the electrode
is calculated to be 3.8 V, with a specific capacity of about 200
mAh g~' and a capacity retention of 88% after 100 charge—
discharge cycles (see related inset in Figure 3b). With respect
to the electrode properties in terms of their average operational
potentials, the full-cell adopting the Sn—C nanocomposite as
anode and the lithium-rich Li[Liy,Nig4/3C004/3Mn; /3]0, as
cathode active material is supposed to have an average working
voltage of about 3.3 V, a specific capacity of 200 mAh g™’
(referred to the cathode mass), and, hence, a theoretical specific
energy of about 660 Wh kg™

The Sn—C anode and Li[Lig,Nig4/3C0g4/3Mn; /3]0,
cathode were combined in a lithium-ion full-cell, and the
performance is reported in Figure 4, both in terms of voltage
profile (a) and cycling behavior (b) at different specific currents
(100, 200, and 300 mA g™'). The voltage profiles given in
Figure 4a evidence that, following the first activation cycle
(black curve), the cell voltage follows the expected reversible
(de)lithiation reaction:

Sn—C + Li[Lig,Nig4,3C004,3Mny 4/3]0,
< Li,Sn—C + Li(; _[Li,Nig4/3C0g4/3Mn, 4,5]0,

Considering that the irreversible capacity of the Sn—C anode
was reduced by chemically activating the electrode prior to the
full-cell assembly"" (see Experimental Section), the first cycle of
the full-cell reflects well the partially irreversible feature of the
Li[Lig,Nig 4/3C004/3Mn, ¢/3]O, cathode (Figure 4, compare
also with Figure 3a). In the following, the overall process of the
full-cell evolves through the expected reversible (de-)alloying
process at the anode side, centered at about 0.5 V vs Li/Li*, and
the lithium (de-)intercalation process at the cathod, evolving at
about 3.8 V vs Li/Li*, with an average working voltage of 3.3 V
and specific capacities ranging from 200 mAh g~' at 100 mA
g™' (ie, 2 h charge and discharge) to 175 mAh g™" at 300 mA
g~ (35 min charge and discharge). Besides, it is observed that
the capacity slightly increases upon the first few cycles, which is
most likely related to some structural reorganization of the
anode and cathode active material upon the initial (de-
)lithiation cycles. Advantageously, the cell shows only a little
increase in polarization for an increasing specific current, thus
confirming the highly promising electrode properties due to the
optimized structure and morphology of the utilized active
materials. As a matter of fact, such cells show a remarkable cycle
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Figure 4. (a) Voltage profiles and (b) long-term cycling performance
of the Sn—C/Li[Liy,Nig 4/3C004/5Mn, 4/3] O, lithium-ion full-cell upon
different specific currents (100, 200, 300 mA g~') within 2.0 and 4.4 V
cutoff voltages.

life, delivering a stable capacity for up to 500 (dis-)charge cycles
with a capacity retention of about 75% and a Coulombic
efficiency of more than 99% (after the initial activation cycles)
(Figure 4b). This stable cycling performance is considered
remarkably high, in particular taking into account the cycling
conditions involving a repeated series of increasing specific
currents during the whole test.

B CONCLUSIONS

The Sn—C/Li[Liy,Nig4/3C004/3Mn;6/3]0, lithium-ion cell
reported in this work involved high performance materials
characterized by remarkable properties in terms of cycle life,
rate capability, and delivered capacity, basically related to
previously optimized structures and morphologies. This cell
evidenced a very stable cycling performance for up to 500
cycles with maximum capacity of 200 mAh g~ and an average
operational voltage of 3.3 V, resulting in a theoretical energy
density of about 660 Wh kg™', which is a value that competes
well with that reported in literature for lithium-ion batteries of
advanced configuration.”” Considering also electrochemically
inactive cell components such as, for instance, the cell casing,
the electrolyte, and the current collector, the practical specific
energy of the cell can be estimated to about 220 Wh kg_l, ie,a
specific energy substantially higher than that of currently
available state-of-the-art lithium-ion batteries. Thus, the herein
presented lithium-ion chemistry appears highly promising for
the realization of future high energy and high power lithium-ion
batteries enabling electric vehicles with enhanced driving ranges
and improved safety characteristics. It appears noteworthy that
we focused this study on the suitability of the combination of
the two electrodes for application in a lab-scale lithium-ion full-

cell that, to the best of our knowledge, is originally reported
herein. However, the upscaling of this system might raise
additional issues such as, for instance, the large-scale material
production, the practical battery stack assembly using multilayer
pouch—cell configuration, and the proper electrode loading, as
well as the electrolyte and separator selection.
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