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A Li-lon Battery Using Nanostructured Sn@C Alloying
Anode and High-VOH:age LiNi0.35CUO.1Mn'|_45A|o_'|O4 Spi“EI

Cathode

Stanislav Levchenko, Shuangying Wei, Vittorio Marangon, and Jusef Hassoun*

Nanostructured Sn@C anode is synthesized by carbon coating of nanosized tin
for Li-ion battery. The Sn detected by X-ray diffraction (XRD) is quantified over
40 wt% by thermogravimetric analysis. Transmission and scanning electron
microscopy (SEM) show a carbon matrix holding nanometric Sn operating from
0.8 t0 0.01 V versus Li"/Li with low resistance, as indicated by cyclic voltammetry
and electrochemical impedance spectroscopy. The Sn@C performs with initial
capacity ranging from 630 mAhg ' at 200mAg ' to 311 mAhg ' at 1200mA g’
that decreases after 25 cycles and stabilizes to values from 403 to 268 mAhg ",
respectively. High-voltage LiNip35Cuo1Mny 45Alp 10, cathode is achieved by copre-
cipitation and high-temperature treatment. XRD and SEM demonstrate the crystalline
structure of the disordered spinel without impurities and homogeneous submicron
morphology. Cu and Al substitution for Ni and Mn leads to excellent reversibility and
low impedance, with electrochemical process evolving between 4.7 and 4.8 V versus
Li"/Li. The cathode reveals a capacity of ~110 mAh g ' retained for 88% after 100
cycles at 0.6C rate. Sn@C and LiNig 35Cug 1Mn; 45Alp 1O, are combined in a new

their attractive features in terms of good
gravimetric and volumetric energy densi-
ties (up to 250 Whkg™' and 650 Wh L™,
respectively), absence of memory effect,
and long cruise-autonomy.”) Further-
more, the large-scale diffusion of the
lithium-ion system in the global battery mar-
ket has been making a steady stride toward a
stage of speed development due to the rapid
growth of electric vehicles (EVs) and smart
power grids market.®! Yet, the increase of
the cobalt price by 2.56 times in only one
and a half years (US$ 26500 per ton in
September 2016, versus US$ 94250 per
ton in March 2018),"" as well as the need
for improved energy density and safety
content,” has boosted the research for
new electrolytes,'® and in particular for alter-
natives to the traditional LIBs electrodes,

Li-ion cell delivering 110 mAh g ™' at 4.2V with practical energy of 165 Wh kg .

1. Introduction

Lithium-ion batteries (LIBs) dominated the list over the last three
decades for a wide range of consumer electronics,”’ due to
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such as graphite (Cg), LiCoO, (LCO), and
LiNi;;3Mn; 3C01 30,  (NMC).”! In  this
scenario, a relevant breakthrough in LIBs
configuration may be achieved by replacing the commercial graph-
ite anode by carbon composites containing various high-capacity
systems, including Li-alloying metals such as Sn and Sb, or sili-
con.®? However, a sever limit was posed by the structural insta-
bility of electrodes based on Li-alloying process, associated with the
huge volume variation affecting the electrochemical reaction com-
pared to graphite, as reported below!'"!

Li + CoSLC, (Efusiit/u = 0.1 — 0.2V,

1

C =370 Ahkg1/760 AL, Ay = 50%) M
2211 + SSHS Lizzsns (E(VSLi‘ /Li) = 0.17 - 0.57V, )
C = 990 Ahkg /2025 Ah L1, Ay, = 255%) A
3Li + SiSLisSb (Eper ) = 088 — 091V, S
C =660 Ahkg!/1881 Ah L™, Ay, = 130%) G
22Ll + 5516 S Lizz Sls (E(Vs Li*/Li) = 005 - 033 V, (4)

C = 4200 Ahkg~1/2376 Ah L, Ay, = 310%)

Therefore, several Li-alloy materials have been entrapped into
matrixes differing by nature and synthesis complexity, in order to
achieve the structural integrity during cell operation. Among the
various attempts, nanostructures containing Sn,!'"!? §p,[13-1]
and even Si'*® revealed improved performances in terms of cycle
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life and specific capacity, despite some issue related with the syn-
thesis complexity and scalability to achieve materials of practical
interest. On the other side, many efforts have been undertaken to
exploit the cobalt-free cathodes using less toxic and more
abundant metals."”'®1 Among the various cobalt-free cathode
materials investigated so far, spinel-structured LNMO (i.e.,
LiMny 5Ni; sO,4) has emerged as one of the most promising since
their theoretical capacity of 147mAhg ' and high working
potential of 4.7V versus Li"/Li can lead to a theoretical
gravimetric energy density of about 690 Whkg™', that is, a
value approaching that of LiNipgCog 15Al.0502 (NCA)[19] and
LiNig gMng 1C0g 10, (NMC811).[2°] Furthermore, advantageous
characteristics including a fast lithium-ion diffusion into the
3D channels, good ionic and electronic conductivity, limited tox-
icity, and relevant thermal stability have been supposed to allow
high power capability, modest environmental impact, and ade-
quate safety of the cell.””! Despite there has been a flurry of
research on LNMO, the optimal performances in terms of effi-
ciency and stability at elevated temperatures (>45 °C) are still
open issues.!”” Most of the above aspects affecting the reversibil-
ity of the charge/discharge processes may be related with the
aggressive oxidative decomposition of conventional electrolytes
at the high voltage values, the lattice modifications due to the
Jahn-Teller distortion of the mixed spinel, and the possible
Mn dissolution from the cathode during cycling.”® In the most
favorable case, the resultant decomposition products can form a
protective layer containing both organic compounds (polyethers
and carbonates) and inorganic species (LiF and Li,PF,0;) on the
electrode surface, namely, a solid electrolyte interface (SEI)
layer.*" However, the SEI thickness may significantly raise dur-
ing long-term cycling, thus increasing the interfacial resistance
and finally hindering Li* exchange ability.*>?® In addition, Mn
ions possibly dissolved from the LNMO cathode by traces of HF
in the electrolyte can deteriorate the cathode and limit the stabil-
ity of the electrode/electrolyte interface.’”? The presence of
oxygen vacancies may actually affect the Ni/Mn disorder and
therefore play a crucial role in the cycling stability of
LNMO.”® Moreover, possible loss of oxygen in the LNMO struc-
ture, which is observed during high-temperature synthesis
(typically > 800 °C), can introduce secondary impurity phases
such as NiO or Li,Ni;_,0.2%2% Indeed, slight oxygen deficiency
can lead to a disordered face-centered cubic spinel phase (space
group Fd3m), while oxygen-free deficiency typically produces the
ordered cubic phase (space group P43;32), with different cycling
ability.””! Various interesting solutions aimed to improve the
cyclic behavior of the LNMO have included surface coating,®"
morphological tailoring,* structural disorder and lithium con-
centration tuning,**** and partial elemental doping/substitu-
tion for Ni and/or Mn.**>’I The latter approach has been
widely considered as the most promising one to enhance the
ionic and electronic conductivity, stabilize the structure, alleviate
the interfacial side reactions, and improve the electrochemical
properties in terms of delivered capacity, rate capability, and
coulombic efficiency.?® Most recently, single-element doping
by divalent cations, such as Cu®", Zn*", and Mg®1**~*! as well
as trivalent ones, e.g., A", Fe’", Co**, and Cr*"[***>*3 has
been the focus of numerous research projects. Promising results
have shown that partial doping or substitution by Cu®* ions
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could potentially improve the lithium diffusion coefficient and
electronic conductivity of the LNMO due to specific outer elec-
tronic configuration of the metal.*¥ The incorporation of
Cu’" ions may also increase the lattice parameter, lower Li™ dif-
fusion barrier, maintain the ordered cation arrangement, thus
stabilizing the cyclability, and alleviate the high voltage oxidation
issue.*>#*) Aluminum was indicated as a preferable dopant and
substituent owing to its high binding energy by Al—O bonds,
which may suppress possible exothermic reactions, enhance
the structural stability, and improve the safety content of the elec-
trode.*”! Furthermore, substitution with electrochemically inac-
tive metals such as Al could, in principle, buffer the disorder
degree promoted by cation rearrangement during cycling, and
therefore limit the formation of side phases.*® Interestingly,
the simultaneous introduction of the Cu**/Cu?* redox couple
and AI’" ions in LiNiys_,Cu,Mn; s ,ALO, (x=0, 0.05, y=0,
0.05),”” LiNig5_,Cu,Mn; 40Aly 0,04 (x=0.01, 0.03, 0.05),*"!
and LiNips_,CuMn; 5 ,ALO, (x> 0.1,y> 0.1, y + z = 2x)P**!
electrodes has revealed promising performances. The
multidoping strategy using Cu*", AI**, and Ti*" in Li[Nig4ss
Cug,03Alg 03Mny 455Ti0.03]O4 has shown remarkably improved
cycling ability of the spinel electrode.? Various methods includ-
ing emulsion drying,>*! ultrasonic spray pyrolysis,”* hydrother-
mal,”®!  sol-gel,P® impregnation,””! molten salt,*® and
coprecipitation® have been proposed as successful strategies
for the synthesis of high-voltage spinel cathodes. The modified
coprecipitation route appeared as a versatile approach, which can
ensure simultaneous precipitating of Li* with transition metal
ions, allow easy controlling of the morphology and particle size,
and large-scale production. Moreover, micro/nanostructured
materials deserved special attention, particularly those obtained
by a facile and mild method,*” e.g., using oxalic acid as precipi-
tant,®" to achieve superior rate capability and long-life cycling
performance. According to the above-described scenario on
new anode and cathode materials for LIBs, we have achieved
in this work a cell configuration providing the use of Li-alloying
anode synthesized as a nanostructure of Sn in C, and a multi-
metal spinel cathode in which Ni and Mn are partially substituted
with Cu and Al, prepared by a modified coprecipitation route
using ascorbic acid. This alternative system is therefore proposed
as a proof-of-concept LIB for modern energy storage.

2. Results and Discussion

The structural and morphological features of the nanostructured
Sn@C electrode synthesized in this work are reported in
Figure 1. The X-ray diffraction (XRD) patterns of Figure 1a show
mainly Sn in the reduced metallic state, with reflections
corresponding to the tetragonal space group I41/amd (ICSD
#106 072, blue pattern), without detectable signs of SnO,.
Furthermore, the predominant signal of Sn in the metal-carbon
nanostructure leads to almost flat baseline significantly differing
from that of the carbon matrix (red pattern), which shows instead
the features of the amorphous carbon identified by broad signals
centered at 26 values of 23° and 44°.1°” Thermogravimetric anal-
ysis (TGA) performed between 25 °C and 1000 °C reveals the oxi-
dation of Sn to SnO, from 140 to 380 °C with corresponding
weight increase of about 5%, and the subsequent combustion
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Figure 1. a) XRD pattern of the Sn@C sample; reference data for Sn (blue, ICSD #106 072) and experimental XRD analysis of the bare carbon matrix are
reported for comparison. b) TGA performed under air flow with heating rate of 5°C min™' from 25 to 1000 °C; inset reports the occurring reactions.
SEM images of the Sn@C sample at various magnification acquired in c) BSE mode (inset shows EDS spectrum of the C matrix) and in d) SE mode
(inset shows magnification). e,f) TEM images of the Sn@C sample (inset in panel (f) reports higher magnification).

of C until 680 °C, thus indicating a Sn content of 40 wt% in the
carbon composite. The scanning electron microscopy (SEM)
image in Figure 1c recorded through the acquisition of backscat-
tered electrons (BSE) indicates a Sn@C mainly composed of car-
bon particles (see EDS inset) with a size ranging from 10 to
50 pm, occasionally hosting nanometric Sn clusters into the sur-
face. Furthermore, the corresponding SEM recorded using sec-
ondary electrons (SE, Figure 1d) reveals only carbon (see also
magnification in inset, and SEM of the C matrix reported in
Figure S1, Supporting Information), thus suggesting that Sn
nanoparticles are mainly located in internal shells. This hypoth-
esis is fully verified by the transmission electron microscopy
(TEM) images at various magnifications in Figure le,f that evi-
dence a massive presence of spherical-like nanoparticles with a
diameter from 10 to 100 nm intimately hosted within the core of
the amorphous carbon (see high magnification in the inset of
panel f), as shown in previous paper on Sn—C nanostructures
prepared using a different synthetic pathway for achieving anode
materials for lithium cell applications.™! It is worth mentioning
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that the Sn located into the carbon surface may be in part oxi-
dized in contact with air after synthesis due to its nanometric
size, while the Sn hosted into the carbon bulk is more protected
from oxidation.'™ On the other hand, the synthesis is designed
ad hoc to avoid the complete oxidation of the Sn and to chemi-
cally reduce possible oxide formed before carbon coating by the
use of an Ar-5%H, atmosphere during annealing at 700 °C
(see Experimental Section for details). In addition, it may be
pointed out that Sn particle size plays the most important role
in determining the electrode stability. Indeed, previous works well
demonstrated that anodes formed by Sn particles with size exceed-
ing hundreds of nanometers completely fade in lithium cell until a
full deactivation of the Li-alloying process due to the excessive vol-
ume variation and electrode disintegration.® Instead, nanostruc-
tures with Sn particles with size below 50 nanometer in the
adequate carbon host almost fully hold the Li-alloying ability dur-
ing cycling in lithium cell.™”

The electrochemical process of the Sn@C electrode is inves-
tigated by coupling cyclic voltammetry (CV), electrochemical
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impedance spectroscopy (EIS), and galvanostatic cycling in lith-
ium cell, as reported in Figure 2. The voltammograms of
Figure 2a show during the first cathodic scan a relevant broad
wave ranging from 0.9 to 0.5 versus Li*/Li, including both irre-
versible reduction of the electrolyte with formation of a SEI layer
at the electrode surface and the formation of Li,Sn alloy with a
low x degree (<0.1). Subsequently, the reduction proceeds with
further peaks, evolving between 0.5 and 0.01 V versus Li*/Li due
to the multistep electrochemical Li-Sn-alloying process, with
possible Li insertion into the amorphous carbon, until the forma-
tion of Lis4Sn and Li,C (typically with y < 0.1) at the lowest
potential values."'? The first anodic scan reveals various peaks
between 0.2 and 0.8 V versus Li*/Li accounting for the oxidation
back and dealloying of the Li-Sn alloy to lithium and tin, as well
as the deinsertion of Li from the carbon matrix. The voltammetry
cycles evolve after the first scan according to the reversible Li-(de)
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alloying and Li-(de)insertion processes discussed above without
relevant traces of side reactions, however with a progressive
decrease of the intensity due to a slight deactivation of the elec-
trode ascribed to the partial loss of the metal fraction located at
the carbon surface observed in Figure 1, which is typically
induced by the excessive volume variation during the electro-
chemical process with consequent active material detachment.[!]
The related Nyquist plots (Figure 2b) recorded by EIS at the
open-circuit voltage (OCV) cell condition (see inset) and after
1,3, 5, and 11 CV runs can be likely represented by the equivalent
circuit R(R;Q;) Qw, Where R, is the electrolyte resistance obtained
as high-frequency intercept of the curve, the (R;Q;) elements
(with i=1 or 2, depending on the state of charge) account for
high-middle-frequency semicircles ascribed to the electrode/
electrolyte interphase including charge transfer and SEI film
resistances (R;) and constant phase elements (CPE Q;), and

(b) s0
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Figure 2. a) CV profiles and b) Nyquist plots recorded by EIS of a three-electrode Li|Sn@C half-cell; CV potential range: 0.01-1.5 V versus Li* /Li; CV scan
rate: 0.1 mVs™'; EIS performed at the OCV condition (inset) and after 1, 3, 5, and 11 voltammetry cycles in the 500 kHz—100 mHz frequency range
through an alternate voltage signal of 10 mV. c) Cycling trend (inset shows corresponding coulombic efficiency) and voltage profiles of galvanostatic
cycling measurements performed at d) 200 mA g™, e) 600mA g™, and f) 1200 mA g~ current rates on Li|Sn@C half-cells; voltage range: 0.01-1.5 V.
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Oy is a low-frequency CPE related to the semi-infinite length
Warburg diffusion (see scheme in Figure S2, Supporting
Information).[* The plots are analyzed using the nonlinear least
square (NLLS) method and the obtained results are reported in
Table 1 in terms of resistance and y* accuracy, which is consid-
ered suitable at values of the order or lower than 10~ *.[%%¢) The
interface resistance falls from 16.2 Q at the OCV to 12.3 Q after
the first voltammetry cycle, due the initial lithiation of anodic
material with conductivity increase, and then slowly increases
to reach 17.6 Q after 11 CV scans due to the formation of the
SEI at the electrode/electrolyte interphase.® The material is
then cycled as the working electrode in lithium half-cell operating
at current increasing from 200mA g™ to a value as high as
1200mA g~'. The comparison of the corresponding trends
reported in Figure 2c reveals a relevant irreversible capacity
during the first discharge (Li-alloying)/charge (Li-dealloying)
cycle, with a low coulombic efficiency (see inset), that is, of about
53, 49, and 43% at 200, 600, and 1200 mA g™ ", respectively. This
behavior can be ascribed to side processes such as the electrolyte
reductive decomposition that typically leads to SEI formation in
agreement with the above-discussed CV (Figure 2a). It is worth
mentioning that the first cycle (voltage profiles in Figure 2d—f)
evolves with an average working voltage of 0.5V and a high
reversible capacity related to the Li-dealloying process (charge),
that is, of about 630, 508, and 311 mAh gf1 at 200, 600, and
1200mA g™ !, respectively. Notably, the observed capacity is
higher at 200 and 600mAg~' currents and lower at
1200mAg~' with respect to the value estimated for the
Sn@C composite taking into account 1) the contribution to
the Li-insertion process related to the carbon matrix of 228,
163, and 117 mAh g™ ! at 200, 600, and 1200 mA g~* suggested
by the corresponding cycling test in Figure S3, Supporting
Information, 2) the theoretical capacity of Li-Sn-alloying process
(i.e., 993 mAh g '), and 3) the tin to carbon weight ratio calcu-
lated above (i.e., 40:60 by the TGA in Figure 1b). A capacity
higher than the expected one may be ascribed to a more relevant
contribution of the carbon to the electrochemical process
promoted by the presence of the metallic tin into the composite.
Subsequently, the efficiency rapidly increases to approach 100%
after the initial stages; however, the delivered capacity gradually
decreases in agreement with the CV curves, due to the deactiva-
tion of the fraction of Sn hosted into the composite surface, and
stabilizes upon 25 cycles to values of 403, 357, and 268 mAh g™'
(i.e., 76, 72, and 58% of the expected value) at 200, 600, and
1200 mA g™ !, respectively. Nevertheless, the initial decay sug-
gests the necessity of a more optimized synthesis setup in order
to achieve better performances. Indeed, techniques involving

www.entechnol.de

ultrasonication for optimal dispersion coupled with a solvother-
mal pathway can uniformly precoat the nanometric metal par-
ticles before annealing process, thus leading to their better
distribution into the carbon matrix of the final Sn@C anode
as already shown by the literature paper.!”!

Crystal structure and morphology of the LiNig35Cug;
Mn; 45Al5 10, cathode are thoroughly investigated by Rietveld
refinement of the corresponding XRD data and by SEM-
energy-dispersive X-ray spectroscopy (SEM-EDS) as reported
in Figure 3. All the diffraction peaks in Figure 3a can be ascribed
to the disordered LiMn, sNigsO, (PDF # 80-2162) cubic face-
centered spinel structure belonging to the Fd3m (227) space
group without signs of impurities related to additional metal
compounds, thus suggesting the double substitutions with Cu
and Al for Ni and Mn as efficient pathway to prevent the
formation of side phase such as the Li,Ni; ,O one typically
observed in the spinel-structured materials.[®®! The figure also
shows a I311)/I(400) Tatio of 1.01 that usually indicates an excellent
stability of the LiNij 35Cug1Mnj 45Aly 104 spinel structure, while
the remarkably modest width at half-maximum (FWHM) of the
peaks accounts for the relevant crystallinity of the sample.l!
Indeed, the refined structural parameters presented in Table 2
reveal a crystallite size of about 350 nm, and a substantial agree-
ment between the experimental pattern and the computed result
due to a weighted profile factor (R,,%) around 14% and a good-
ness of fit (GOF, o) of 2.0.°**I The controllable morphology and
size, and the uniform particle distribution may actually allow a
stable electrode/electrolyte interphase and favor the electrochem-
ical performance of the material in lithium cell.”% Therefore, the
morphological features of the LiNig 35Cug 1 Mn; 45Al 10,4 sample
are examined by SEM, while the elemental distribution and stoi-
chiometry of the specimen are detected by SEM-EDS (Figure 3b—i).
The SEM reveals a sample formed by aggregates with a size
extended to tens of micrometers (Figure 3b) of interconnected
nanometric primary particles ranging from 100 to 500nm
(Figure 3c), within a hierarchical —micro/nanostructure.
Moreover, the corresponding EDS mappings (Figure 3d-h) depict
a uniform distribution of the expected elements, i.e., O, Ni, Cu,
Mn, and Al, thus consisting with the XRD results. Relevantly,
the atomic ratios of Ni, Cu, Mn, and Al estimated from the
EDS spectra (Figure 3i) closely agree with the projected ratio of
the metals in the sample, i.e., 0.7:0.2:2.9:0.2. It is worth noticing
that the presence of nanometric primary particles observed herein
can shorten the Li* diffusion path and notably enhance the power
output of the battery, while their micrometric agglomeration can
actually relieve the surface adverse reaction and limit possible
electrode/electrolyte interphase deterioration.”" This morphology,

Table 1. NLLS analysis performed on the Nyquist plots reported in Figure 2b recorded by EIS on a Li|Sn@C half-cell upon CV (see Figure 2a). The NLLS

fitting was performed by using the Boukamp software.[5>¢¢]

Cell condition Circuit Ry [Q] R, [Q] Ry + R, [Q] 7

ocv Re(R101) (R:02) Qu 6.0+0.3 10.3+0.4 16.3+0.7 3% 107
After 1 CV run Re(R101)Qu 123403 / 123403 4x107*
After 3 CV runs Re(R101)Qw 158404 / 15.8+0.4 5x10°*
After 5 CV runs Re(R1©1)Ow 16.4+0.5 / 16.4+0.5 9x107*
After 11 CV runs Re(R101) Ou 17.6£0.4 / 17.6+0.4 5% 107
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Figure 3. a) XRD pattern of the LiNig35Cug1Mny45Al104 sample
(magenta line) and corresponding Rietveld refinement (dots indicate
the computed pattern; blue line represents the difference between
experimental and computed patterns); the pattern is indexed to the
LiNipsMn; sO4 phase (PDF # 80-2162) with space group Fd3m (227)
(see Table 2 for the Rietveld refinement results). SEM-EDS analyses of
the LiNig35Cug1Mnq 45Alg 104 sample, in particular: b,c) SEM images at
different magnifications; EDS elemental maps of d) O, e) Ni, f) Cu,
g) Mn, and h) Al; panel i) shows the EDS spectrum.

Table 2. Rietveld refinement analysis performed on the XRD pattern of the
LiNig.35Cug1Mnq 45Alo10,4 sample (see Figure 3a) in terms of crystallite
size, lattice parameters, unit cell volume, goodness-of-fit (GOF, o)
parameter, and weighted-profile R factor (R,,%).

Phase Space Crystallite  a [A] VA’ GOF [d] Rup (%]
group size [A]

LiNigsMnysO4 Fd3m (#227) 3479+£0.1 8.1740(8) 546.15(6) 2.000  14.23

as well as the defined crystalline structure and composition, is
expected to promote a satisfactory cycling behavior of the
LiNig 35Cug.1Mn; 45Aly 104 electrode in lithium cells.

Energy Technol. 2022, 10, 2200725 2200725 (6 of 12)
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The electrochemical response of the LiNig35CugiMny s
Aly 104 electrode is investigated in Figure 4 by CV, EIS, and
galvanostatic cycling in lithium half-cell within the voltage range
between 3.0 and 5.1 V. The CV (Figure 4a) reveals a first cycle
characterized by two oxidation peaks at about 4.72 and 4.82V
versus Li"/Li during the anodic scan, reversed into two reduction
peaks at 4.66 and 4.74 V versus Li*/Li during the subsequent
cathodic scan, corresponding to the Ni**/Ni** and Ni**/Ni*"
redox couples,’? with a remarkable reversibility likely favored
by the presence of AL*”) The curves also show at lower potential
values broad reversible signals around 4.0 and 4.3V versus Li*/
Li due to the Mn*"/Mn*" and Cu*"/Cu*" redox pairs.*”!
Relevantly, the fifth voltammetry cycle displays negligible change
of the redox potentials, thus accounting for the optimal kinetics
of the electrochemical process likely due to the double substitu-
tion with copper and aluminum adopted herein. However, the
CV also shows a decrease of the peak intensity by the ongoing
of the test and suggests a partial deactivation of the material.
To shed further light on the LiNig35Cuo1Mny4sAlp104
electrode/electrolyte interphase characteristics, EIS has been per-
formed at the OCV and upon CV (Figure 4b), and the resulting
Nyquist plots analyzed through NLLS method with outcomes
reported in Table 3.°°°® Indeed, the Nyquist plots at the
OCV and after 5 CV runs are generally represented by the
same equivalent circuit used for the Li|Sn@C cell after CV,
ie, Ro(RiQ)Qs (see Scheme in Figure S2, Supporting
Information), where R. indicates the electrolyte resistance deter-
mined as the curve intercept at high frequency, (R;Q;) accounts
for the depressed semicircle at medium-high frequencies with
resistances (R;) and CPE (Q) associated with interphase features
such as SEI films and charge transfer, and Q,, represents the low-
frequency pseudocapacitance sloped line.[***®! The data show an
initial resistance of 39 Q at the OCV which slightly increases to
reach a value of about 57 Q after 5 voltammetry cycles in line with
the CV data, thus further suggesting an adequate electrode/
electrolyte interphase in terms of low resistance, high electronic
conductivity, and possibly fast Li* ion diffusion.”® It is worth
mentioning that intrinsic material properties such as the ionic
and electronic conductivity, the Li* transport properties, the cat-
ion disordering Jahn—Teller effect caused by Mn>* ions, and the
features of Ni*™/Ni*", Mn**/Mn*", and Cu?*/Cu’" redox cen-
ters can be actually improved by the presence of Al and by the
morphological characteristics of the LiNig35Cuo1Mny 45Al5 104
cathode.”®74 This consideration is well confirmed by the cycling
response of the LiNij 35Cug 1Mnj 45Aly 104 electrode in lithium
half-cell at various C-rates which is subsequently reported in
terms of voltage profiles (Figure 4c) and capacity trend
(Figure 4d). Hence, the voltage profiles reveal a reversible
response in full agreement with CV, with short plateaus between
3.9 and 4.3V involving the Mn**/Mn*" and the Cu®"/Cu*"
redox pair, and the main plateau in the 4.6-4.8V range
related to the Ni*™/Ni*" redox couple, without electrochemical
contribution ascribed to aluminum.”” Meanwhile, the
LiNij 35Cug 1Mn; 45Alp 104 cathode appears moderately affected
by the C-rate increase which leads to a modest polarization
by ohmic dropping in the corresponding voltage profiles
(Figure 4c) with a consequent slight capacity decrease from about
110mAh g ' at C/12 to about 107, 102, 98, and 90 mAh g ' at
C/6,C/3,C/2, and 1C rates, respectively (where 1C = 147 mA g™ ).

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 4. a) CV profiles and b) Nyquist plots recorded by EIS of a Li|LiNig 35Cug.1Mn; 45Alo 104 half-cell; CV potential range: 3.0-5.1V versus Li*/Li; scan
rate: 0.1 mVs™'; EIS carried out at the OCV condition and after the fifth voltammetry cycle within the 500 kHz-100 mHz frequency range by using an
alternate voltage signal of 10 mV. Rate capability carried out on a Li|LiNig 35Cug 1Mn; 45Alg 104 half-cell at increasing C-rates of C/12, C/6, C/3, C/2, and 1C
(1C=147mAg™") before lowering back to C/12 after 50 cycles in the 3.0-5.0V voltage range at 25 °C in terms of c) selected voltage profiles and
d) charge/discharge capacity trend versus cycle number. Cycling response of the LiNig 35Cug 1Mn; 45Alg 104 electrode in lithium half-cell at 0.6C constant
rate in the 3.0-5.0V voltage range in terms of e) selected voltage profiles and f) capacity trend (right y-axis shows coulombic efficiency).

Table 3. NLLS analysis performed on the Nyquist plots reported in
Figure 4b recorded by EIS on a Li|LiNig35Cug1Mny45Alg10,4 half-cell
upon CV (see Figure 4a). The NLLS fitting method was applied by
using the Boukamp software.[6>%¢!

Cell condition Circuit Ry [Q] Va
ocv Re(R1©1) Qw 39.1+0.3 2x107*
After 5 CV runs Re(R1©Q1)Qw 57.2+0.7 4x107*

However, the signatures of Figure 4d indicate a higher capacity
during the charge compared to the discharge, thus suggesting a
low efficiency particularly at the lowest C-rate (i.e., C/12), duetoa
more pronounced electrolyte oxidative decomposition at 5V

Energy Technol. 2022, 10, 2200725 2200725 (7 of 12)

which is kinetically favored by the modest current value. This
side process can likely lead to the formation of a protective
SEI layer by the ongoing of cycles.l”®! Relevantly, the cell recovers
almost the initial capacity of 106 mAh g~' when the current is
lowered back to C/12, thus accounting for the electrode stability
against the stress caused by repeated current changes and for an
excellent rate capability achieved by the optimal selection of
chemical composition and synthesis conditions. The electrode
stability is further investigated by cycling the material at the con-
stant C-rate of 0.6C with outcomes reported in terms of
voltage profiles (Figure 4e) and discharge capacity trend with cou-
lombic efficiency (Figure 4f). The graphs depict the above-
discussed signature centered at about 4.7 V and a low coulombic
efficiency during the initial stages due to excessive electrolyte

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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decomposition, increasing from 68% during the first cycle to val-
ues exceeding 98% upon 20 cycles as the SEI layer is consolidated
over the electrodes. Figure 4f also shows that the initial discharge
capacity of 106 mAh g~ ', that is, the 72 % of the theoretical value,
is relevantly retained at the 93% over 100 cycles, thus further
indicating the structural stability of the LiNig;5Cuo1Mn; 45
Aly,0, electrode by repeated charge/discharge process.
Additional proof of cathode stability is given by Figure S4,
Supporting information, which reports the galvanostatic cycling
test at 0.3C rate operated at 55°C of the LiNij35CugiMny 4s
Al 104. The figure shows that the presence of Cu and Al leads
to a relatively low polarization of the electrochemical process
(Figure S4a, Supporting Information), high coulombic efficiency
during cycling after the initial stage, and an initial discharge
capacity of 110 mAh g~" retained for about 83% over 70 cycles.
These data further account for the limitation of Mn dissolution
from the spinel electrode promoted by the codoping adopted
herein.

Hereafter, the applicability of the developed electrode
materials is verified in the proof-of-concept Li-ion full-cell
reported in Figure 5, by combining the Sn@C anode and the
LiNig 35Cug1Mn; 45Aly ;0,4 cathode. Figure 5a depicts the com-
parison between the voltage profiles with respect to the areal

www.entechnol.de

capacity (mAhcm %) of the corresponding half-cells using
Sn@C (red line) and LiNig 35Cug 1Mny 45Alp 104 (blue line) dur-
ing the steady state, achieved before full-cell assembly by precy-
cling the Sn@C (see Experimental Section and Figure S5,
Supporting Information), in order to evaluate the optimal N/P
ratio, that is, 1.3 for the Sn@C|LiNij 35Cug 1Mn; 45Alg 10,4 full-
cell considered herein. Indeed, a full-cell without anode prelithia-
tion would lose a relevant fraction of the cathode capacity during
cycling, as the first cycle of the anode suffers from about 50% of
irreversible capacity due to SEI formation as well as structural
reorganization of the Li-alloying material as demonstrated by
the galvanostatic cycling test of the Sn@C material in half-cell
(Figure 2). Despite a better tuning of the electrolyte may alleviate
this irreversible capacity by improving the SEI layer formation,
the activation of the anode by electrochemical precycling or by
chemical action of the lithium metal”” certainly plays the most
crucial role in ensuring the highest reversible capacity of the
Sn@C and, at the same time, avoiding capacity loss during
the first cycle and allowing the optimal operation in terms of
the delivered capacity and cycling stability of the full Sn@C|
LiNig 35Cug 1Mny 45Alo 104 cell. To further understand the prac-
tical operation, Figure 5b reports the voltage versus time trends
of the full-cell cycled at the constant current rate of C/3

(@ o ®) |
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Figure 5. a) Comparison between voltage profiles related to Li|Sn@C (red line) and Li|LiNig 35Cug 1Mny 45Alg 104 (blue line) half-cells reported versus the
corresponding geometric areal capacity (mAh cm™2) in order to evaluate the N/P ratio of the full Sn@C|LiNig 35Cuo1Mny 45Al6104 cell; b) trends of
voltage profiles versus time (hours) of Sn@C (red line) and LiNig 35Cug1Mny 45Alg 104 (blue line) collected using a Li reference electrode in the full
Sn@C]LiNig35Cug1Mn 45Alo 1O, cell (green line); c) voltage profiles versus gravimetric capacity (mAh g™") and d) capacity versus cycles trend (right
y-axis shows coulombic efficiency) of the full Sn@C|LiNig 35Cuq.1Mn; 45Al0 104 cell cycled at the constant current rate of C/3 (1C =147 mA g’1) between
2.8 and 5.0V.
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(1C=147mA g~ " with respect to the cathode mass) between 2.8
and 5.0V, in comparison with those of the Sn@C and
LiNig 35Cug 1Mn; 45Al 104 as measured versus a lithium refer-
ence electrode during the test. The full-cell curve (green line)
reveals a signature resulting from the combination of the sloped
profile of the anode centered at an average voltage of 0.5V (red
line) and the typical spinel-cathode trend with notable symmetry
evolving at high voltage mainly between 4.6 and 4.8 V (blue line).
Hence, the voltage versus gravimetric capacity (mAh g~*) profiles
of the Sn@C|LiNi 35Cug 1Mn; 45Aly 10, battery (Figure 5c) show
the abovementioned composite shape, with average working volt-
age of about 4.3V and initial capacity of 110 mAh g™!, repeated
without a significant shape variation upon the 20 cycles taken
into consideration. Furthermore, the corresponding cycling
trend (Figure 5d) indicates an initial coulombic efficiency of
88% that rapidly increases and stabilizes at 97%. The above
data are considered well promising for the Sn@C]
LiNig 35Cug 1Mny 45Al 104 system. However, the full-cell may
be relevantly affected by the decay experienced by the Sn@C
anode during cycling that can affect the N/P ratio and alter
the system balance. Side effect on the full-cell balance may be,
in part, ascribed also to the possible partial electrolyte oxidation
at the high voltages achieved by the LiNij 35Cug1Mn; 45Al5 104
cathode. Hence, a proper optimization of the electrolyte can also
lead to the improvement of the battery cycling. Additional efforts
are certainly necessary to further improve the specific values of
the cell in terms of delivered capacity, efficiency, and cycle life.
Despite the optimal cell balance is theoretically the unity of N/P
ratio (i.e., N/P ratio =1), the Li-ion cells are typically balanced
using an excess of anode (e.g., N/P ratio = 1.05)." In this work,
we have evaluated a N/P ratio of about 1.3 for the Sn@C]|
LiNig 35Cup1Mnj 45Alg 104 full-cell, and we believe that this
may be further limited to values approaching 1.1 in order to
ensure better cell performances. It is worth mentioning that
the cell voltage and its specific capacity (referred to the cathode)
shown in Figure 5 lead to a theoretical energy density approach-
ing 500 Whkg ™", and suggest the cell as suitable battery for pos-
sible scaling-up to achieve a new energy storage system. The
above theoretical energy density value, achieved by taking into
account the average cell voltage (i.e., 4.3 V), and the cathode spe-
cific capacity (i.e., 110 mAh g™?), may be reflected into a practical
energy density of 165 Wh kg™ which is calculated from the cath-
ode energy (i.e., 500 Wh kg ™), and a reduction factor of 1/3 typ-
ically adopted for the estimation of the LIBs energy density
including inactive elements such as cell case and current collec-
tors.!l In addition to the absence of cobalt, the LIB proposed in
this work can hold two further advantages. Hence, both spinel-
structure cathode and Sn@C anode can deliver a notably high
rate capability, thus allowing to the cell a high power density com-
pared to the conventional LIBs. Furthermore, the two electrode
materials are characterized by a good tap density which can
provide a competing volumetric energy density compared to
the state-of-the-art cells.!"

3. Conclusions
Two electrode materials, namely, Sn@C lithium-alloying anode

and LiNig 35Cu 1Mn; 45Alg 10, high-voltage spinel cathode, have

Energy Technol. 2022, 10, 2200725 2200725 (9 of 12)
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been synthesized and characterized for application in a new LIB.
Sn@C revealed the features of a nanostructured material formed
by metal particles with size below 100 nm hosted within the
micrometric carbon matrix, however with a fraction of Sn metal
located in external shells. The Sn@C has shown a metal content
extending over 40 wt%, and operated in lithium half-cell accord-
ing to the Li-(de)alloying process below 0.8 V versus Li*/Li with
limited impedance values. The cells delivered initial capacity of
about 630, 508, and 311mAh g ' at currents of 200, 600, and
1200 mA g *, respectively, that decreased and stabilized upon
25 cycles to values above 403, 357, and 268 mAh g after achiev-
ing an efficiency approaching 100% upon cycling. These data
indicated a good response of the Sn@C electrode at high current
values due to the nanostructured feature; however, the initial
decay attributed to possible loss of the Sn particles hosted
beyond the carbon matrix suggested the necessity of a more opti-
mized synthesis setup to achieve better performances. The
LiNig 35Cug 1Mn; 45Alo 104 has evidenced the cubic face-centered
spinel structure with relevant crystallinity and stability, without
impurities related to additional metal compounds such as the
Li,Ni; ,O. The cathode material was formed by aggregates
extended to tens of micrometers of interconnected nanosized pri-
mary particles ranging from 100 to 500 nm within a hierarchical
micro/nanostructure with uniform distribution of O, Ni, Cu,
Mn, and Al The LiNigj35Cuy1Mn;45Aly,10,4 revealed a well
reversible signature in lithium half-cell, with peaks in the interval
between 4.6 and 4.9 V versus Li™/Li corresponding to the Ni**/
Ni** and Ni**/Ni*" redox couples, and around 4.0 and 4.3V
versus Li*/Li due to Mn**/Mn*" and Cu®>"/Cu**, as well as a
low and stable impedance. The cathode delivered a capacity from
110 mAh g~ ' at C/12 to about 107, 102, 98, and 90 mAh g™ at
C/6, C/3, C/2, and 1C rates, respectively, with lower coulombic
efficiency at the low currents compared to high ones.
Furthermore, the efficiency raised to about 98% upon cycling
at 0.6C as the SEI layer was consolidated over the electrodes with
initial discharge capacity of 106 mAh g™" relevantly retained for
93% over 100 cycles, thus indicating a remarkable stability of the
LiNig 35Cug 1Mn; 45Alp 104 electrode promoted by the tuned
synthesis condition and the double substitutions with Cu and
Al for Ni and Mn. A full Li-ion cell coupling Sn@C and
LiNig 35Cup 1Mn; 45Alp 104 has been prepared and cycled at
C/3, showing a composite signature resulting from the sloped
profile of the anode and the symmetrical spinel-cathode trend
with an average working voltage of about 4.3 V, a coulombic effi-
ciency of 88% rapidly increasing and stabilizing at 97%, and an
initial capacity of 110 mAh g '. The data indicated a theoretical
energy density approaching 500 Whkg ™" (versus cathode mass)
that may lead to a practical energy density of 165 Whkg™' and
high power. It is worth mentioning that the initial capacity
exceeding 500 mAh g, the high tap density, and the excellent
rate capability of the Sn@C can potentially increase the gravimet-
ric and volumetric energy density of the cell as well as its power
density. However, the partial deactivation of the Li-alloying pro-
cess by cycling actually represents an issue still to be solved.
Nevertheless, the results reported herein show that this material
may be employed as a negative electrode combined with the
high-voltage LiNij35Cug1Mnj4s5Alp 104 spinel in a proof-of-
concept full-cell in alternative to the commercially available
LIBs. These promising features, along with the complete absence
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of the toxic and expensive cobalt, may possibly allow the achieve-
ment of a new energy storage system upon a further improve-
ment of the efficiency and cycle life.

4. Experimental Section

Synthesis of Sn@C Material: A 9.5 mL of distilled water was added to
0.5g of nanometric Sn powder (<150nm, >99% trace metal basis,
Sigma-Aldrich) and 2.38 g of sucrose (>99.0%, Fluka Analytical) to obtain
a water to sucrose weight ratio of 8:2, and Sn to C weight ratio of 1:2. This
mixture was heated in silicon bath at 50 °C, under magnetic stirring until
complete evaporation of water to precipitate a dry layer of sucrose
containing the nanometric tin. Afterward, the obtained solid was heated
in a tube furnace at 700 °C for 3 h using a heating rate of 5 °C min~" under
Ar/H, flow (5% H,) and cooled to the room temperature. The
material was subsequently ground in an agate mortar to achieve a fine
powder of the composite indicated with the acronym Sn@C. A carbona-
ceous matrix was synthesized using water/sucrose solution within the
same setup described for Sn@C material and used as the reference for
structure, morphology, and electrochemical response.

Synthesis of LiNig 35Cuq 1Mn; 45Alg 104 Material: The LiNig 35Cug 1Mn; 45
Alp.10,4 material was synthesized by a procedure described in a previous
paper for another spinel-type electrode in which we exploited a different
metal (Fe instead of Al), and developed the concept of the “multimetal”
doping as a synergic strategy that leads to a notable stabilization of the
cathode by the partial presence of inactive elements.*”) However, we
neglected herein the preparation of further samples using only Al or
Cu to avoid excessive limitation of the delivered capacity because
Al is not active, and Cu has a partial role at the lower voltage
values. LiCH;COO-2H,O (99%, Sigma-Aldrich), Ni(CH;COO),-4H,0
(99%, Sigma-Aldrich), Cu(CH3COO),-4H,0 (99%, Sigma-Aldrich),
Mn(CH;COO0),-4H,0 (99%, Sigma-Aldrich), and Al(NO3)3-3H,0 (99%,
Sigma-Aldrich) were dissolved in hydroalcoholic solution of water and eth-
anol (1:5V:V) with the molar ratio of 1.1:0.35:0.1:1.45:0.1, that is, using a
10% excess lithium source with respect to the stoichiometric amounts
required to achieve the LiNig35Cug1Mny 45Alo104 compound. An oxalic
acid solution (H,C;04-2H,0, Sigma-Aldrich) was added dropwise to
the same volume of the above metal acetate solution under constant stir-
ring to get a pale green suspension. The above suspension was stirred for
12 h at room temperature, and overnight at 80 °C to achieve a green pre-
cipitate (i.e., MC;04xH,0, where M =Li, Ni, Cu, Mn, Al) which was
ground into an agate mortar, transferred to a tube furnace, and then cal-
cinated in a dry air flow at 500 °C for 6 h using a heating rate of 5 °C min™".
The obtained oxide powder was pressed into pellets of 14 mm of diameter,
subsequently calcinated at 800°C for 12h using a heating rate of
5°Cmin~" in dry air flow, slowly cooled to room temperature, and finely
ground in an agate mortar.

Characterization: The crystal structures of Sn@C and LiNig35Cug 1
Mn; 45Alo104 were investigated by XRD using a Bruker D8-Advance
diffractometer employing a Cu Ko radiation by scanning 26 from 10° to
90° with a step size of 0.02° every 10s. The Sn@C diffraction patterns
were compared to bare Sn data collected from the International
Crystallographic Structures Database (ICSD) and to the diffraction pat-
terns of the synthesized reference carbon matrix. Phase identification
and crystallinity of the LiNig35Cuoi1Mny45Alg10, spinel were studied
through the Rietveld refinement using a MAUD analysis software and
the corresponding ICDS reference data.

Morphological characteristics, composition, and stoichiometry of the
samples were investigated by SEM (a Zeiss EVO 40 with a LaB6 thermionic
gun), SEM-EDS (a X-ACT Cambridge Instrument), and TEM (a Zeiss EM
910) with a tungsten thermionic electron gun operated at 100 kV.

The Sn content of the Sn@C material was determined through TGA, by
increasing temperature from 25 to 1000 °C with heating rate of 5 °C min~"'
in dry air flow with a Mettler Toledo-TGA 2 instrument.

The electrodes were prepared by casting a slurry formed by dispersing
the active material (either Sn@C or LiNig35Cuo1Mn 45Al0104), poly
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(vinylidene fluoride) (PVDF, Solef 6020), and Super P conductive carbon
(Timcal) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), with a weight
ratio of 8:1:1. The slurry was cast either on Cu foil (Sn@C) or Al foil
(LiNig 35Cug1Mny 45Al1O4) by using a doctor blade (MTI Corporation)
and subsequently dried at around 70°C for 3h to remove the
solvent. The obtained foils were punched into disks with the area of
1.539 cm? (diameter of 14 mm) and 0.7854 cm? (diameter of 10 mm).
These disks were collected and further dried overnight under high
vacuum at 110°C. The mass loading of the electrodes was between
1.5 and 3.0mgcm ™2 for Sn@C, and between 3.0 and 5.5 mgcm 2
for LiNig.35Cug.1Mny 45Alo104. CR2032 coin-type half-cells (MTI
Corporation, 14 mm electrode diameter) and three-electrode T-type
cells (10 mm electrode diameter) were assembled under Argon atmo-
sphere in a glove box (MBraun, O, and H,O contents lower than
1 ppm). Lithium metal disks were used as the counter/reference elec-
trodes in lithium half-cells, and 1 M solution (Sigma-Aldrich) of lithium
hexafluorophosphate (LiPFg) in a 1:1 viv mixture of ethylene carbonate
(EC) /dimethyl carbonate (DMC) in a Whatman glass fiber (GF/A) as the
separator. The electrochemical behavior of the electrodes in lithium
half-cell was studied using CV and EIS in three-electrode T-type cell
employing a VersaSTAT MC Princeton Applied Research (PAR) multi-
channel potentiostat. CV was performed within the potential range
from 0.01 to 1.5V versus Li™/Li for Sn@C and from 3.0 to 5.1V versus
Lit/Li for LiNig3sCuo1Mn;45Alo10,4 at scan rate of 0.1mVs '
Impedance spectra were collected at OCV before cycling the cell and
upon CV using an alternate voltage with an amplitude of 10 mV from
a frequency of 500 MHz to 100 mHz. NLLS analysis was performed on
the EIS spectra using a Boukamp software considering only fits with a y*
value of the order or lower than 107*.[6>6¢]

Galvanostatic cycling tests were carried out using a MACCOR Series
4000 Battery test system. The Sn@C was cycled in T-type lithium half-cell
using two-electrode configuration between 0.01 and 1.5V at specific cur-
rents of 200, 600, and 1200 mA g~ for 300 cycles. The cycling tests of the
LiNig 35Cuo.1Mny 45Alg 104 electrode were conducted in CR2032 coin-type
cell between 3.0 and 5.0V at the constant C-rate of 0.6C
(1C=147mAg™"), and by applying various C rates every 10 cycles,
namely, C/12, C/6, C/3, C/2, 1C, and moving back to a rate of C/12 at
the 51th cycle.

A Li-ion full-cell was assembled by coupling the Sn@C anode with the
LiNig 35Cug1Mnq 45Alg 104 cathode using the same electrolyte employed
for the half cells, i.e., EC:DMC 1:1 (v:v), 1M LiPF¢. The system was held
by a T-type configuration equipped with a lithium reference electrode in
order to check the behavior of Sn@C and LiNig 35Cug 1Mny 45Alg 104 elec-
trodes during full-cell operation. Prior to operate in the above Li-ion cell,
the Sn@C electrode was activated in a half-cell using the EC:DMC 1:1 (v:v),
1M LiPF electrolyte for 30 galvanostatic cycles at 200mA g™ between
0.01 and 1.5V, and a last cycle with charge limited to 0.9V to achieve
the steady-state performance (see Figure S4, Supporting Information).
The Sn@C]LiNig35Cug1Mny 45Alg 104 battery was prepared by using a
negative to positive (N/P) capacity ratio of about 1.3, determined by taking
into account the maximum capacity of Sn@C (630 mAh g™ "), the theoreti-
cal capacity of LiNig 35Cuo1Mn 45Al0104 (147 mAh g’1), and their mass
loadings (1.6 and 5.4 mg cm ™2, respectively). The full cell was cycled at C/3
rate in the 2.8-5.0 V voltage range (where 1C was 147 mA g~ referred to
the cathode mass). All the above-described cycling tests were performed at
the room temperature (25°C). An additional cycling tests of
the LiNig35Cuo1Mny 45Al104 in half cell was operated at 0.3C rate
(1C=147mAg™") in the voltage range from 3.0 to 5.0V by increasing
the temperature to 55 °C to check the electrode stability upon operating
at high temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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