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Tailoring the Electrochemical Performance of SnO,-Based
Anodes for Li-lon Batteries: Effect of Morphology and

Composite Matrix

Antunes Staffolani,* Leonardo Sbrascini, Gilberto Carbonari, Fabio Maroni,
Luca Minnetti, Luca Bottoni, and Francesco Nobili

1. Introduction

Three different composite anodes, based on SnO,, are investigated as

potential anode materials for lithium-ion batteries. Three different strategies
have been employed to stabilize SnO, upon cycling, i.e., i) use of an inorganic
matrix (TiO,), ii) use of an amorphous carbon matrix, and iii) use of SnO,
with a tailored morphology (nanorod) and a carbon coating. Specific
capacities, ranging from 700 up to 1000 mAh g, are obtained during
galvanostatic cycles with high-capacity retentions. Furthermore, this work
sheds light on the interfacial and transport properties of such electrode
materials, given by cyclic voltammetry at different scan rates, galvanostatic
intermittent titration technique, and electrochemical impedance spectroscopy.
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Nowadays, Li-ion batteries are the de-
vices of choice for energy storage appli-
cations; however, further developments
are still needed, especially when con-
sidering applications such as (hybrid-)
electric vehicles.'! The performance of
these devices are intrinsically dependent
on the materials used in the main com-
ponents, i.e., anode, cathode, and elec-
trolyte. In this regard, anode(cathode)
materials having high specific capaci-
ties and low(high) working voltages are
needed to meet the required energy
density in such applications. Furthermore, when considering
large markets such as transport electrification, and stationary
storage particular attention must be paid to the sustainabil-
ity and availability of the materials employed.[?! On the posi-
tive electrode side, several materials have already been success-
fully commercialized such as layered oxides with low Co con-
tent (LiNi; . ,Mn,Co,O, and LiNijzCoj ;5Al) os0,),1*! and olivine
phosphates (LiFePO,), while other materials such as high volt-
age spinel*® (LiNi,;Mn, ;0,) and multi metal olivine phos-
phates (LiM, Fe, ,PO,) are in the development stage.[>”] On the
other hand, the focus on negative electrode materials is rather
restricted to the commercially widespread graphite, and next-
generation anode materials, i.e., silicon, and silicon oxides.[®°!
However, all of them are included in the current critical raw ma-
terials list of the European Union!!%! and, thus, their supply, pro-
duction, and application in the European market are hindered.
As an alternative, a recent class of materials called conversion-
alloying materials (CAMs), which provide energy and Li stor-
age via conversion and alloying reactions, were proposed. These
materials are commonly oxides or sulfides of metal elements
which are reduced upon lithiation to the metal nanoparticles and
lithium oxide or sulfide (conversion reaction); consequently, the
formed metal nanoparticles react with Li via an alloying reac-
tion. Metals like Sn, Sb, Zn, Ge, etc. can form oxides and sul-
fides which work according to a conversion-alloying mechanism
and have been already intensively studied as candidate anode
materials.'"!2] Among them, SnO, has attracted particular in-
terest thanks to its high specific capacity of 1494 mAh g=1.[13]
However, like all CAMs, it suffers from a drastic capacity fading
due both to its structural rearrangement (given by the conver-
sion reaction) and volume expansion upon lithiation (given by the
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Figure 1. a) SEM micrographs of a bare commercial SnO, nanopowder. b,c) SEM and TEM micrographs of SnO,TiO, acquired at the magnification
levels 10 and 25 kX, respectively. d) Secondary electrons micrograph of SnO,/C acquired at the magnification level 500 X. e) Backscattered electrons
micrograph of SnO, /C acquired at the magnification level 500 X. f) TEM micrograph of SnO, /C acquired at the magnification level 50 kX. g) Secondary
electrons micrograph of C/SnO,NR acquired at the magnification level 500 X. h) Backscattered electrons micrograph of C/SnO,NR acquired at the
magnification level 500 X. i) TEM micrograph of C/SnO,NR acquired at the magnification level 100 kX. EDX elemental map of j-I) SnO,TiO, (green =

Sn, orange = Ti), m—o) SnO,/C (yellow = Sn, azure = C), and p-r) C/SnO,NR (q = Sn, purple = C).

alloying reaction). Several strategies have been employed in
literature such as i) metal-doping with elements which do
not undergo the alloying reaction!'*1¢! (for instance Co, Mn,
Ni, etc.), ii) preparation of composites with either carbon
matrices!'”!8] and/or other inorganic compounds,[**?°! and iii)
synthesis of nanostructured materials such as nanoparticle,!132!]
nanowires,!?224l nanotubes,?#%] and hollow nanostructures!?®!
able to “accommodate” the volume expansion occurring during
the alloying reaction. Other promising approaches include the
encapsulation of the metal oxide in a carbon matrix as reported
in ref. [27], and hybrid structures with other alloying materials
such as Silicon or Antimony.[28:2]

In this paper, a comparison study between three different
strategies employed for the stabilization of SnO, as anode ma-
terial is reported. The different approaches are: i) use of an ac-
tive inorganic matrix made of anatase TiO, as a buffering agent
(Sn0O,/TiO,), use of an active carbonaceous matrix (SnO,/C),
and use of nanostructured morphology (C/SnO, nanorods). The
structure and morphology of the composites were assessed and
compared by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-Ray Diffraction (XRD), and Raman
spectroscopy. The carbon content was quantified by thermogravi-
metric analysis (TGA). The electrochemical performance, as well
as the transport and interfacial properties of the materials, were
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assessed by galvanostatic cycling, cyclic voltammetry, rate capa-
bility, cyclic voltammetry at different scan rates, galvanostatic in-
termittent titration technique, and potentiostatic electrochemical
impedance spectroscopy.

2. Results and Discussion

2.1. Structural and Morphological Characterization

In Figure 1, the TEM, SEM, as well as elemental mapping of
the three studied composite anodes are reported. The bare SnO,
nanopowder (Figure 1a) is composed of spherical particles with
a diameter of ~ 100 nm, as provided by the manufacturer. In
the case of Sn0O, /TiO, (Figure 1b,c), large particles made of the
as-synthesized TiO, are visible and covered with SnO, particles.
This feature is also confirmed in the SEM micrograph taken at
higher magnification (Figure Sla, Supporting Information), in
which the large aggregates are covered by spherical particles with
diameter < 100nm. In the case of SnO,/C (Figure 1d), the com-
posite material is constituted by large porous particles of sev-
eral micrometers. As shown in Figure S1b (Supporting Informa-
tion), it is not possible to discern the distribution of the SnO,
particles in the carbon matrix. However, by observing the sam-
ple with backscattered electrons (Figure 1e), the surface of these
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Figure 2. Diffraction patterns of a) SnO,/TiO,, b) SnO,/C, and c) C/SnO,NR. Raman spectra of d) SnO,/TiO,, e) SnO,/C, and f) C/SnO,NR.

particles appears porous and covered with light spots, indicating
the presence of Sn. The TEM micrograph (Figure 1f) suggests
an embedding of the SnO, particles into the hard carbon ma-
trix. C/SnO,NR is characterized by a rod-like morphology with
uneven diameter (ranging from 0.5 pm up to 2 um). At higher
magnification levels (Figure Slc, Supporting Information) it is
clearly depicted that the rods are made of assembled SnO, parti-
cles with @ < 100 nm. On the TEM micrograph (Figure 1i) taken
at high magnification (100 kX) two overlapped rods are shown,
further confirming that they are made of assembled SnO, with
@ < 100 nm. The carbon coating was confirmed by comparing
Figure 1g,h, which were acquired with secondary and backscat-
tered electrons, respectively. In the micrograph acquired with
secondary electrons, the rods are embedded in the carbon ma-
trix and can be seen by a slight transparency. This feature was
confirmed in the image acquired with the backscattered elec-
trons in which the carbon matrix is not visible and, as expected,
only the brighter response from SnO, can be detected. Elemen-
tal mapping given by EDX confirmed the uniform distribution
of Sn and Ti in SnO,/TiO, (Figure 1j-1), Sn and C in SnO,/C
(Figure 1m-o), and Sn and C in C/SnO,NR (Figure 1p-1).

The carbon content was assessed by thermogravimetric anal-
ysis (Figure S2, Supporting Information). The weight losses due
to the oxidation of C to CO, were 12.44%, 44.04%, and 11.64%
for Sn0,/TiO,, Sn0,/C, and C/SnO,NR, respectively.

In Figure 2 the experimental diffractograms as well as the ex-
perimental Raman spectra of the three studied composites are
reported. In all three cases, the SnO, cassiterite phase (space
group P4,/mnm),3% was confirmed by both diffraction patterns
and the presence of the A, and B,, bands, located at 623 and
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766 cm™!, in the Raman spectra.3132] Further Raman peaks re-
lated to SnO, are visible in the samples SnO, /C and C/SnO,NR,
ie, 500, and 766 cm™, ascribed to the A,, v(TO), and B,,
modes, respectively, and are reported in Figure S3 (Support-
ing Information). In the case of Sn0O,/TiO,, additional features
were detected in both XRD and Raman spectrum, i.e., a peak
at 25.5 °, and a signal at 423 cm™. The former was indexed to
the 101 sets of planes of anatase TiO,,33] while the latter was
assigned to the B;, mode of anatase TiO, (RRUFF database,
RRUFEF-ID R060277.3).

The D and G bands of each spectra were fit with a Gaussian-
Lorentzian function**! (Figure 3). The two most intensive peaks
are the D, and G bands, which can be assigned to the disordered
sp’ C atoms or defective graphitic structures (A, , vibration of C;
rings), and in-plane stretching motion between sp? carbon atoms
(E,, vibration mode), respectively. The D; band can be assigned
to the lattice vibration similarly to the G-band, while the D, can be
assigned to oxygen-containing moieties. At last, D, is assigned to
the sp?—sp?® bonds at the edge of the graphite crystallite.?*] From
the fit result, the I, /I ratio, as well as the domain size of the
defective structure (L, Equation (1)).

I
L, (nm)=24-107 2% 2 1)
IG

where 4, is the wavelength of the excitation source in the
Raman spectrometer (532 nm). The calculated I,/I; ratios for
Sn0,/TiO,, Sn0,/C, and C/SnO,NR were 1.95, 1.87, and 2.31,
respectively. From these results, it was possible to calculate a
domain size L, of 37.48 nm, 35.95 nm, and 44.41 nm for
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Figure 3. Fitted D and G bands in the Raman spectra of a) SnO,/TiO,, b) SnO,/C, and C/SnO,NR with their respective R? and Ip; /I ratios. D, = red,

D, = green, D, = blue, G = purple, and D; = yellow.

Sn0,/TiO,, Sn0,/C, and C/SnO, NR, respectively. The calculated
I /1 ratios and L, are summarized in Table 1.

2.2. Electrochemical Characterization

In Figure 4a—c the 1st and 2nd cycles of cyclic voltammetry
of Sn0O,/Ti0,, Sn0,/C, and C/SnO,NR are reported. In all
three cases, a similar electrochemical behavior was observed,
with a sharp peak at E = 0.8 V (A) in the first cycle and
a larger peak at E = 0.2 V (B). Two more peaks were de-
tected only in the case of Sn0O,/TiO, at E = 1.71 V (T) and
E = 1.09 V (V) due to the lithiation of TiO, into Li TiO,l*]
and the polymerization of the VC additive at the electrode
surface giving a stable film made of poly alkyl Li-carbonate
species.¢]

Table 1. Summary of the calculated I/l ratios and domain size.

The two peaks A and B can be assigned to the conversion re-
action and alloying reaction, respectively, as described by the fol-
lowing equations Equations (2) and (3):11337]

Conversion reaction SnO, + 4e~ + 4Li" — Sn + 2Li,0 (2)
Alloying reaction Sn + 4.4Li* + 4.4e” < Li,,Sn (3)

In the conversion reaction, the metal oxide is reduced with
the formation of the corresponding metal nanoparticles (Sn) and
a matrix of Li,0.['] Subsequently, in the alloying reaction, the
formed Sn metal will form an alloy with Li. However, the conver-
sion reaction is a partly irreversible reaction!!*37); indeed, during
the second cathodic scan only a broad and less intense peak can
be observed. Furthermore, this behavior is confirmed by the two
broad peaks observed during the anodic scan at E = 1.26 V (A?)
and E = 1.91 V (A”) which can be assigned to the incomplete ox-
idation of Sn metal to its higher oxidation states.!'>3”] This issue
was attributed in literature to several reasons such as i) forma-
tion of large metal clusters upon the reduction reaction, which

o/l L [nm] can hinder the kinetics of the oxidation reaction afterward, and
SN0, /TiO, 1.95 37.48 ii) a larger energy barrier for the oxidation of Sn compared to
Sn0,/C 1.87 35.95 other TMs.['*38] Eventually, this will lead to the coarsening and
C/SnO,NR 231 44.41 the migration of the active material particles toward the electrode
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surface.
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Figure 4. Cyclic voltammetry was acquired during the first and second cycles of a) SnO,/TiO,, b) SnO,/C, and ¢) C/SnO,NR. v = 0.05 mV s~', 0.010

< E < 3.000 V versus Li*/Li.

On the other hand, the alloying reaction is a reversible process.
Indeed, a peak at E = 0.49 V (B) was observed during the anodic
scan and was assigned to the extraction of Li* from the Li Sn al-
loy. In addition, during the first scan at E < 0.8 V the formation
of the Solid Electrolyte Interphase (SEI) occurs,*! which can be
observed by the difference in intensity of the peak B between the
first and second scan. Sn0O,/C has shown slightly different re-
dox behavior when compared with the other two composite an-
ode materials, especially peak A due to the conversion reaction,
which is visibly less intense. This phenomenon is assigned to the
larger amount of carbon in SnO,/C (44.04% as shown in Figure
S2, Supporting Information) compared to the other composite
anode materials. Indeed, in the same potential region of peak
A, the intercalation of Li* ions into hard carbon also occurs,*!
which can explain the decrease of its intensity when compared
with the other two composite anode materials. In addition, the
SEI formation may be affected by the larger percentage of amor-
phous carbon.3!

Preliminary galvanostatic cycles were performed by applying
a CC-CV protocol, with a specific current I, =1 A g™ and a
constant voltage period at E = 0.010 V during lithiation until the
current reached the value I, = 0.1 A g~'.3°] The results are re-
ported in Figure 5. In the case of SnO,/TiO,, in the first lithia-
tion/delithiation, specific capacity values of 1763 and 1013 mAh
g~! were reached respectively, with an efficiency of 57%. The low
coulombic efficiency in the first cycle clearly reflects the occur-
rence of the mentioned irreversible processes, i.e., i) SEI forma-
tion and ii) reduction of SnO, to Sn. After a slight decrease in the
first few cycles, the material was able to deliver a stable specific
capacity of #900 mAh g~L.

In the case of SnO, /C, a coulombic efficiency of 62% was ob-
served, probably due to the lower amount of SnO, in the compos-
ite with respect to SnO, /TiO, (56% versus 66% for SnO, /C and
Sn0, /Ti0,, respectively). However, the lower amount of SnO,
also resulted in a lower specific capacity upon cycling with values
of ~800 mAh g!. In both SnO,/TiO, and SnO,/C, coulombic
efficiencies > 100% were observed after 60 cycles which are due
to the formation of dendrites at the counter electrode.[*!]

In the last case (C/SnO,NR), an initial coulombic efficiency of
65% was observed, even if this composite has the highest SnO,
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content among the three tested composite anodes. During the
further cycles, a specific capacity of ~1000 mAh g~! was observed,
with a decay in the last 20 cycles.

The results obtained by galvanostatic cycling are summarized
in Table 2.

The galvanostatic E versus Q profiles extracted from the 1st
and the 100th cycle are reported in Figure 5b,c. In the first lithi-
ation of Sn0O,/TiO, and C/SnO,NR, a plateau at E = 0.9 V was
observed which can be assigned to the conversion reaction, fol-
lowed by a sloping line until reaching the lower cut-off voltage
due to the alloying reaction and SEI formation. In the case of
SnO,/C, the plateau due to the conversion reaction was not ob-
served because it is probably covered by the Li* intercalation into
the hard carbon matrix and the SEI formation.*?] During delithi-
ation, in all three cases, three plateaus at E= 0.5V, E=1.3,
and E = 1.9 V were observed and assigned to the de-alloying and
oxidation reactions, respectively. At cycle 100, the shape of the E
versus Q profiles was preserved despite the small capacity decay
during cycling. The calculated dQ dE~! versus E differential pro-
files clearly reflect the observations done for the E versus Q pro-
files, i.e., a sharp peak at E = 0.8 V, denoting the occurrence of the
conversion reaction, followed by the broad peak at E = 0.2 V due
to the alloying reaction were observed during the first lithiation.
On delithiation, three peaks were observed at E=0.5V,E=1.2V,
and E = 1.9 V assigned to the de-alloying and oxidation reaction,
respectively. Furthermore, the dQ dE~! versus E profiles are in
good agreement with the results obtained by cyclic voltammetry.
C/SnO,NR showed the highest 1st coulombic efficiency among
the three tested candidates (65.23%). This behavior can be ten-
tatively explained by the morphology of SnO,, which can favor
electrolyte access and the kinetics of the conversion reaction. In-
deed, in both cyclic voltammetries (Figure 4) and dQ dE~! versus
E profiles (Figure 5d,e) a larger peak A due to the conversion reac-
tion and larger A’ and A” peaks for the oxidation reactions were
observed. However, if that is the case, the smaller SnO, particle
size would result in a larger specific surface area, which should
lead to a larger surface available for the SEI formation and, thus,
a larger irreversibility in the first cycle.

The three composite anode materials were further tested by
a rate capability protocol with the purpose of determining how
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Figure 5. a) Specific capacity versus cycle number of the three tested composite anode materials. Galvanostatic profiles of the b) Tst cycle and b) the
100th cycle. Differential dQ dE~" versus E profiles of the d) first cycle and e) the 100th cycle. CC-CV protocol with lspec = TA g land Iy =0.1A g in
the potential range within 0.010 < E < 3.000 V versus Li*/Li.

both the specific capacity and the average delithiation potential ~ content and small particle size, C/SnO,NR showed the highest
change with different current rates. The results are shown in  specific capacities when a current rate from 0.1 up to 5 A g!
Figure 6, and summarized in Table 3. As shown in Figure 6a,  was applied. However, at 10 A g™! SnO,/C was the best anode
the test was performed by increasing the current rate, from 0.1  material in terms of specific capacity, suggesting that at high
A gl upto 10 A g7}, every 5 cycles. Thanks to the high SnO,  current rates, not only the particle size, but also the overall
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Table 2. Average specific capacity and initial coulombic efficiencies of SnO,/TiO,, SnO,/C, and C/SnO,NR obtained by galvanostatic cycling.

First cycle lithiation

First cycle coulombic

Average lithiation capacity in Average coulombic

capacity / mAh g”! efficiency | % 100 cycles / mAh g~! efficiency | %
Sn0,/TiO, 1763 57.49 908 99.82
Sn0O,/C 1562 61.85 798 98.68
C/SnO,NR 1744 65.23 1007 98.34

electronic conductivity of the active material plays an important
role. In Figure S4a—f (Supporting Information), the galvanostatic
profiles, as well as the dQ dE~! versus E profiles at each current
rate are reported. In the case of Sn0O,/TiO, and C/SnO,NR, ata

low current rate, the galvanostatic E versus Q profiles are in good
agreement with the results shown in Figure 5b,c; however, as
the applied current increases the profiles progressively shrink.
This issue is less pronounced in the case SnO,/C in which

22000 100 = A=0.1AG
< 7 > B=02Ag"
£ 1500} : = -
> 75 .§ —0—8n0O,/TiO, C=05A 19
§ 1000 ) 150 5 © Sn0,/C D=1Ag1
Qo E=2Ag
g 500! . u %&&&5«&{«{&(& 25 £ C/SnONR F=5A 3-1
t JABCD G H | 3 G=10Ag"
& 0 10 20 30 40 50 S H=1Ag"

10,

< 5 :

< of <

L fo)

o 1 o

o5 So. 0.

5 5

0 0.2¢ © 0.2} 0.2

0.1 WE A () 1 -
0.5 10 15 20 25 3.0 0.5 10 15 20 25 3.0 0.5 1.0 1.5 20 25 3.0
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c 1.5 e) +Sn02/TIOZ 9000 3 OZ
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L 03 / Ta 9
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Figure 6. a) Rate capability test of SnO,/TiO,, SnO,/C, and C/SnO,NR. Contour plot of the differential dQ dE~" versus E during delithiation of b)
Sn0, /TiO,, c) SnO,/C, and d) C/SnO,NR. e) Average delithiation potential versus applied current rate.
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Table 3. Average delithiation capacity and coulombic efficiency at each current rate. Calculated average delithiation potential at each current rate.

Average delithiation capacity [mAh g~'] / Average coulombic efficiency [%)]

0.1Ag™! 02Ag™! 05Ag™" 1Ag™! 2Ag™! 5Ag™! 10Ag!
Sn0,/TiO, Q=1012mAhg™! Q=856mAhg™’ Q=69TmAhg”' Q=571mAhg"! Q=441mAhg”' Q=252mAhg”' Q=116mAhg™’

/ n=90.95% /n=97.01% | n=98.23% [ n=99.23% /n=99.95% | n=99.44% [ n=99.95%
Sno,/C Q=1060mAhg" Q=945mAhg”! Q=763mAhg! Q=664mAhg™! Q=567mAhg”! Q=543mAhg' Q=531mAhg’

/ n=90.05% [ n=96.25% /n=96.8% /n=98.95% | n=99.45% /n=99.6% /n=99.8%
C/SnO,NR Q=1155mAhg™" Q=1027mAhg™! Q=920mAhg™! Q=845mAhg”! Q=746mAhg™! Q=59mAhg' Q=377mAhg™’

| n=94.28% [ n=97.82% [ n=99.14% [ n=99.44% | n=99.74% | n=99.84% [ n=99.44%
Average delithiation potential [V]

0.1Ag™! 02Ag™! 05Ag™! 1Ag™! 2Ag™! 5Ag! 10Ag™!

Sn0, /TiO, 119V 117V 116V 116V 119V 131V 150V
Sn0,/C 1.09V 1.06 V 1.03V 1.03V 1.03V 1.02V 1.02V
C/SnO,NR 1.08 V 1.05V 1.03V 1.04V 1.07V 117V 138V

the E versus Q profiles slightly shrink while preserving the
shape and plateau positions. These behaviors are reflected in
the calculated differential dQ dE~! versus E profiles (Figure
S4d—f, Supporting Information), in which at a high current rate
the conversion/oxidation peaks of SnO,/TiO, and C/SnO,NR
were not observed. Furthermore, an appreciable shift of the
de/alloying peaks due to the polarization was observed, while
in the case of Sn0O,/C the peaks position and, thus, the redox
potential was almost unaltered by the current changes.

To shed light and better visualize the electrochemical prop-
erties of the proposed materials in terms of power capability,
contour plots of the dQ dE~! versus E profiles during delithia-
tion were calculated (Figure 6b—d). In this way, the average volt-
age during delithiation (or discharge of a full cell) can be graph-
ically estimated. The composites SnO,/TiO, and C/SnO,NR
performed in a similar way, having most of the capacity de-
livered at E = 0.5 V, where the alloying reaction occurs, and
shifting to higher potential values when current rates of 5 and
10 A g! were applied. In the case of Sn0O,/C, no potential
shifts because of polarization were detected, suggesting that the
high content of amorphous carbon can effectively mitigate this
issue.

Furthermore, the average voltage during delithiation was cal-
culated for each current rate by applying the following equation
Equation (4):

_ [T U@ dt
Ugel = Ot— (4)
f

where U is the average delithiation potential and t; is the time
duration of the half cycle. The results are shown in Figure 6e.
As for the results shown in Figure 6b—d, the lower the voltage
the better the power capability of the composite anode materi-
als. Sn0, /TiO, showed the worst performance, reaching average
potential values of 1.31 and 1.50 V versus Li*/Li at 5 and 10 A
g1, respectively. This behavior can be attributed to the low con-
tent of carbon in the composite and to the presence of TiO, which
possesses a low electronic conductivity (x1071°-107 S cm™1).[*3]
C/SnO,NR performed in a similar way, with the average poten-

Adv. Mater. Technol. 2025, 10, 2402058 2402058 (8 of 14)

tial values increasing in the last two current rates tested. Notably,
both composites showed an initial decrease of the average poten-
tial, with a local minimum at 1 A g~! followed by an increase
at the higher current rates. This feature can be attributed to the
more pronounced conversion reaction at low current rates, which
can be visually estimated in Figure 6b,c, with the light green re-
gionat E>0.5V.

2.3. Interfacial and Transport Properties Characterization

To investigate the interfacial and transport properties of the three
composite anode materials, cyclic voltammetries at different scan
rates, galvanostatic intermittent titration technique (GITT), and
potentiostatic electrochemical impedance spectroscopy (PEIS)
were employed. The results of the cyclic voltammetries at differ-
ent scan rates are reported in Figure 7. 10 different scan rates
within 50 and 500 uV s~! and with increments of 50 uV s~! were
employed. As clearly depicted in Figure 7a—c, with the increase
of the voltage step width the measured current increases, as ex-
pected, suggesting a diffusion-controlled behavior.

In Figure 7d—f, the intensity of the alloying peak during lithi-
ation versus the square root of the sweep rate is reported. In all
three cases, there is a linear relationship between the peak cur-
rent and v(*/?) as demonstrated by the R? coefficient of the linear
regression (R? = 0.99787, R? = 0.99798, and R? = 0.98109 for
Sn0, /TiO,, Sn0,/C, and C/SnO,NR, respectively). This feature
confirms a diffusion-controlled mechanism as provided by the
Randles-Sevcik equation!**! Equation (5):

nFvD; ; 5
RT ®)

i, = 0.4463nFAC<

where i, n, F, A, C, R, T, and D are the peak intensity, the num-
ber of exchanged electrons, the Faraday’s constant, the surface
area of the electrode, the concentration of Li* in the active ma-
terial, the gas constant, the sample temperature, and the Li dif-
fusion coefficient in the active material.[**! The slope of the lin-

ear fit can graphically represent the diffusion coefficient, with
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Figure 7. Cyclic voltammetry at different scan rates of a) SnO,/TiO,, b) SnO,/C, and c) C/SnO,NR. Peak intensity versus v(1/2) and the corresponding

linear fit of d) SnO,/TiO,, €) SnO,/C, and f) C/SnO,NR.

higher slope values indicating higher the Li apparent diffusion
coefficient. C/SnO,NR has shown the highest slope and, thus,
the highest Li apparent solid-state diffusion coefficient among
the three tested composite materials, witha D, ;; = 2.88 x 107"
cm? s71 versus 9.11 X 107 cm? s7! and 7.08 x 107 cm? s7!
for Sn0O,/TiO, and SnO,/C, respectively. This feature can be ex-
plained by the smaller particle size of C/SnO,NR (~40 nm) com-
pared to the first two composites (%100 nm); indeed, it can be
translated in a shorter diffusion path and could explain the bet-
ter electrochemical performance such as the higher specific ca-
pacity and the better rate capability. These results agree with the
calculated Dy, ;; obtained from GITT in Figure 8.

The electrodes were cycled 4 times with a specific current of
100 mA g~! prior to the GITT measurement to allow the for-
mation of a stable SEI. The titration was performed by apply-
ing a specific current of 100 mA g~! for 10 min followed by a
relaxation of 2 h to ensure the reaching of the equilibrium po-
tential. All three measurements (Figure 8a—c) are characterized
by the step-like curve in which the end of each rest step repre-
sents the equilibrium potential for the calculation of the Li diffu-
sion coeflicient. The apparent D|; was calculated according to the
formulal®! Equation (6):

4 (Vo \(dE, dE ,
Dy=— (Ioﬁ> <%/dt1/2> ,t<< L/Dy (6)
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where Dy, I, V,,,, F, S, and L are the lithium diffusion coefficient,
the applied current, the molar volume of active material, the Fara-
day’s constant, the electrode surface area, and the thickness of the
film. dE/d$ is the slope in the E versus § plot reported in Figure
S5a (Supporting Information), while dE/dt!/? is the slope in the E
versus t'/? plot (calculated for each GITT step) reported in Figure
S5b (Supporting Information). C/SnO, NR has shown the highest
D pp1i @among the three composite anode materials, confirming
the results obtained by the cyclic voltammetry at different scan
rates. Thus, a tailored morphology coupled to a small particle
size can effectively improve the apparent lithium diffusion coef-
ficient and, eventually, the electrochemical performances. Inter-
estingly, all the curves in Figure 8d—f seem to have six local min-
ima upon lithiation which, as suggested by R.A. Huggins,[*!! can
be indexed to the formation of three-phases equilibria between
Li,0, alithiated Li;Sn phase, and the next Li;, Sn lithiated phase.
However, to confirm these results, further measurements such
as in-/ex-situ X-ray spectroscopy and in-/ex-situ X-ray diffraction
are needed and will be subject to future work. The results are
summarized in Table 4.

The interfacial behavior at the electrode/electrolyte interface
was studied by using potentiostatic electrochemical impedance
spectroscopy (PEIS). In addition, the impedance measure-
ments were performed with the sole purpose of assessing
the stability of the composite electrodes upon cycling. Indeed,
the resistance of the charge-transfer process, and thus the

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 8. GITT curve of a) SnO,/TiO,, b) SnO,/C, and c) C/SnO,NR. Calculated D,; during lithiation of d) SnO,/TiO,, e) SnO,/C, and f) C/SnO,NR.

overall impedance, is strictly dependent on the state-of-charge
of the electrode materials!*’l; even though all the PEIS measure-
ments were performed at the same potential value, the state-of-
charge of each composite material is slightly different, as shown
in Figure 5. Briefly, ac-responses were acquired every 10th gal-
vanostatic cycle (I =1 A g!) at the bias potential E = 0.2 V with

Table 4. Summary of the three-phase equilibria in the D|; versus E plot
measured by GITT.

Potential / V Three-phases
vs Lit/Li equilibrium
A 0.85-0.75V Li,O-Sn-
Lig4Sn
B 0.65-0.60 V Li,O-Lig ,Sn-
Lig 71450
C 0.55-0.40 V Li,O-
Lig 71450
Lip33Sn
D 0.40-035V Li, O-Li 35-
Li, ¢Sn
E 0.35-0.30 V Li,O-Li, ¢Sn-
Li; sSn
F 0.35-0.20 V Li,O-Liz sSn-
Liy,Sn

Adv. Mater. Technol. 2025, 10, 2402058 2402058 (10 of 14)

a perturbation amplitude of AE = +5 mV. All the cells were held
at E = 0.2 V versus Li*/Li prior to the PEIS acquisition in order
to ensure the equilibrium condition.l*8] All the ac-dispersions are
characterized by four common features, i.e.: an intercept in the
real axis due to the conduction of charges in the electrolyte, an arc
in the high-frequency region due to the passivation layer (SEI), a
medium frequency arc due to the charge transfer resistance cou-
pled to the double layer capacitance and, at last, a low-frequency
polarization line due to the diffusion of Li into the active mate-
rial. At first sight, SnO,/TiO, showed a much higher impedance
compared to the other two composite anode materials. This fea-
ture can be explained by i) the low content of carbon in the com-
posite compared to SnO,/C, ii) the presence of TiO, which pos-
sesses a low electronic conductivity,®! and iii) larger SnO, par-
ticle size compared to C/SnO,NR. In all three cases, as the cell
is aged through galvanostatic cycling, the ac-dispersions slowly
shift to the right and increase in magnitude, suggesting a slight
degradation of the electrolyte and degradation of the electrode
and/or the electrode/electrolyte interface. To shed light on the
interfacial behavior of the proposed composites, the impedance
spectra were fit by using CNLS-fit (Relaxis 3 software, RHD in-
struments) with the equivalent circuit model shown in the first
row of Figure 9. The used ECM R (Rgr; Co) (R W]Qq) (writ-
ten in Boukamp’s notation)*) is constituted by a pure resistor
element R, to model the conduction of charges through the elec-
trolyte, an Rgp; Cgp; parallel to model the SEI layer in the anode,
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Figure 9. First row: Equivalent circuit model used for the CNLS-fit of the obtained ac-responses. Nyquist plot acquired every 10 cycles of a) SnO,/TiO,,
b) SnO,/C, and c) C/SnO,NR. Calculated resistance value obtained by CNLS-fit of the Nyquist plot of d) SnO,/TiO,, €) SnO,/C, and f) C/SnO,NR.

and a [R,W]Cy to model the charge transfer process coupled to
the electrical double layer with the Warburg element to model
the semi-infinite diffusion. During the fit procedure, all the ca-
pacitor elements were replaced by a constant phase element (Q
in Boukamp’s notation) to consider electrode inhomogeneities
and roughness.[*®! The calculated resistance values versus cycle
number are shown in Figure 9d-f. In the case of Sn0O,/TiO,, a
slight increase in the resistance associated with the SEI layer was
observed. This feature can be explained by the continuous struc-
tural and morphological evolution of the active material, which
could expose a fresh surface to the formation of a new passiva-
tion layer as well as the thickening of the already existing one. On
the other hand, the resistance associated with the charge-transfer
process sharply increases in the first 40 cycles, for then reaching
stable values around 100 Q. This behavior can be again explained
by the recurrent structural and morphological evolution of the an-
ode material as well as the agglomeration and migration of the
Sn particles to the electrode surface.l33] A slight increase of the
electrolyte resistance was observed in the case of SnO,/C, sug-
gesting a slight decomposition of the electrolyte and/or a slight
cell swelling. The Rgg; of SnO,/C slightly increases in the first 50
cycles for then decreases until reaching its original values. Such
a trend can be tentatively ascribed to a possible thickening of the
SEI layer in the first 50 cycles, for then having a redistribution

Adv. Mater. Technol. 2025, 10, 2402058 2402058 (11 of 14)

over the surface of the active material in the last 50 cycles.["¥] At
last, the R, of Sn0O, /C was stable at ~#10 Q for the first 50 cycles
for then increased> 15 Q, suggesting that the applied carbon scaf-
fold was able to mitigate the mechanical stresses in the electrode
for at least the first 50 cycles.

In the case of C/SnO,NR, the lowest impedance values were
observed among the three composites. The resistance associated
with the electrolyte experienced only small fluctuations during
100 cycles, while in the case of Rgy a steady growth was ob-
served, probably due to exposure to a fresh surface for a further
electrolyte decomposition given by the continuous structural and
morphological rearrangement of the active material. Concerning
R, an increase from ~20 up to %10 Q was observed in the first
60 cycles which, again, can be associated with the morphological
and structural evolution of the electrode material.

3. Conclusion

In this work, three different composite anode materials based on
SnO, have been synthesized and thoroughly characterized. All
the reported materials showed stable and high specific capacities
(almost three times higher than that of graphite); however, they
have shown intrinsically different properties mainly due to the
different strategies used for the stabilization of SnO,.
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When stabilized with an inorganic matrix (SnO, /TiO,) a high
and stable specific capacity of ~# 900 mAh g~! is obtained; how-
ever, the presence of an almost insulating material such as TiO,
led to poorer rate capability and larger overall impedance com-
pared to the other tested materials. The galvanostatic intermittent
titration technique revealed an apparent Li* diffusion coefficient
in the range of 1073-10"" ¢m? s71, in agreement with literature
values, with six local minima due to the formation of three-phases
equilibrium between Li,O, a lithiated Li;Sn phase, and the next
Lis,, Sn lithiated phase. A similar apparent diffusion coefficient
was obtained with cyclic voltammetry at different scan rates (9.11
x 10713 ecm? s71).

Sn0,/C has shown a slightly different redox behavior when
compared with the other tested materials. This is due to
the larger amount of carbon used for the stabilization, i.e.,
44.04% in SnO,/C versus 12.44% and 11.64% in SnO,/TiO,
and C/SnO,NR, respectively. The reduction peak (both in cyclic
voltammetry and in the differential galvanostatic dQ dE~! vs E
profiles) associated with the conversion reaction has shown a
lower intensity due to the simultaneous lithiation of the hard
carbon matrix. For this reason, a lower specific capacity of ~800
mAh g~! was measured. The measured apparent diffusion coeffi-
cient given by cyclic voltammetry and galvanostatic intermittent
titration technique has similar values and trends with SnO, /TiO,
as expected since both composites were prepared with the same
SnO, nanopowder. However, thanks to the larger amount of car-
bon (44.04%) compared with the other two composite anode ma-
terials, the materials has shown a better capacity retention at the
current rate of 5 A g' and 10 A g~'. On the other hand, when
smaller SnO, particles (& < 100 nm) arranged in a nanorod shape
(C/SnO,NR) are used, the highest specific capacity of 21000
mAh g‘1 was obtained. Thanks to the smaller particle size, a
higher apparent diffusion coefficient was measured (2.88 x 10712
cm? 7! by CV and between 1072-1071° cm? s7! by GITT) which
can explain the satisfactory rate response. Furthermore, as high-
lighted by EIS measurements, the C/SnO,NR electrodes have the
lowest overall impedance thanks to the morphology of the ac-
tive material. In addition, in all three cases, a worsening of the
charge-transfer kinetic and the electrode/electrolyte interface was
observed due to the well-known structural rearrangements and
volume expansion of SnO,-based anodes.

In summary, the different strategies adopted for the stabi-
lization of SnO,-based materials greatly affect the electrochem-
ical behavior and performance of the anode. Larger amounts of
hard carbon (SnO,/C) led to a lower specific capacity; however,
as shown by the rate capability test, the material demonstrated
better capacity retention at high current rates. Using TiO, as a
buffering matrix leads to a slightly higher specific capacity com-
pared to SnO, /C, given by the higher amount of SnO, in the com-
posite. However, due to the insulating nature of TiO,, the mate-
rial has shown the worst rate capability and the highest overall
impedance. The use of a tailored morphology can stabilize the
charge/discharge behavior as demonstrated with C/SnO,NR. In
addition, only a lower amount of carbon (11.64%) is needed to sta-
bilize the SnO,. In this regard, C/SnO,NR has shown the highest
specific capacity, a modest rate capability, and the lowest overall
impedance.
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4. Experimental Section

Materials:  SnO, nanopowder (<100 nm avg. part. size), polyacrylic
acid polymer binder (PAA, m.w. = 450 000 g mol~"), sucrose (>99.5%
(GCQ)), Tin oxalate (SnC,0,4, 98%), Titanium (IV) isopropoxide (Tech-
nipur, for synthesis), ethylene glycol (ReagentPlus, >99%), NH,OH (ACS
reagent, 28.0-30.0% NHj basis), and Lithium (99.9% trace metals basis)
were acquired form Sigma-Aldrich (Merck S.p.A., Milan, Italy) and used as
received.

Super C65 carbon and 1 m LiPFg in ethylene carbonate:dimethyl car-
bonate (EC:DMC 1:1 vol) + 2% vinylene carbonate electrolyte solution
(2% VC) were acquired from Timcal C-Energy (Paris, France) and Solvionic
(Tolouse, France), respectively, and used without any further purification.

Whatman GF/A glass fiber separators were acquired from Sigma-
Aldrich and dried at 270 °C for 72 h in a Biichi vacuum oven (Biichi B-585)
before transferring inside the glovebox.

Synthesis of SnO,/TiO,: SnO, nanopowder was dispersed in iso-
propanol by ultrasonic treatment (50 W power-continuous mode,
Hielscher UP100H, Teltow, Germany) to achieve a homogeneous disper-
sion. Triton X-100 was added as a capping agent!°] and magnetic stirring
was maintained for 2 h. Titanium (IV) isopropoxide (Sigma-Aldrich) was
added and the temperature was raised to 80 °C. Eventually, aqueous am-
monia solution (30% v/v) and ultrapure water were added dropwise to the
solution, and the formation of a pale-yellow precipitate was observed. Af-
ter the solvent evaporation overnight at T = 70 °C, the powder was treated
in a tubular furnace at 600 °C for 4 h under Ar atmosphere (thermal gradi-
ent: 5°Cmin~', Q= 1L min~T) to obtain Anatase crystal phase.[>'] The
weight ratio between SnO, and TiO, is 3:1.

Synthesis of SnO,/C:  SnO,/C was synthesized following a simple and
fast procedure. First, a certain amount of sucrose was dissolved in ethanol.
Then, commercial SnO, nanopowder was dispersed into the above so-
lution with the help of an ultrasonic immersion stirrer (50 W power-
continuous mode, Hielscher UP100H, Teltow, Germany), considering a
final ratio of SnO,:C 1:1. After 1 h the dispersion was heated at 70 °C until
complete evaporation of the solvent. The obtained powder was ball-milled
(Retsch S100 planetary ball mill) by using an Agata jar and Agata spheres
of @ =10 mm (ball to powder weight ratio 10:1) at 400 rpm for 2 h. Even-
tually, the powder was collected and treated in a tubular furnace at 600 °C
for 4 h under an Ar atmosphere (thermal gradient: 5 °C min™!, Q,, = 1L
min~') to obtain the amorphous carbon matrix.

Synthesis of C/SnO,NR: SnO, nanorods have been synthesized by
a modified polyol-mediated oligomerization of SnC,0, nanowires.[>2->4]
Briefly, 200 mL of ethylene glycol were heated at T = 160 °C. Afterward,
2 g of SnC,0,4 and 1 g of Pluronic P123 were dissolved in EG. The solution
was left at T = 160 °C for 12 h. Eventually, the powder was collected by cen-
trifugation and thoroughly washed with u.p. H,O and EtOH. The SnC,0,
was finally converted into SnO, by thermal annealing in a tube furnace at
500 °C for 4 h (ramping rate = 1°C min~', Q,;, 1L min™").

The carbon coating was prepared by dehydration of sucrose in the pres-
ence of H,SO,. SnO, nanorods were dispersed in a solution of sucrose in
u.p. water (sucrose: SnO, ratio of 3:1). Then, 10 L of conc. H,SO, was
added to the above solution and heated at T = 100 °C for 4 h. Eventually,
the temperature was raised to T = 160 °C until the solution was evapo-
rated. The powder was then collected, grounded, and eventually treated in
a tube furnace at T = 600 °C for 4 h in Ar atmosphere (ramping rate = 1°C
min~', Qs 1L min™T).

Structural and Morphological Characterization: The structure of the
SnO, composite powders was determined by Raman scattering and X-ray
diffraction. A Horiba iH320 Raman spectrometer equipped with a 532 nm
laser source, and a Philips diffractometer equipped with a Cu-Ka source
(4 = 1.540 A) were used, respectively. The morphology of the samples
was assessed by a field-emission scanning electron microscope from Zeiss
(Zeiss Sigma series 300).

Thermal Characterization: The carbon content was quantified by using
a Perkin-Elmer STA6000 TGA-DTA, from r.t. up to 800 °C with a rate of 10 °C

min~" in air atmosphere (10 mL min~").
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Electrode Processing: The electrode layers were prepared by doctor
blade technique. All the slurries were prepared with the same formula-
tion of 70:20:10 of active material, conductive carbon additive (Super C65
carbon), and binder (polyacrylic acid, PAA), respectively. First, the binder
PAA was dissolved in ethanol to obtain a 5% solution. To ensure proper
electronic contact, the active material and the carbon additive were finely
ground in an agate mortar before adding them to the slurry. The mixed
powders were then added to the binder solution reaching a solid content
of ~ 40% and stirred for 12 h. Eventually, the slurries were cast onto cop-
per foil (MSE supplies, thickness = 9 um) with a blade gap of 150 um. The
electrode layers were then dried at 70 °C for 2h. Circular electrodes of @ =
9 mm were cut using an electrode puncher (EL-Cut, EL-CELL). Eventually,
the electrodes were pressed at 4.7 tons cm™2, weighted, and vacuum dried
at 120 °C for 12 h before transferring to the glovebox. The average loading
of active material was ~1.5 mg cm~2.

Electrochemical Characterization: Three-electrode cells have been used
for the electrochemical characterization employing the active material as
working electrode, and Li metal as both counter and reference electrodes.
1M LiPFg in EC:DMC (1:1viv) + 2% VC was used as electrolyte, and What-
man GF/A glassfiber discs as separator (@ = 12 mm). Swagelok-type cells
were used for Cyclic Voltammetry (CV), Galvanostatic Cycling (GC), Rate
Capability (RC), and GITT. Prior to any electrochemical characterization,
an open circuit voltage period of 12 h was used. Cyclic voltammetry was
acquired from a scan rate of 50 up to 500 uV s~ with 50 uV s~ increment
steps. Galvanostatic cycling experiments were performed by applying spe-
cific currents ranging from 0.1 up to 10 A g~'. ECC-REF cells (EL-CELL
gmbh, Hamburg, Germany) were used for Potentiostatic Electrochemical
Impedance Spectroscopy (PEIS). Impedance spectra were acquired every
10th cycle at selected bias potential E = 0.2 V by applying a sinusoidal
voltage perturbation of AE + 5 mV in the frequency domain 7 mHz < f
< 200 kHz, and with 10 points per decade in logarithmic spacing. All the
electrochemical measurements have been performed in the potential win-
dow 0.070V < E < 3.000 V. If not stated, all the potential values are referred
to as the Li*/Li redox couple (—3.041V vs SHE).

The specific capacities were calculated according to the mass of the
composite active material as shown in Equations (7-9):

Specific capacity (mAh g_l) =

measured capacity (mAh)

; for SnO,/TiO 7
SnO, /TiO, mass (g) or $n02/T0z )
Specific capacity (mAh g_]) =

measured capacity (mAh); for C/SnO, ®)

C/SnO, mass (g)
Specific capacity (mAh g™') =
d it Ah
measured capacity (mAR). ¢ sn0,NR ©)

C/SnO,NR mass (g)

All the cell assembly procedures were carried out inside an Ar-filled
glovebox (Jacomex GP-Campus, Dagneoux, France) with H,O and O,
levels < 1 ppm. All the electrochemical measurements have been per-
formed on a VMP-3 multichannel galvanostat/potentiostat/FRA (Bio-
Logic, Seyssinet-Pariset, France).
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