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ABSTRACT

Development of high-performance SnO; anodes is hampered by its peculiar electrochemical
behavior, characterized by two processes: conversion and alloying reactions. The conversion reaction
being irreversible leads to specific capacities lower than theoretical, however rational design of
nanosized SnO> can mitigate this issue, though SnO> low conductivity and electrode pulverization
justify the need of carbon matrices. Some carbon structures proved to be strongly effective at
laboratory-scale, but most are too expensive or complicated to obtain for scaling-up. Herein, we
exploit the high concentration of oxide and carboxylic surface functional groups of C-NERGY™
Super C45 carbon black for one-pot synthesis of ultrafine SnO; nanoparticles over the carbon surface.
These functional groups accomplish the hydrolysis/oxidation of SnCly, resulting in finely dispersed
SnO; nanoparticles (5 nm in average size) growth over C45. Presence of oxygen species on C45
surface, accessible to tin, prevent fast formation of LiO, allowing to achieve high capacity and
extreme electrode stability. The assembled cells with SnO2/C45 exhibit for more than 400 cycles the
reversible capacity of 560 mA h g'! per pure SnO; (after subtracting C45 contribution) at 1C,
demonstrating prolonged cycling operation thus providing an interesting opportunity for scalable

production of stable and high-capacity battery anodes alternatively to graphite.



1. INTRODUCTION

Lithium-ion batteries (LIBs) are well established energy storage devices for electronic,
transportation and renewable-energy applications [1]. To meet the rapid growth of lithium storage
energy density and safety requirements [2], high voltage cathode materials [3] non-flammable solid
electrolytes [4] and polymer electrolytes [5] as well as high capacity anode materials [6] are currently
under development. As concerns LIB anodes, those based on graphite can surely satisfy long lifespan
and low-cost manufacture but have the disadvantages of low theoretical specific capacity (372 mA h
g}) [7] and safety issues related to lithium deposition. A key challenge for high capacity and safer
anodes is the replacement of graphite with active materials that can store more Li ions, such as tin
dioxide. The peculiarity of SnO> reaction mechanism includes both conversion and alloying reactions,
which explains the high theoretical specific capacity, which is four folds higher than that of graphite
(782 mA h g! cycled in the voltage range of V = 0.005—1.0 V; and 1493 mA h g! cycled in the
voltage range of V =0.005-2.0 V) [8]. This feature, combined with SnO- intrinsic non toxicity, high

chemical stability and low cost, could allow to achieve sustainable high energy density batteries.

During lithiation, the reactions at the SnO: electrode involve both conversion and alloying

processes according to the following [7]:

ALi* + 4e + SnO; — 2 Li,O + Sn (1)

xLi* +xe” + Sn = Li,Sn (0 <x < 4.4) )

The electrochemical conversion of SnO> to metallic Sn and Li>O (reaction (1)) occurs at 1.2 V vs.
Li*/Li, while reaction (2) defines the reversible alloying/dealloying of Sn, which forms a series of

LixSn-type alloys with lithium below 0.5 V vs. Li*/Li [8]. One of the main issues of tin dioxide anodes
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is the rapid capacity loss seen upon cycling, with typical 50 % capacity loss at the first cycle and
Coulombic efficiencies lower than 52 % [9]. Reaction (1) was initially believed to be the critical step
to achieve the high capacity due to the irreversible conversion of Li.O to SnO., driving the large
capacity loss (about 50 %) and the low Coulombic efficiency of SnO, anodes [10]. Subsequent
findings suggested that the conversion reaction is partially reversible using SnO2 nanoparticles as the
active material [11]. Photoelectron spectroscopy XPS studies underlined the overlap of the
conversion, alloy, and electrolyte decomposition reactions in the 1.2—0.4 V vs. Li*/Li range that
concur to incomplete SnO> conversion and to the inability in regenerating the reduced SnO> on the
subsequent oxidative process [9]. Recent studies on thin-film electrodes emphasized the presence of
partially  reversible intermediates  during lithiation, while  during  de-lithiation,
decomposition/dissolution of Li2O is found to occur in parallel to the de-alloying reaction [12].
Although the experimental identification of those intermediate species is still not fully understood, to
date, research has proven that substantial improvements of the electrochemical performance are

mostly achieved by downsizing SnO: particles to nano-scale [10,13-14].

The other drawback that hampers SnO- application in LIBs, so that no commercial cell is actually
exploiting this anode, is the enormous volume expansion and contraction on lithiation/delithiation
during alloying (reaction (2)). This results in relevant stresses, loss of contact among particles and
pulverization of active material. Reducing particle size limits the stresses arising from the
lithiation/delithiation process and it is recognized that most appropriate particle dimensions should
be lower than 10 nm [15]. To overcome this issue, the strategy is to achieve a good distribution of
nanoparticles in a light matrix that restrains volume expansion and provides electronic conductivity.
Well-designed nanostructured composites of SnO2 and carbon with graphene [16,17], carbon
nanotubes (CNTs) [18,19], ordered mesoporous carbon nanospheres (OMCS) [20] and others
carbonaceous materials [21] were developed [22] to buffer SnO2 volume expansion and prevent

aggregation and pulverization of particles. However, the synthesis of composites generally involves
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two steps: preparation and/or surface activation of the carbon matrix followed by the growth of tin
dioxide particles directly on the carbon support by hydrothermal [23-25], microwave-assisted
hydrothermal [20] sono-chemical [26] or electrospinning [27] methods. Some of these approaches
are expensive, require the use of solvents or complex techniques that make their scale-up extremely
difficult and such complexity is not in line with requirements of cost affordable batteries [28,29]. To
date, newly developed commercial conductive carbon blacks are available [30] that enable water
based slurries for electrode manufacture. The easy C45 dispersion in water or in other polar solvents
is due to the its particular surface group chemistry. The presence of surface oxide and carboxylic
functional groups gather the possibility to tailor the nature of interaction with the metal oxide (SnO2)
especially when the wet impregnation technique is used in the preparation of the composite material.
The surface oxygen functional groups on the carbon provide anchorage sites for metal oxide precursor
and act as active centers for nucleation. Moreover, such surface groups decrease the hydrophobicity
of the carbon and this eases the access of metal precursor solutions [31]. Such conductive carbons are
widely and commercially available since they are currently used as additives in lithium batteries in

combination with water soluble binders.

Herein, we propose a hassle-free approach to prepare SnO,/C composite using a simple, fully
sustainable and economic synthesis process, in which tin oxide is in situ nucleated on commercial
carbon black C-NERGY™ Super C45 (Imerys Graphite & Carbon) in form of homogenously
distributed nanoparticles. The synthesis is carried out by wet impregnation without any acid treatment
or high temperature process. We focused on the presence of the existing oxygen species on the carbon
surface that are accessible for tin and promote Sn-O-C interactions, suggesting synergies between the

two components, with an active role of the carbon support in the SnO2 conversion reaction.

2. EXPERIMENTAL SECTION



2.1. Material preparation

The synthesis of SnO2/C45 consists in two simple steps: in situ deposition of SnO, on C45
followed by elimination of the impurities. In situ deposition of SnO2 was achieved by pouring an
aqueous solution of SnCl2-2H>0 (purity > 98 %, Sigma-Aldrich) on commercial carbon black
(TIMCAL C-NERGY™ Super C45- Imerys) to obtain a semi-solid sludge with Sn/C = 2/3 (mass
ratio). Typically, SnCl2-2H>0 (1.2 g) was dissolved into Milli-Q® water (12 g) to obtain a milky
suspension (9.0 % w/w, pH = 1.74). Then C45 (2.0 g) was added to the suspension under stirring at
room temperature. Finally, the sludge was dried in oven (80 °C) overnight, to obtain the raw
Sn0,/C45 material. In the second step, the removal of impurities was carried out by washing the
sample with water and centrifuging (10000 rpm for 15 minutes) several times until pH raised 4.0. The

so obtained product was dried in oven (80 °C) overnight and labelled SnO,/C45.

2.2. Material characterization

The thermal stability and the amount SnO> were detected by TGA in air from room
temperature to 850 °C, at the heating rate of 10 °C min~* using a SETARAM 92. XRD analysis was
carried out by a PANalytical X'Pert (Cu Ka radiation) diffractometer. Data were collected with a 2D
solid state detector (PIXcel) from 10 to 80° 26 with a step size of 0.026 26 and a wavelength of
1.54187 A. Crystallites size was determined according to Scherrer equation by comparing the profile
width of a standard profile with the sample profile. The Scherrer equation relates the width of a

powder diffraction peak to the average dimensions of crystallites in a polycrystalline powder:

D =K AP 26yik cosO

where B is the crystallite size contribution to the peak width (full width at half maximum) in

radians, K (shape factor) is a constant near unit and D is the average thickness of the crystal in a
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direction normal to the diffracting plane hkl. Profile fits were performed using X'Pert High Score
Plus, using Pseudo-Voigt peak function with Ka; and Kaz fitting on a background stripped pattern.
The sample-induced peak broadening f was determined by subtracting the instrumental peak width
from the measured peak width. The instrumental broadening was determined using LaBes powder

(NIST SRM®660a, size of crystallites in the 2 pm -5 pm range).

FESEM analysis was carried out by Zeiss SUPRA™ 40 with Gemini column and Schottky field
emission tip (tungsten at 1800 K). Acquisitions were made at acceleration voltage of 3 kV and
working distance (WD) between 2.1-85 mm, with magnification up to 1000 KX. The
scanning/transmission electron microscope (S/TEM) analysis was carried out using a Thermo
Scientific™ Talos F200X. X-ray photoelectron spectroscopy (XPS) measurements were carried out
using a PHI Model 5000 electron spectrometer equipped with an aluminium anode (1486 eV)
monochromatic source, with a power of 25.0 W, and high-resolution scan with 11.75 eV pass energy.

The instrument typically operates at pressures below 5 x 10 mbar.

The Brunauer-Emmett-Teller specific surface area (SSA) was determined by nitrogen
physisorption at 77 K using a Micrometrics ASAP 2020 instrument. The specific surface area was
calculated with the BET model in the relative pressure range of 0.07-0.30 by assuming 0.162

nm?/molecule as the molecular area of nitrogen.

2.3. Electrochemical measurements

The working electrodes were prepared by solvent tape casting method. An aqueous based
slurry of the as-prepared SnO,/C45 sample was mixed with sodium-carboxymethilcellulose binder
(Na-CMC, Deicel), in the weight ratio of 90:10. In the slurry preparation sodium carboxymethyl

cellulose was chosen as aqueous binder, assuming that carboxyl groups and the other functional



groups of this polysaccharide can form strong covalent bond with the surface groups of SnO,/C45,
giving major stability to the electrode. The mixture was mechanically deposited on the copper current
collector by Doctor Blade technique. The blade was adjusted for 200 um deposition using an
automatic film applicator (Sheen 1133N) with a speed of 50 mm/s. After solvent evaporation in air,
disks of 2.54 cm? were punched out, vacuum dried at 120 °C (Biichi Glass Oven B-585) for 4 h, then
transferred into an Argon filled dry glove-box (MBraum Labstar, HoO and O» content < 1 ppm) for
cell assembly. The active material loading of the Sn0,/C45 was ~ 0.7 mg cm™. For comparison
electrodes of pure C45 and, commercial SnO> (Sigma Aldrich, product number 549657, SnO»

nanopowder, <100 nm avg. part. size) mechanically mixed with C45 (29:71) by ball milling at 20

Hz for 20 minutes (named commercial SnO, + C45), were prepared following the same procedure.
The electrodes were assembled either in T-cells (for CV) or in 2032 coin-type cells (for GC); with
lithium foil (Chemetall Foote Corporation) as counter and reference electrode and two glass-wool
disks (Whatmann GF/A; 0.63 mm thickness) each as the separator. The electrolyte was a solution 1.0
M of lithium hexafluorophosphate (LiPF¢) in 1:1 mix of Ethylene Carbonate (EC) and Diethyl
Carbonate (DEC) + 1.0% Vinyl Carbonate (VC) (battery grade, Solvionic). The cycling performance
was investigated by means of galvanostatic discharge-charge cycling (GC) using an Arbin BT-2000
battery tester at room temperature. GCs were carried out in the potential interval 0.01-2.0 V vs. Li*/Li
at different current rates. For cyclic voltammetry (CV), the electrode potential was reversibly scanned
between 0.01 and 2.0 V vs. Li*/Li at 0.5 mV /s. The scan started from open circuit potential (OCV)
towards the cathodic branch of the potential scan. In the tests, discharge refers to the lithium insertion

process, while charge refers to the lithium de-insertion process.

3. RESULTS AND DISCUSSION

3.1. Morphological characterization of SnO2/C45



The steps involved in the synthesis of sub-5 nm SnO> nanoparticles spatially distributed on carbon
black C-NERGY ™ Super C45 are schematically illustrated in Fig. S1. The strategy allows one-shot
production of SnO>/C composite exploiting the ease of the hydrolysis and the advantage of surface
chemistry of C45, which contains high concentration of oxygen functional groups [30]. The chemical
behavior of SnCl; in excess of water depends on many factors such as the solution concentration, the
pH and the presence of aerial oxygen. SnCl; is readily soluble in water where the following reaction

(Equation (3)) occurs [32-34]:

2SnCl, + O2 + 2H20 — 2Sn0O2 + 4HCI 3)

However, if the pH ranges in the interval of 1.24 - 4.13, Sna(OH)2Cle colloidal particles are formed

as a result of the hydrolysis reaction (4) [32]:

4SnClz + 2H20 2 Sna(OH)2Cls + 2HCI (4)

The Sns(OH)2Cls phase converts into SnO thus, hydrolysis of SnCl, requires HCI acid environment
at pH down below 1.24 to obtain SnO, [32,35]. However, by wet impregnation, SnCl, undergoes
direct hydrolysis/oxidation and acidification is not needed [36]. For the purpose, the easy dispersion
of C45 in aqueous environment allows the use of a concentrated SnCl> solution to form a semi-solid
slurry instead of a liquid mixture. First, a milky-white colloidal suspension is produced by
solubilizing SnCl2+2H20 in distilled water, after addition of C45 to the colloidal suspension, the
positively charged Sn(OH)* species [37] can be easily loaded on the carbon surface, by electrostatic

interactions with the negatively charged surface groups of C45, where they experience hydrolysis:

Sn(OH)*CI-(ag) + H20(l) — Sn(OH)x(aq) + HCI ()



Owing to oxygen in air, tin (1) is oxidized to tin (IV) [38] so that Sn(OH).(aq) self-evolves into
ultra-small SnO2 nanoparticles on the surface of C45 (reaction (6)); the latter supplies nucleation sites

for the deposition:

Sn(OH)2(aq) + ¥2 O2(g) — SnO2 + H20 (6)

It is worth noting that C45 is essential to obtain SnO. nanoparticles. C45 presents oxide and
carboxylic acid surface functional groups and lower degree of graphitization (sp? carbon
concentration) in comparison to other commercial carbons. For instance, SnO2 nanoparticles are not
formed with commercial graphite (TIMREX® SLS30 TIMCAL graphite, CAS number: 7782-42-5),
although such type of graphite is typically suitable for aqueous based slurries [39]. In this respect,
C45 does not act as a mere carbon support but directs the homogeneous nucleation of SnO;
nanoparticles. This is consistent with previous thermodynamic studies [34] demonstrating the
tendency of tin ions to form complexes on activated carbon (AC) sites [40]. Particularly, oxygen
containing groups on the carbon surface are responsible for the chemical attraction of positively
charged tin species [20] and this stems from the fact that Lewis basicity associated to the aromatic
rings in the activated carbons is weak [41] and the main basicity results from the oxygen containing
groups [36]. Fig. 1 depicts the XRD, TGA analyses and N adsorption/desorption measurements for
sample SnO2/C45. In Fig. 1a, the XRD pattern of C45 clearly shows two peaks at 25° and 44°, which
are assigned to (002) and (101) graphitic planes, respectively [42]. In the XRD pattern of SnO,/C45,
three main broad peaks at 26.5°, 33.9° and 51.8° correspond to the (110), (101) and (211) planes of
rutile-tetragonal SnO2 phase (JCPDS card No. 41-1445). The peak broadening is attributed to the
small particle size of SnO., which average size is calculated to be about 5.0 nm according to

Scherrer’s equation [43].
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Please insert here Figure 1

Here the particle size is comparable to that of SnO> prepared via hydrothermal method and
encapsulated in graphene 2D layers [44,45], which achieved high reversible capacities of 800-1350
mA h g over 500-1000 cycles. Thermogravimetric analysis (TGA) was performed on SnO,/C45
under air atmosphere between 25°C and 800 °C in order to estimate the ratio of SnO2 and C45 from
the residual SnO2 weight, after oxidative decomposition of C45 (Fig. 1b). The TGA analysis was also
carried out in the same experimental conditions, on the mixture consisting of commercial SnO>

(Aldrich) and C45, mechanically mixed in the ratio 29:71 w/w for comparison.

The TGA curve of SnO2/C45 points out two stages of weight loss. The initial weight loss in the
temperature range of 25-200°C is due water and gases absorbed from the ambient atmosphere. Next,
the decomposition of the surface functional groups on the C45 is observed at 200°- 450°C [46]. The
TGA of SnO/C45 also shows a small inflection after 500 °C due to the oxidation of residual stannous
compounds. The significant weight loss observed between 500 and 600 °C is ascribed to the carbon
combustion. Above 600 °C, the residual weight is attributed to SnO. The mass percentage of SnO>
in the composite is around 29 wt %. It’s worth noting that combustion of SnO2/C45 starts at lower
temperature (about 500 °C) than that of the mechanically mixed commercial SnO2-C45 powders,
which is about 650 °C. According to the catalytic effect known as Mars—van Krevelen mechanism
[47], oxygen does not oxidize carbon directly, but is activated by transformation into lattice oxygen
on the surface of SnO2[48], which presents defects ensuring the high mobility of such lattice oxygen
[49]. The resultant shift of the oxidation temperature requires the close proximity of tin dioxide to
carbon and explains the metal oxide/carbon composite formation, confirming the strong chemical
interaction between SnO2 and C45 in SnO2/C45[46]. The BET specific surface area (SSA) is

evaluated by means of N. adsorption/desorption isotherms (Figure 1 c¢,d). The BET values of C45
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and SnO,/C45 are 52 m? gt and 65 m? g%, respectively. The slight increase in the SSA of Sn02/C45
can be due to the SnO- nanoparticles piled on the outer sphere of C45. The N2 adsorption/desorption
isotherms of pure C45 and SnO2/C45 composite are compared in Fig. 1c. The curves show type 1l
isotherms with a small hysteresis at low p/po range. The hysteresis loop is classified as H3 type,
typical for non-rigid aggregates with a pore network consisting of both mesopores and macropores
(Fig. 1d). The SnO2/C45 composite displays the same inhomogeneous micro-meso porosity of the
parental carbon (Fig. 1d inset) and no relevant change of porosity is observed, as the geometrical area

of C45 primary particles mostly contributes to the surface area of the material [31].

The fine dispersion of sub-5 nm SnO, nanoparticles is confirmed both by TEM and by FESEM
analyses. C45 consists of slightly large primary particles, with average particle diameter ascribed
between 40 — 60 nm [31], as shown in Fig. 2e-f. FESEM micrographs of SnO2/C45 highlight the
presence of SnO. nanoparticles homogeneously dispersed on the C45 surface (Fig. 2 b-d).
Specifically, at high magnification (100000 KX), the surface of pure C45 appears smooth (Fig. 2 f),
while the surface of SnO,/C45 is rough due to anchoring of SnO2 nanoparticles (Fig. 2 ¢). As it is
observed, SnO> nanoparticles evenly cover the entire C45 surface. Some areas are seen in which
particles are less gathered, enlighten in Fig. 2d. As clearly seen, SnO, average particle dimension is
about 5.0 nm or even less. Previous investigations on ultrasmall Si quantum dots (3.0£0.5 nm in size)
anchored on graphene sheets showed extraordinary rate capability and remarkable cycling stability.
These features were attributed to the ultrafine SiQDs that promoted fast surface controlled lithium
storage behavior rather than slow diffusion-controlled mechanisms, highlighting the importance of

approaching the downsizing limit of anode active materials in lithium storage [50]. Moreover,

nanometer-sized quasi-spherical SnO2 on C45 are-expected-to-provide-a-high-packing-density-and
aHow-high-velumetricenergy-density could have less tendency to fragment during cycling than coarse

SnO; particles. As a result, the electrode capacity should be more stable due to less volume variations
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[51]. At low magnification, SnO2/C45 shows a good interconnection among carbon particles to form
a continuous network, ensuring the necessary electronic conductivity. The space among SnO:
nanoparticles is desired to accommodate the large volume expansion during the alloying process,
avoiding pulverization of the active material, so that the electrode can afford long cycling

performances [52].

Please insert here Figure 2

TEM micrographs of SnO2/C45 (Fig. 3 a-f) show that the particle size is less than 10 nm, in the
average the diameter of SnO. nanoparticles is 5.0 nm, which is consistent to XRD (Fig. 1a) and
FESEM analysis previously discussed. The lattice fringes (Fig. 3f inset) of randomly arranged
nanoparticles highlight inter-planar distances of 3.34 and 2.64 A which-are assigned to (110) and
(101) planes of rutile-tetragonal SnO>, cerreborating-the-idea-of the-high-erystathinity-of tin-dioxide
[53]. It is important to note that C45 makes significant contribution to restrict the crystal growth and

prevent SnO nanoparticle agglomeration during synthesis.

Please insert here Figure 3

EDS elemental analysis was performed on SnO./C45 composite (Fig. S2 in Supporting
Information). After washing the sample, chlorides are almost absent: the weight ratio C:Sn is about
1:3, indicating that successful sample purification is achieved. Increasing SnO2 amount resulted in
the increase of particle size (Fig. S3 a, b Supporting Information). The optimized Sn02/C45
composite with ~ 30 wt. % SnO> showed the best electrochemical performances with lower

degradation issues, due to the small particle size (Fig. S3 ¢ Supporting Information).
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X-ray photoelectron spectroscopy (XPS) analysis was carried out to understand the SnO> — carbon
interaction (Fig. 4). The XPS survey of SnO,/C45 shows the presence of Sn, C and O and again, no

chloride is detected, in agreement with the previous observations (Fig. S4 in Supporting Information).

Please insert here Figure 4

Deconvolution of the C1s peak for C45 results in two main contributions (Fig. 4a): the peak at
284.8 eV is attributed to C=C (72 %) and the peak at 285.6 eV is assigned either to C-OH or C—O—C
(28 %). In SNO2/C45 (Fig. 4b), the C1s peak is de-convoluted in four main components at 284.8,
285.9, 287.3 and 289.8 eV, which are associated to C=C (51 %), C—O and possible Sn—O—C
interaction (33%), C=0 (13 %), -COOH (3%), respectively [26,54]. In both C45 and SnO,/C45
samples, the major contribution is due to sp? bonded carbon, which is smaller in SnO2/C45 (51 % at.)
than in C45 (72 % at.). Through FTIR analysis, Bogeat et al. [36] enlighten that C—O—C reducing
structures in carbons are oxidized (entirely or partially) into -COOH groups during the composite
synthesis. More precisely, the oxidation of surface groups of the carbon into -COOH entails the
involvement of strong oxidizing species that originate from O (air) and catalyzed by SnO; during
the oven-drying step at 80°C. This explains the 3.0 % at. contribution of -COOH in the C1s of
Sn0,/C45. Moreover, in such spectra, the-presence-of the peak at 285.9 eV corroborates the idea that
some SnO nanoparticles are anchored to the C45 surface due to the possible establishment of the Sn-
O-C interaction as suggested by Sun et. al [23]. This could be beneficial to preserve both stability and
integrity of the composite during cycling. The high-resolution spectrum of O1s of SnO,/C45 (Fig.
4c) is de-convoluted in two peaks that are centered at 531.8 eV and 533.2 eV and attributed to Sn—O
and C—O/C=0, respectively [55]. In the XPS Sn3d spectrum (Fig. 4d), two main peaks at 496.3 and

487.9 eV are assigned to Sn 3ds2 (~40% at.) and Sn 3ds2 (~60% at.) of Sn** (Sn bonded to O). The
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binding energy separation of 8.4 eV well agrees with the values reported in literature for SnO,-based
materials [56] moreover, no Sn (0) or Sn?* are present [54]. Particularly, Sn directly bonded to C
atoms should result in additional peaks Sn—C on the left-hand side of Sn 3dz, and Sn 3ds/2 peaks [57].
Those peaks are absent in SnO2/C45 spectrum suggesting that SnO. could interact preferentially
nteraets with C—0O. This interaction should contribute to modify the properties of pure tin dioxide

and enhance lithium storage performance.

3.3. Electrochemical characterization

To date, the alloying/de-alloying has been considered the highly reversible process, which mostly
contributes to the reversible lithium storage capacity, while the conversion reaction is generally
thought to be irreversible. However, the conversion reaction becomes partially reversible when the
Li,O exists in form of nanosized structure [58,59]. To assess the electrochemical processes of
Sn0,/C45, cyclic voltammetry (CV) was carried out at a scan rate of 0.5 mVs™ in a voltage range
from 2.0 to 0.01 V vs. Li*/Li (Fig. 5a). The first five consecutive cycles are representative of the
initial stages of the electrochemical processes since pulverization associated with large volumetric
changes of active material is typically seen after 100 galvanostatic charge/discharge cycles. It must
be remarked that the first cathodic cycle shows higher current values through the whole potential
range, which is due to SEI formation involving irreversible reactions at the electrode-electrolyte
interface. At the 1% CV cycle, the cathodic branch shows a peak at 1.0 V related to the reduction of
SnOz to Sn (0) with the simultaneous formation of Li2O. This is followed by multistage lithium
alloying process to form LixSn at 0.4V and 0.15 V, respectively. Similarly, in the anodic branch, the
peak at 1.25 V corresponds to the reversed conversion reaction, indicating excellent reversibility of
SnO/C45. The oxidation peak at 0.5 V is due to the phase transition of the alloying, the process being

diffusion-controlled as manifests a single-phase transformation [60].
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Please insert here Figure 5

In the anodic branch, the peak at 0.05 V is ascribed to lithium ion intercalation in C45, as it clearly
appears in the CV of C45 alone (at around 0.0-0.3 V; Fig. 5c). The process of Li insertion into C45
contributes to a small fraction of the total capacity delivered by SnO2/C45 and partially accounts to
the large irreversible capacity at the first cycle (Fig. S5 Supporting Information). What is noteworthy
here is the anodic peak at 1.24 V, which is relatively more obvious and stable than expected. Since
this peak is related to the backward reaction of equation (1), it means that Sn produced from SnOz is
oxidized back to SnO; and Li2O is almost entirely decomposed. This implies that the conversion
reaction is favored by the small particle size of SnO> firmly anchored to C45 and to the high fraction
of Sn/Li.0 interfaces during SnO2 reduction. The good overlap of the anodic peaks from the 1% to 5%
cycle and those cathodic peaks from the 2" to 5™ cycle, indicate excellent cycling stability. The
results highlight the importance of an interconnected structure of SnO./C45 that controls
preponderant Li>O formation and maintains ultrafine Sn particles in the Li>O matrix, resulting in the
better reversibility of the conversion reaction. To analyze the relationships between structural features
and electrochemical performance with a focus on the integrated structure of SnO2/C45, the electrode
consisting of commercial SnO2 and C45 mechanically mixed in the ratio 29:71 w/w is used as
comparison. Fig. 5b shows five consecutives CV cycles of the electrode. The main difference is seen
at the 1% cathodic branch of the CV curve. The performance marks a noticeable peak at 0.85 V that
indicates extended presence of metallic Sn and Li>O along with SEI formation. Fhe-precess-therefore

F lirmited by diffusion-of Li*_which is typical of an-interf ion taking ol
at-the-ShO.-surface rather-thanin-the bull-ef the-material. After the first cycle the process appears

irreversible as the anodic peak at 1.25 V is almost inconspicuous and fast decreases upon cycling,
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which means that both SnOx regeneration and Li2O consumption are almost negligible [10]. During
the subsequent cycles, in the cathodic branch, the peak shifts to 0.95 V due to the limited reduction
of SnO- to Sn. In the first CV cycle of commercial SnO; + C45, one single peak at 0.25 V refers to
the alloying process which has its reverse reaction at 0.47 V in the anodic branch. At the 3" cycle,
two small peaks at 0.57 V (cathodic) and 0.65 V (anodic) due to different alloying phases are visible.
The anodic branch of the CV plot (Fig. 5b) shows that the peak near 0 V, ascribed to lithium ions
intercalation in C45 increases upon cycling, similar to what was previously observed with SnO;
nanorod-planted graphite electrodes [58]. This result suggests that the contribution of C45 to the
overall capacity is higher in the simple mixed commercial SnO; + C45, and the discharge/charge
process is based on two steps: in the first step Li alloys with Sn, in the second step Li is intercalated
in C45. In the backward reaction, Li de-intercalation from C45 occurs before de-alloying of LixSn.
To compare the real performance of the two composite materials SnO2/C45 (29:71), the reversible

capacity has been calculated from following equation [46]:

Cap.sno2 = (Cap.snoz/cas * 1.00 — Cap.cas * 0.71) / 0.29 7

where Cap.sno2 represents the capacity purely ascribable to the SnO> particles, Cap.sno2/css is the
capacity attributed to SnO2/C45 (29:71) and Cap.cus is the capacity of C45. The reversible capacity
Cap.cas was determined independently, through galvanostatic cycling tests, on a pristine C45
electrode (Fig. S5 Supporting Information), which was subjected to the same current density applied
to Sn0O,/C45 (0.31 mA cm). The first galvanostatic charge/discharge voltage profiles vs. specific

capacity are depicted in Fig. 6, cycling tests were carried out at 0.1C rate (assuming 1C = 1494 mA

g?).

Please insert here Figure 6
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The results show that the specific capacity of the electrodes upon cycling is sensitive to the
structure and synergies between SnO2 and C45. During the 1% lithiation most of the processes are
irreversible and only a small percentage of the initial capacity is recovered in the following de-
lithiation. At 0.1C, thecommercial SnO. + C45 anode displays low (Fig. 6a) charge capacities ranging
from 815 to 741 mA h g*. A strong change in the voltage profile is observed from the 1% to the 2"
cycle since the flat plateau at 0.9 V vs. Li*/Li disappears at the 2" cycle. This is consistent with CV
results and mostly suggests incomplete Li-O conversion from the 1% cycle. Furthercontributionte
thecapacity-loss-is-due-to-irreversible Li*storage-in-C45. In the same experimental conditions,
Sn0,/C45 electrode (Fig. 6b) exhibited higher charge capacities ranging from 1486 to 1409 mA h g
1 Since the observed capacities are totally ascribable to the SnO2 particles, these values are very close
to the theoretical one (1494 mA h g1) that includes both the alloying and conversion processes. Thus,
Sn0,/C45 showed improved reversibility of the electrochemical reaction benefitting of the synergic

effect between SnO, and C45. Improvements are more significant through long cycling tests (Fig. 7).

Please insert here Figure 7

At higher current density (1C; 0.31 mA cm) the electrode prepared by mixing commercial SnO;
and C45 suffered severe capacity fading (Fig. 7a). In this case, lithiation of SnO> delivers 792 mAhg
! which decreases to 255 mA h g* after 100 cycles with ~ 67 % loss. At the 400" cycle the specific
capacity is 50 mA h g, which means no SnO; is electrochemically active. In contrast, the SnO2/C45
anode (Fig. S6 in Supporting Information) exhibited almost steady-state and reversible capacity

through long cycling operation (Fig. 7b). For example, in the first 100 cycles the Coulombic
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efficiency is almost 98.8 %. The specific capacity is ~750 mA h g relative to SnO; particles (eq.
(7). The capacity retention is excellent, with only 11.1 % loss from 10" to 100" cycles. After 100
cycles the discharge capacity is still stable at 616 mA h g* until ~400" cycle, in which it reaches the
value of 560 mA h g* resulting in CE of 99.8 %. After 1000 cycles the specific capacity is almost
300 mA h g with CE of 99.9 %, but when the current returns to 0.1C the recovered capacity is still
670 mA h g demonstrating the good stability of SnO,/C45 composite. Considering the fast and
inexpensive method used to prepare SnO./C45, the results presented here in terms of reversible
capacities and long cycling stability are competitive among recent results for SnO»-based materials
obtained by hydrothermal [24, 61, 62], sonochemical [26], solvothermal [63] and molten salts
methods [52] and make this composite particularly interesting for scale-up. The rate performance of
SnO2/C45 was also evaluated (Fig. 7c). The specific capacities of SnO2/C45 are 580, 430, 370, 315
mA h gtat 2C, 5C, 10C, 20C respectively. When the current density reverts to 2C after 85 cycles,
the specific capacity is still 520 mA h g equivalent to 89.7 % of the initial value, confirming the
stable electrochemical behavior at high current regimes. Post cycling FESEM analysis was carried
out to evaluate the morphology of SnO2/C45 material after 1000 galvanostatic charge/discharge
cycles (Fig. S7b) in comparison with the pristine material (Fig. S7a). After cycling, the electrode
shows particles ascribable to tin species, which confirm that C45 provides sufficient anchoring to
SnO2 nanoparticles. After long cycling the average particle size is around 10 nm suggesting that,
although particle agglomeration occurred as a consequence of lithiation and de-lithiation reactions,
the material still retains its original morphology, which reflects the ability of our anode to mitigate

any large morphological change.

Fig. 8 shows the dQ/dV curves obtained from the capacity of de-lithiation in the range of 0.01—
2.00 V, at different cycles for both commercial SnO, + C45 (Fig. 8a) and SnO>/C45 (Fig. 8b)

electrodes at 1C.
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Please insert here Figure 8

At the 5™ cycle, no obvious peak is visible in the potential range of 1.0-2.0 V for commercial SnO
+ C45 suggesting that the activity of the conversion reaction declined dramatically at the very first
cycles. There are three sharp peaks in the range of 0.5 - 0.7 V, responsible for de-alloying
(LixSn—Sn). These peaks decrease in intensity and shift to higher potentials as the number of cycles
increases. This result has an explanation in the coarsening/agglomeration of Sn and LixSn phases in
the Li.O matrix, which affects the reaction kinetics and increase the polarization of the de-alloying
process. Such lithiation-induced Sn coarsening has been observed in pure SnO; film electrodes [64]
and is explained as the gradual diffusion of Sn from one Sn/Li>O zone to the others nearby, due to
the tendency of nanosized Sn grains to reduce their surface/interface energy in the lithiated SnO,. At
the 5 cycle, the differential capacity (dQ/dV) curves of SnO,/C45 (Fig. 8b), show that the peaks due
to de-alloying process are not as sharp as in commercial SnO; + C45. The curves corresponding to
the 10" and 5™ cycle almost overlap without showing any shrinkage of the peaks, indicating very
good cyclability of SnO./C45. No shift to higher potentials is seen for the peaks related to the de-
alloying process, which results in less polarization of the electrode upon cycling. The dQ/dV curves
still reveal the high activity of the reversed conversion in the initial cycles due to the large intensity
of the peak at 1.3 V, which still accounts 29.6 % of the charge integral intensity at the 100" cycle.
According to Cheng et al [54] the chemical bond between SnO, and carbon affects the reversibility
of the conversion reaction, due to fast electron transport and facilitates the reaction of Sn and other
oxygenated species (like Li>O) to reform SnO.. After lithiation, in highly dispersed SnO. nanodots
formed on Ketijen Black (KB) carbon, a blended amorphous structure like a solid-solution of three

element Sn, O and Li, such as -LixSnO1 45 was identified as responsible of the high capacity retention
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of the electrode [46]. Such multiple phases of Sn, Li, O, and C (KB) species enabled to achieve
reversible conversion reactions. The proposed new species were found to be confined within the
structure of carbon and partially inhibited the irreversible Li>O formation by the maintenance of Sn-
Li and Sn-O bonds, providing reversible reaction mechanisms. Here, the evolution of the peaks in
dQ/dV vs V curves suggests the possibility for the conversion of SnO2 to Sn(0) to proceed through
different intermediate species instead of separated Sn and Li>O [12]. Unfortunately, the intermediate
reaction steps are mostly overlapped, confirming the difficulty to discriminate the various
contributions. The good dispersion of SnO2 nanoparticles on C45 and the chemical interaction among
Sn, O an C, observed by XPS analysis, can reasonably affect the reversible conversion reaction and
most of the re-formed SnOx phases could result from the reaction of Sn with neighboring oxygen and
not from direct decomposition of Li>O [65], conclusively showing a stable material system where

most of the initial capacity is retained after prolonged cycling at reasonably high C rates.

4. CONCLUSIONS

In summary, we have demonstrated a facile, low cost, production strategy to synthesize tin dioxide
material with average size 5.0 nm SnO. nanoparticles (NPs) immobilized across the surface of
commercial C-NERGY super C45 carbon black, as an efficient and stable, high capacity anode for
Li-ion batteries. The C45 supplies nucleation sites for the deposition of SnO2 and assists in chemically
anchoring SnO2 NPs over its surface. SnO2 NPs are finely dispersed within the carbon host, which
offers enough space among SnO> nanoparticles to accommodate the large volume expansion during
the alloying process. This reflects the ability of the material to mitigate any large morphological
change. The remarkable stability we observe from this anode is two-fold: the material is
morphologically stable with no obvious structural modification after 1000 cycles. It is also

electrochemically active, where the consistency in charge-discharge processes ensures efficient cell
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operation, with both high specific capacity and Coulombic efficiency. The novel architecture of the
composite offers for more than 100 cycles the high specific capacity of 750 mAhg™ per pure SnO2
particles, after subtracting the capacity attributed to C45 in the composite and retains 560 mAhg™
after 400 cycles with CE of 99.8 % at 1C. Such long cycle life along with excellent capacity retention
were achieved owing to the peculiar nanostructure of the composite that enables the possibility to
maintain reversible SnO conversion reaction for many cycles. This strategy is a simple and scalable
manufacturing process to design efficient electrodes for high performance Li-ion batteries, by
integrating conductive functionalized carbon blacks directly in the active material. The latter are cost
affordable, commercially available and widely used in battery manufacture in combination with water

soluble binders.
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Captions to Figures

Fig. 1. (a) XRD analysis of C45 (black line) and SnO2/C45 (red line), (b) TGA analysis of C45,
Sn0,/C45 and of commercial SnO2 + C45 mixed in weight ratio 29:71. (c) N2 adsorption/desorption

measurements of SnO2/C45 and C45 (inset), (d) pore distribution of SnO2/C45 and C45 (inset).

Fig. 2. FESEM micrographs of SnO2/C45 at low (a, b) and high (c,d) magnifications. FESEM

micrographs of C45 at low (e) and high (f) magnifications.

Fig. 3. TEM analyses of SnO»/C45 at different magnifications (a-f).

Fig. 4. (a) High resolution C1s spectrum of C45 from XPS analysis. (b) High resolution C1s spectrum
of SnO,/C45. (c) High resolution XPS spectrum O1s of SnO,/C45. (d) High resolution XPS spectrum

Sn2p of SnO,/C45.

Fig. 5. Cyclic voltammetry at 0.5 mVs™ between 2.0-0.01 V vs Li*/Li of: a) SnO2/C45, b) commercial

SnO;z + C45 (in the ratio 29:71 w/w), c) C45.

Fig. 6. Galvanostatic charge/discharge voltage profiles of the electrodes in the initial cycles at 0.1C:

a) commercial SnOz + C45, b) SnO,/C45.

Fig. 7. Galvanostatic charge/discharge profiles of the electrodes at 1C: a) commercial SnO, + C45,
b) SnO,/C45; c) Cycling performance of SnO,/C45 galvanostatically tested at different current

regimes.

Fig. 8. Derivative curves dQ/dV vs. cell voltage and specific capacity vs. cell voltage of: a)
commercial SnO; + C45; b) Sn02/C45. Note that the specific capacity associated to the de-lithiation

process is relative to the mass of SnO> in the electrode (no conversion of the capacity via eq. (7)).
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