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ABSTRACT: A tin oxide-carbon composite (SnOx-C) was fabricated
as a candidate for use as an anode in lithium-ion batteries through the
pyrolysis of a ditin citrate precursor. The simultaneous formation of tin
oxide and semigraphitized carbon via a facile, solid-state pyrolysis
yielded a composite containing tin oxide nanocrystals surrounded by a
framework of flexible, porous carbon. Fabrication of tin oxide
nanoparticles encased in semigraphitized carbon, led to the enhanced
reversibility of Li2O formation, prevented the aggregation of tin during
lithiation and suppressed particle fracturing during cycling. The
resulting SnOx-C composite exhibited an exceptional electrochemical
performance as an anode material candidate for lithium-ion batteries with an initial capacity of 541 mAh g−1 and 80.6% capacity
retention over 400 cycles at a high current density of 900 mA g−1 (1C). Lower current density studies [450 mA g−1 (C/2)] have
shown the material to have an initial capacity of 667 mAh g−1 with 88.7% capacity retention over 400 cycles, whereas a current
density of 180 mA g−1 (C/5) gave a capacity of 710 mAh g−1 with 88.8% capacity retention over 400 cycles. Through a
systematic analysis involving X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, cyclic voltammetry,
cross-sectional analysis, and post-mortem analysis, we examine how the architecture and composition of the SnOx-C material
leads to a high capacity retention tin oxide-carbon composite anode for lithium-ion batteries.
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■ INTRODUCTION

As society narrows its focus on energy production through
renewable energy sources, the demand for energy storage and
transport dramatically increases. Although more environ-
mentally benign, these renewable sources of energy are often
intermittent, requiring storage for later use and transport to the
consumers.1,2 In this regard, lithium-ion batteries (LIBs) are
the preferred energy storage method in small grid and
consumer systems due to their high power and energy
densities. However, the LIB anode technology has remained
rather stagnant over the past three decades due to graphite’s
robustness and exceptional cycle-life.1,3 The down-side of
graphite is its relatively low theoretical capacity (372 mAh/g).3

As the demand for greater processing power in consumer
electronics grows and electric vehicles become more
predominant in society, the demand for greater energy density
will become more imperative, as well as the maintenance of the
current technology’s price point and lifetime.2

In efforts to increase the energy density in LIBs, researchers
have investigated the use of higher capacity anode materials
that store Li through alloying or conversion reactions.4−7 Tin
oxide is a particularly alluring anode material due to its high
environmental abundance, low-price point, and nonhazardous
properties.5,8 Furthermore, tin oxide has superior lithium
uptake potential compared to graphite with approximately four

times the gravimetric capacity (SnO2 = 1494 mA g−1, SnO =
1273 mA g−1),7,9−11 which is derived from the combination of
tin oxide’s conversion and alloying reactions with lithium (eqs
1−3).9,12 Even though this material has been shown to display
high gravimetric capacity, outstanding volumetric energy
density, and adequate Coulombic efficiencies, there is a
continuing effort to improve the cycle life of the material.
The reasons for cycle life degradation are ascribed to (1)
severe volumetric expansion (∼300%),7,9,11,13 (2) the irrever-
sibility of lithium oxide (Li2O) formation,14−19 and (3)
aggregation of tin particles during cycling.9,14 The large
volumetric expansion is primarily due to the formation of
Li2O (eqs 1 and 2) and the high degree of lithiation per atom
of tin (eq 3) which is known to cause fracturing of the
particles. Particle fracture leads to (1) consumption of
electrolyte through the formation of fresh solid electrolyte
interface (SEI) on newly exposed tin oxide and (2) a potential
electrical disconnect from the current collector.20−22 The low
reversibility for the formation of Li2O has been attributed to
the disruption of the Li2O matrix via cycling.9,10 Another
hindrance is that metallic tin particles are notorious for
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clustering during galvanostatic cycling.9,14 The aggregation of
tin particles during cycling disturbs the newly formed Li2O
matrix and reduces the interactions between the tin and Li2O
matrices.10 These effects cause the formation of Li2O to be
nearly irreversible in many electrochemical systems.14−19

SnO 2Li 2e Li O SnO2 2+ + → ++ −
(1)

SnO 2Li 2e Li O Sn2+ + → ++ −
(2)

x x xSn Li e Li Sn (0 4.4)x+ + → ≤ ≤+ −
(3)

Numerous groups have attempted to improve the cyclability
of tin oxide, primarily by employing methods that counteract
the large volumetric expansion caused by lithiation. Some of
the employed technologies are hollow nanospheres,23−26

electrospun tin oxide nanofibers,18,27,28 yolk-type compo-
sites,11,16,17 anchoring tin oxide nanoparticles to rGO/GO,29

and synthesis of carbon-coated composites.14,19,30,31 Despite
these methods demonstrating improvements in the cycle-life,
when compared to simple tin oxide nanoparticles32,33 these
methods are often industrially unviable due to the specialized,
nonscalable, and/or high energy synthetic techniques required
for fabrication. For tin oxide to become industrially viable in
lithium-ion batteries, we believe that the reversibility of Li2O
formation must be optimized while maintaining inexpensive
production costs.
In this study, we report a novel method of synthesizing a tin

oxide carbon composite (SnOx-C) through the solid-state
pyrolysis of a single complexed tin and carbon precursor. This
synthesis resulted in the formation of tin oxide nanoparticles
embedded in a flexible, porous carbon support. To the best of
the authors’ knowledge, the only previous study that employed
a complexed precursor to form a tin oxide-carbon composite
did not fully explore the mechanisms for its excellent cycling
stability.34 In our study, we not only used a simpler synthetic
method but also elucidated the mechanism for the electro-
chemical performance improvement, compared to noncompo-
site tin oxide electrodes.
Electrochemical cycling of the SnOx-C composite displays

its properties as a robust, high capacity anodic material for
lithium-ion batteries. The SnOx-C composite exhibited (i) an
initial capacity of 542 mAh g−1 with 80.6% capacity retention
over 400 cycles at a high current density of 900 mA g−1 (1C),
(ii) an initial capacity of 667 mAh g−1 with 88.7% capacity
retention at a lower current density of 450 mA g−1 (C/2) over

400 cycles, and (iii) an initial capacity of 710 mAh g−1 with
88.8% capacity retention at a current density of 180 mA g−1

(C/5) over 400 cycles. To determine the reason for this
excellent performance, we analyzed the structure and
composition of the SnOx-C using X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), electrochemical
analysis, and time-of-flight secondary ion mass spectrometry
(TOF-SIMS) depth profiling analysis. The results of which
suggest the unique architecture of the SnOx-C, which
promotes reversibility of Li2O, prevents tin aggregation, and
suppresses volume expansion, thereby preventing particle
fracture. Scheme 1 illustrates how SnOx-C counteracts the
detrimental effects of tin oxide lithiation.

■ EXPERIMENTAL METHODS
Materials. All chemicals were used as received, unless otherwise

noted. The following chemicals were used in the synthesis of the
SnOx-C active material. Tin chloride anhydrous (SnCl2) and sucrose
(C12H22O11, 99.0%) were purchased from Alfa Aesar. Sodium
hydroxide (NaOH, 98.8%) was purchased from Fisher Chemical.
Citric acid monohydrate [(HOC(COOH)(CH2COOH)2·H2O,
99.0%] was purchased from Sigma-Aldrich. The following chemicals
were used for the fabrication of SnOx-C lithium ion batteries. Super P
was used as a conductive additive and was purchased from MTI
Corporation. Carboxy methyl cellulose was used as the binder for the
active materials and was purchased from Sigma-Aldrich. Lithium
hexafluorophosphate (LiPF6; 99.99%) and diethyl carbonate (DEC;
99%) were purchased from Sigma-Aldrich, and fluoroethlyene
carbonate (FEC, +99%) was acquired from Solvay. Li foil was
purchased from Alfa Aesar. Celgard 2400 microporous monolayer
membranes (polypropylene, 25 μm) were obtained from Celgard.

Synthesis of the Ditin Citrate Precursor. Procedures were
derived and scaled up from Deacon et al.35 Citric acid monohydrate
(7.13 g, 33.9 mmol) was introduced into deoxygenated water (135
mL) and allowed to stir until fully dissolved, after which SnCl2
anhydrous (15.0 g, 79.1 mmol) was added to the solution. This
mixture was stirred for 20 min to ensure full dissolution of SnCl2.
During this time, a 2 M NaOH solution was made using
deoxygenated water (67.5 mL). After sufficient stirring, the NaOH
solution was introduced into the reaction mixture dropwise over a
period of 30 min. A white precipitate formed as the solution rose
above a pH of 5.0. Care was taken to not let the solution pH rise
above 12, as this would have induced the formation of tin hydroxide.
The reaction was conducted with constant sparging of N2 to eliminate
any undesired side-reactions. The resulting precipitate was filtered off
and then rinsed three times with water and ethanol, respectively. The
product was then dried under vacuum overnight at 70 °C. The
resulting product was a fine, white powder. Yield: 13.6 g (94.4%). 13C

Scheme 1. Comparison of SnOx-C Lithiation/Delithiation versus Unsupported Tin Oxide Particle Lithiation/Delithiation
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CP MAS NMR data: δ 50.0 (CH2), 54.7 (CH2), 81.2 (tertiary C),
180.2 (CH2CO2Sn), and 183.4 (R2CO2Sn).
Synthesis of the SnOx-C Composite. Ditin citrate and sucrose

were mechanically combined using a mortar and pestle in a 1:1 weight
ratio. The resulting mixture was then placed in a ceramic crucible and
pyrolyzed using a horizontal tube furnace (MTI, OTF-1200X) under
argon atmosphere. The mixture was heated to 550 °C at a rate of 10
°C/min, followed by a 2 h heat soak at 550 °C to ensure
homogeneous polymerization throughout the material. The product
was then cooled to room temperature. The resulting product (SnOx-
C) was mechanically homogenized using a mortar and then collected.
Fabrication of SnOx-C Electrodes. Slurries of the SnOx-C

composite material were fabricated using active material, Super P, and
sodium-carboxymethyl cellulose (Na-CMC) in an 85:10:5 mass ratio
dispersed in water. Na-CMC was chosen for its exceptional
performance with materials that undergo large volumetric expansion
during galvanostatic cycling.36 The resulting slurry was cast onto
cleaned copper foil with a doctor blade (MTI, AFA-I). The slurry-
coated film was immediately placed in an oven to dry at 120 °C for 5
h. After initial drying, the film was placed under vacuum at 120 °C to
dry overnight. Circular electrodes (7/16 in. diameter) were cut from
the slurry cast film and placed under vacuum overnight before use to
ensure residual water was driven off.
Electrochemical Characterization of SnOx-C Electrodes.

Four-point probe measurements of the pristine SnOx-C material
thickly coated on a glass substrate were conducted utilizing a manual
four-point resistivity probe (Lucas S302; Lucas Laboratories). Sheet
resistivity was determined by measuring the potential at various
applied currents. The sheet resistivity was then calculated via a
modified version of Ohm’s law. Calculations, methodology, and
results are further described in the SI. Cycling performance and cyclic
voltammetry (CV) tests were conducted using a multichannel battery
test system (BT 2043, Arbin). Anode materials were assembled in
2032 stainless steel coin cells versus Li foil (Alfa Aesar) as the
counterelectrode. Celgard 2400 membranes (25 μm, Celgard) were
used as the cell separator. The electrolyte was composed of 1 M
lithium hexfluorophosphate (LiPF6) in fluoroethylene carbonate
(FEC)/diethyl carbonate (DEC) (1:1 by volume) solution. Excess
electrolyte was used (>5 drops) to flood the cell and to provide
sufficient wetting. All galvanostatic cycling was conducted with a
potential window of 5 mV to 3.0 V. This potential window was
chosen to establish stability at high voltages and to replicate standard
anode half-cell performance testing practices found in the
literature.1,15,37−39 Three conditioning C/20 cycles were run for all
tested cells to form a consistent SEI prior to commencing
galvanostatic charge/discharge tests. An example of a typical
conditioning procedure is demonstrated in Figure S7 All presented
electrochemical plots are averages of two identical cells to provide

reproducibility of our results. Active mass loadings of the SnOx-C
electrodes were kept within a range of 2.5−3.4 mg/cm2. Rate
capability testing was conducted where the cells were run at a C/20
for 3 cycles, C/10 for 5 cycles, C/5 for 5 cycles, C/4 for 5 cycles, C/2
for 5 cycles, 1C for 5 cycles, 2C for 5 cycles, and finally the system was
recovered at C/10 to examine the capacity retention. For long-term
stability tests, all cells underwent three C/20 formation cycles
followed by long-term cycling at the detailed cycling rate/current
density. Full cell cycling of the SnOx-C material was conducted by
employing a NCM (6-2-2) cathode as the counterelectrode. Slurries
of NCM (6-2-2) were cast onto aluminum foil and demonstrated a
mass loading of 6.5−7.5 mg/cm2. Half-cell electrochemical perform-
ance of the NCM cathode can be found in the electrochemical
analysis section of the SI. Full cell configurations were generated using
an N/P ratio of 1.2:1, in order to prevent the plating of lithium metal.
Prelithiation was conducted on the anode material to prevent loss of
lithium through the first low Coulombic efficiency cycle.

Material Characterization. X-ray diffraction patterns were
obtained with a Rigaku Miniflex 600 diffractometer utilizing Cu Kα
radiation (λ = 1.5418 Å). Diffraction patterns were analyzed from 5−
80° in a continuous scan mode (2° min−1) with a step width of 2θ =
0.025°. Thermographs of the precursor materials and the composite’s
thermal stability were taken using a Mettler Toledo thermogravimetry
(TGA)/differential scanning calorimetry (DSC) 1 STARe system.
Decomposition profiles were generated under nitrogen atmosphere
using a temperature window of 30−750 °C and a heat ramp of 10 °C/
min. Sample mass ranged from 7 to 10 mg. A Witec Micro-Raman
spectrometer, equipped with a 40 W blue laser, was used to acquire
the Raman shift of the composite. An excitation wavelength of 488
nm and a spectral center of 2498 cm−1 were employed to acquire the
Raman shift invoked by the graphitized carbon. XPS spectra were
recorded using a monochromated 120 W Al−Kα1 X-ray source (hν =
1486.5 eV), hybrid optics (employing a magnetic and electrostatic
lens simultaneously) and a multichannel plate coupled to a
hemispherical photoelectron kinetic analyzer. Time-of-flight secon-
dary−ion mass spectrometry (TOF−SIMS) was conducted using an
ION-TOF GmbH (2010) instrument. TOF−SIMs analysis was
employed to characterize the reversibility of tin oxide (de)lithiation.
Further details on the experimental procedures used for each
analytical technique can be found in the SI of this manuscript.

■ RESULTS AND DISCUSSION
Synthesis of the SnOx-C Composite. Synthesis of the

precursor, ditin citrate, was conducted through a simple anion
exchange precipitation reaction between tin chloride and citric
acid. The result of this synthesis was a dense, white powder.
Because of its insoluble characteristic and a lack of previous

Figure 1. (A) X-ray diffraction pattern of the SnOx-C composite. Literature diffraction patterns of SnO2 (PDF #00-021-1250) and SnO (PDF #00-
055-0837) have been included for reference. (B) Composition of the tin oxide species contained within the SnOx-C Composite. Concentration of
each species was determined through whole pattern X-ray diffraction fitting using the respective literature diffraction patterns.
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characterization, qualitative purity analysis was conducted
through solid state C13-NMR as seen in Figure S1. The results
of this analysis clearly depict the formation of ditin citrate. For
results of the aforementioned analysis and schemes of the
reaction, see the SI.
Formation of the tin oxide-carbon composite was conducted

through the use of pyrolysis reactions in inert atmospheres. We
were interested in exploring tin oxide because of its high
gravimetric capacity and the need to extend the cycle life of
this material. Our goal was to pyrolyze to graphitic carbon,
which is more efficiently formed at high temperatures
(exceeding 600 °C); however, tin oxide is known to reduce
to metallic tin in the presence of carbon at temperatures above
600 °C in inert atmospheres. For these reasons, synthetic
temperatures were kept to 550 °C.40 Thermal gravimetric
analysis of ditin citrate reveals that only approximately 5% of
the carbon remains after pyrolysis (Figure S2A). Because of the
large volumetric expansion of tin oxide during lithiation
(∼300%), supplemental carbon is required to prevent

fracturing of the particles.7,9,13 Sucrose was employed as the
carbon additive due to its low graphitization temperature and
tendency to form porous, flexible carbon.41 Compared to
nanomaterials, micron-sized materials tend to have higher tap
densities and are cheaper to manufacture. To maintain
practicality, synthetic conditions were tuned for the creation
of micron-sized particles. Maintaining the pyrolysis temper-
atures at 550 °C also prevented thermal reduction of the tin
oxide.40,42 The X-ray diffraction (XRD) pattern, as seen in
Figure 1A, confirms that the product of the pyrolysis of ditin
citrate/sucrose (1:1) was indeed SnOx-C, and the sharp,
defined peaks of the pattern indicate that the product was
composed of tin(IV) oxide and tin(II) oxide. Furthermore, a
whole pattern fitting technique was applied to the diffraction
pattern of SnOx-C, revealing that approximately 85 wt % of the
tin oxide consists of SnO2, whereas approximately 15 wt %
consist of SnO. Full parameters and procedures of this
quantification are detailed the SI. There are no sharp, defined
peaks for the carbon constituent of the composite. Thermal

Figure 2. (A) SEM micrograph of the SnOx-C composite. (B−E) EDX elemental mapping of tin, carbon, oxygen, and region mapping; respectively.

Figure 3. (A) Variable rate galvanostatic cycling of SnOx-C versus Li. (B) Effective gravimetric capacity of SnOx-C composite at various current
densities.
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gravimetric analysis (TGA) of the composite material was
conducted in ambient atmosphere to burn away the carbon
framework and in turn determine the total carbon content.
Results of this analysis, Figure S3, suggest that approximately
28 wt % of the composite consists of carbon, whereas 72 wt %
of the composite consists of tin oxide.
Scanning electron microscopy/energy-dispersive X-ray spec-

troscopy (SEM/EDX) micrographs of the SnOx-C composite
were taken to determine the resulting chemistry and
morphology (Figure 2). Imaging of the composite material
suggests that the particles are coated in a layer of porous
carbon that completely surrounds the interior tin oxide
particles. To affirm this qualitative assessment, a surface
sensitive technique, XPS, was used to analyze the exterior of
this composite material. High-resolution XPS spectra were
taken of the material for the C 1s, O 1s, and Sn 3d regions.
Because of the 5−15 nm penetration depth of this technique,
we were able to determine the consistency of the carbon
coating. Quantitative analysis of the XPS spectra (Figure S4E)
shows that the composite material is uniformly coated,
exhibiting only 0.59 atom. % of exposed tin on the surface
compared to carbon. Deconvolution of the high-resolution
spectra was used to determine the functionality of the surface
carbon as seen in Figure S4B−D. The study also revealed that

the carbon framework contained various oxygen functionalities.
The role of the oxygen-functionalized carbon is discussed at
length later in the manuscript.

Electrochemical Analysis of the SnOx-C Composite.
The electrochemical properties of the SnOx-C composite were
obtained via variable rate cycling with rates ranging from C/20
to 2C (Figure 3). The results demonstrate that the material is
capable of high capacity lithiation at both low (C/20) and high
(2C) current densities. Furthermore, the capacity recovery
after returning to C/10 cycling affirms the robustness of the
material, suggesting that its structure is not damaged by high
current density cycling. Lifetime cycling analysis of the material
was conducted at current densities of 1C, C/2, and C/5
(Figure 4). Industry standards suggest that the lifetime of a
material is based on how long the material can retain 80% of its
highest initial capacity. As such, all figures have included a
dashed line to denote the effective cycle life of the material
under the various long-term cycling parameters. It can be
noted that the galvanostatic cycling shown in Figures 3 and 4
demonstrates consistent results for their effective initial
capacities. Long-term electrochemical cycling demonstrates
that the SnOx-C composite exhibits a reversible capacity of 900
mA g−1 after 400 cycles (80.6% retention) with a current
density of 900 mA g−1 (1C). Alternatively, the material has a

Figure 4. Long-term electrochemical analysis of the SnOx-C composite versus Li. (A) Cycling performance at 900 mA g−1 (1C) current density.
(B) Charge−discharge profile at 900 mA g−1 (1C). (C) Cycling performance at 450 mA g−1 (C/2) current density. (D) Cycling performance at
180 mA g−1 (C/5) current density.
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lithiation capacity of 592 mAh g−1 after 400 cycles (88.7%
retention) at 450 mA g−1 (C/2) and 629 mAh g−1 after 400
cycles (88.8% retention) at a current density of 180 mA g−1

(C/5). To obtain a better understanding of the principles
behind the enhanced cycling performance, various analyses
were conducted to examine the inherent architecture and
potential mechanisms involved in the lithiation of SnOx-C.
Investigation of SnOx-C Architecture. The high-

resolution SEM imaging suggests the carbon coating to be
porous in composition, leading to better diffusion of lithium-
ions into the interior. SEM/EDX imaging provides interesting
details about the structural morphology but only provides a
qualitative assessment for the overall architecture of the
composite. Brunauer−Emmett−Teller (BET) analysis was
performed on the composite to obtain a quantitative
assessment of the pore architecture. N2 adsorption isotherms
(at 77 K) were collected to evaluate the specific surface area
and pore characteristics of the SnOx-C (Figure S13). The
measured surface area, 210 m2 g−1, suggests the generation of a
porous material (Table S2). Furthermore, quenched-solid
density functional theory (QSDFT) analysis reveals the
hierarchically porous character of the material, having an
average pore size of 1.03 nm (Figure S14). The permeable
architecture of the composite is essential to the Li+ storage
potential for the micron-size material. Micron-sized composite
particles could impede the penetration of Li+, thereby
preventing total accessibility of lithium storage sites.43 The
existence of this pore structure likely endows this composite
material with superior electrochemical performance by
allowing the electrolyte to wet both the supporting carbon
matrix and the tin-oxide nanocrystals, consequently enhancing
the lithium ion transport throughout the structure during
cycling. These elucidated textural properties support the high
Coulombic efficiency and stability of this material at fast
charging rates.

The carbon support surrounding the tin oxide nanoparticles
acts as a volumetric expansion buffer during lithiation and a
means of enhancing the electrical conductivity of the overall
material. Fully graphitized carbon is often brittle and is a poor
expansion buffer for the composite. On the other hand,
disordered graphite is known to have enhanced flexibility and
mechanical strength.44 To determine the degree of graphitiza-
tion within the material, Raman spectroscopy was employed to
examine the D and G bands of the carbon. An ID/IG ratio is
commonly used to determine the degree of graphitization for
carbonaceous species.45−47 Figure S5 depicts the deconvolu-
tion of these bands and reveals the semigraphitized nature of
the carbon through an ID/IG ratio of 0.76. The semigraphitized
nature of the carbon suggests how the composite material is
able to retain effective capacity even after 400 cycles of large
expansion lithiation. Furthermore, four-point probe analysis
(Table S1) demonstrates that this carbon shell has heightened
the electrical conductivity of the composite (σ = 19.6 ± 0.4 S/
m), increasing the material’s viability as an anodic material in
advanced lithium ion batteries.
Both the long cycle life and the considerable disorder of the

carbon coating lead us to believe that this material is resistive
to cracking caused by large volumetric expansion during
lithiation. To verify this, post-mortem SEM imaging of the
SnOx-C material was conducted after 10, 50, 100, and 400
cycles of 180 mA g−1 current density galvanostatic cycling,
Figure 5. Scanning electron micrographs of the material
suggest that the composite particles retained structural
integrity throughout the 400 cycles. There is a slight
degradation to the exterior, typical of long-term, high-density
galvanostatic cycling, yet no visible fractures or cracks in the
particles were seen in the high-magnification analysis. This
suggests that the carbon coating is in fact buffering the
volumetric expansion of the tin oxide particles.

Figure 5. (A−D) Post-mortem scanning electron micrographs of the SnOx-C particles after 10, 50, 100, and 400 cycles, respectively.
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Investigation of the SnOx-C Lithiation Mechanism.
The analysis of the inherent architecture has revealed some of
the fundamental components for electrochemical performance
enhancement. To better elucidate the cycling mechanisms of
the SnOx-C composite, cyclic voltammetry was employed to
examine the reversible, electrochemical processes occurring
during lithiation and delithiation of the composite material
(Figure 6). Long-term voltammograms reveal that the material

undergoes fully reversible lithiation with minimal change in the
extent of the electrochemical lithiation/delithiation. As
indicated by the peaks on either side of ∼1.1 V and ∼1.5 V
on both the anodic and cathodic scans, the material depicts
reversible lithiation of SnO and SnO2, respectively. Many tin
oxide anode materials are unable to employ the reversible
formation of Li2O during cycling.14−19 Experimental11,31,32,48

and theoretical studies9,10 on the formation of Li2O have
shown that reversible delithiation can only effectively be
achieved with tin oxide nanoparticles and if the Li2O matrix
remains unperturbed during cycling. Cross-sectional analysis of
the SnOx-C composite, shown in Figure 7, provides insight as
to how the micron-sized SnOx-C composite is able to obtain
reversible formation of Li2O. Cross-sectional SEM imaging
reveals that the composite consists of tin oxide nanoparticles

embedded within a carbonaceous framework. The formation of
the nanoparticles is attributed to the use of a tin and carbon
containing precursor. It is hypothesized that the carbon
support acts as a barrier in situ, preventing the clustering of tin
oxide particles during synthesis. The novel precursor allows for
facile synthesis of a high-tap density, micron-sized composite
particles that reap the benefits of the nanosized particles of tin
oxide, such as improved ionic conductivity and reversibility of
Li2O formation.9−11,31,32,48−50

The newly formed Li2O matrix must remain undisturbed
during cycling. Disruptions in the matrix can lead to less
interactions between the Li2O and metallic tin, thereby
reducing the reversibility of the Li2O formation.9,10 These
perturbations can occur from both the aggregation of tin atoms
during cycling and the large volumetric expansion. The
architecture of the SnOx-C composite can lead to retention
of the matrices during cycling based on two methodologies.
(1) The first being that the regions containing the tin oxide
nanoparticles are closely interlocked and held in place by
semigraphitized carbon. The semigraphitized carbon frame-
work not only acts as an expansion buffer during lithiation but
also acts as a barrier, preventing dispersion of the Li2O matrix
and aggregation of tin atoms during delithiation. This is
supported by the cross-sectional analysis of SnOx-C (Figure 7)
showing the tin oxide nanoparticles entrapped within a
framework of carbon. (2) Furthermore, oxygen functionalities
of the carbon employ ionic interactions to prevent the dispersal
of the Li2O during cycling. Sucrose is a graphite precursor
known for its production of low-temperature, oxygen-function-
alized carbon. XPS analysis of the composite material (Figure
S4) details the ample oxygen functionalities of the carbon
support. Oxygen-functionalized carbon is used in lithium−
sulfur batteries to prevent the dissolution of lithium sulfide
intermediates during cycling.51−53 The oxygen functional
groups provide anionic interactions which trap the inter-
mediates in place and prevent their dissolution.51−53 We
hypothesize that these functional groups operate in a similar
manner to those in lithium−sulfur batteries, acting as a means
of ionic interactions that seem to lock the Li2O in place during
cycling.
Electrochemical, optical, and spectroscopic data suggest that

the carbon framework of the composite helps to supplement
the performance of the tin oxide by acting as an expansion
buffer, preventing clustering of tin, and aiding in the retention
of the Li2O matrix while cycling. To affirm these results an
investigation of the interior morphology after cycling was
conducted in a similar manner to the cross sections shown in
Figure 7. Post-mortem cross-sectional SEM/EDX imaging of
the SnOx-C composite was obtained by embedding the
electrode material (from Figure 5D) after 400 galvanostatic
cycles in silver epoxy. The resulting micrographs are found in
Figure 8. The images establish that the interior morphology is
virtually identical to that depicted by the cross-sectional
imaging of the pristine SnOx-C particles. Furthermore, no
interstitial cracks were found in the composite, even after 400
cycles. This suggests that the loss in capacity can be attributed
to slow degradation of the exterior upon high current density
cycling and the carbon reacting with the electrolyte.
The reversible formation of Li2O is a contentious subject in

the field of tin oxide anodes as many electrodes are not able to
achieve any reversibility at all. However, theoretical9,10 and
experimental11,31−33,48 studies employing tin oxide nano-
particles have shown reversible formation is possible. To

Figure 6. Cyclic voltammograms of SnOx-C versus Li with a potential
window of 5 mV to 3.0 V and generated from a 0.1 mV/s scan rate.
(A) Cyclic voltammogram of the first cycle with lithiation/delithiation
potentials denoted. (B) Long-term cyclic voltammograms from 1 to
15 cycles.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b01205
ACS Appl. Energy Mater. 2019, 2, 7244−7255

7250

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01205/suppl_file/ae9b01205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01205/suppl_file/ae9b01205_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b01205


Figure 7. Cross-sectional analysis of microtomed SnOx-C particle embedded in silver epoxy. (A) SEM micrograph of SnOx-C particle in epoxy.
(B−D) EDX elemental mapping of tin, silver, and region mapping, respectively; highlighting the SnOx-C particle. (E−H) High-resolution SEM
micrographs displaying the presence of tin oxide nanoparticles embedded in the carbon framework.

Figure 8. Cross-sectional micrograph of the SnOx-C composite particle embedded in a silver epoxy after 400 cycles of galvanostatic charge and
discharge at a current density of 170 mA/g. (A) SEM micrograph of SnOx-C particle in epoxy. (B−D) EDX elemental mapping of tin, silver, and
region mapping, respectively, highlighting the SnOx-C nanoparticles. (E−G) High-resolution SEM micrographs display the presence of tin oxide
nanoparticles embedded in the carbon framework.
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further confirm our CV results demonstrating reversible
formation of Li2O, we conducted an innovative post-mortem
TOF-SIMS analysis of the electrodes after one discharge and
one full cycle, respectively. The resulting TOF-SIMs analysis
can be found in Figure S6. Because the analysis is performed
between two initially identical materials, quantification of the
LiO− ion can be performed to determine the amount of
reversible Li2O formed within the first cycle. To ensure
consistency throughout the samples, all LiO− curves were
normalized to the respective Sn− content of each sample.
Quantification of this ion suggests that approximately 50% of
the Li2O is reversible within the first cycle. This result affirms
the conclusions reached through our cyclic voltammograms.
Previously, many publications have stated the irreversibility of
Li2O formation, therefore finding reversibility to this extent
elucidates the interesting electrochemical properties of the
ditin citrate dervied material. The initial Coulombic efficiencies
of conversion materials are usually relatively low, often near
50%. This result explains why the initial Coulombic efficiency
of our material is 69.94% (Figure S6). This high initial
Coulombic efficiency suggests the SnOx-C material would act
as a viable candidate in electrochemical full cell systems.
To test the viability of the SnOx-C composite as a candidate

for practical lithium-ion batteries, full-cell electrochemical
analysis of SnOx-C versus NCM (622) was conducted. One of
the main concerns with utilizing a tin oxide anode in full-cell
applications is the high lithiation potential. Because of NCM’s
high operating voltage, NCM was chosen as the counter-
electrode so that the electrochemical cell could supply
satisfactory power. Figure 9A displays long-term cyclic
voltammograms of the full-cell SnOx-C system and supports
the reversibility of Li2O formation within the SnOx-C
composite. To mimic the desired properties of commercial
batteries, long-term galvanostatic cycling (Figure 9B) was
conducted at fast-cycling rates with an N/P ratio of 1.2:1.
Results of this galvanostatic cycling show that the SnOx-C
composite is able to demonstrate an initial lithiation capacity of
621 mAh g−1 and an 82.3% capacity retention after 50 cycles
while applying a C/2 charge/discharge rate.
In summary, implementation of a complexed precursor has

led to the production of tin oxide nanoparticles embedded in a

flexible carbon framework through simple solid-state pyrolysis.
We hypothesize that the carbon support acted as a barrier
preventing the aggregation of tin oxide during synthesis
thereby allowing us to easily form tin oxide nanoparticles. The
disordered, porous nature of the semigraphitized carbon allows
this support to act as a barrier against tin aggregation and
volumetric expansion during lithiation. These characteristics
allowed SnOx-C to display a lithiation potential of 667 mAh
g−1 with nearly 89% capacity retention after 400 cycles of 450
mA g−1 current density cycling. CV and TOF-SIMs analysis
suggest this superior capacity retention can also be attributed
to the enhanced reversibility of Li2O formation. Furthermore,
we hypothesize that the oxygen-functionalized carbon forms
ionic interaction with the Li2O thereby leading to better
retention of the Li2O matrix during cycling and in turn
increasing the reversibility of Li2O formation. We believe the
architecture and methodology used in this composite can be
used in future materials to invoke enhanced electrochemical
performance.

■ CONCLUSIONS

In this study, we reported the synthesis of a SnOx-C composite
through the use of a novel precursor, ditin citrate. Simple solid-
state pyrolysis of the complexed precursor resulted in the
production of a composite containing tin oxide nanoparticles
embedded in a flexible carbon support. Through a systematic
analysis of the architecture, using high-resolution X-ray
photoelectron spectroscopy, Raman spectroscopy, cross-sec-
tional and post-mortem scanning electron microscopy, and
Brunauer−Emmett−Teller (BET) analysis, we examined how
the resulting structure aided in the reversible lithiation/
delithiation of the tin oxide material. The presence of tin oxide
nanocrystals provides a more thermodynamically favorable
environment for Li2O reversibility and enhances ionic
conductivity. The semigraphitized carbon framework acts as
a volumetric expansion buffer, aids in preventing aggregation of
tin oxide particles during lithiation, and enhances the electrical
conductivity of the composite. The presence of the oxygen
functional groups on the carbon support is hypothesized to aid
in the retention of the Li2O matrix during cycling, thereby
enhancing the reversibility of the Li2O formation.

Figure 9. Electrochemical analysis of the SnOx-C versus NCM full-cell system. (A) Long-term cyclic voltammograms generated with a potential
window of 1.5−4.2 V and 0.1 mV/s scan rate. (B) Galvanostatic cycling performance at C/2 (450 mA g−1 for anode, 90 mA g−1 for cathode)
cycling rate.
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Electrochemical analysis of the SnOx-C composite reveals its
exceptional electrochemical potential as an anode material for
lithium-ion batteries. Cyclic voltammetry demonstrates the
high reversibility of the alloying and conversion reactions of
SnOx-C lithiation. Long-term galvanostatic testing of the
composite material exhibits the material’s potential for high
gravimetric capacities, high Coulombic efficiencies, and
extended cycle life. The proficient electrochemical properties
have been attributed to the presence of tin oxide nanocrystals;
a flexible, oxygen-functionalized carbon framework, and the
reversible formation of Li2O throughout cycling. We believe
that this study presents a material with improved capacity
retention, whereas the systematic analysis of the architecture
also acts as a fundamental study that could provide other
researchers with insights on how to improve the cyclability of
other metal oxide-carbon composites through the utilization of
similar architectures and synthetic methods. Considering the
performance and simplicity of this composite, this synthetic
strategy may provide new insight into the design of other
electrochemical materials with promising lithium-storage
properties. Other works have shown satisfactory performance
of tin oxide anodes in sodium- and potassium-ion batteries,
therefore future work will examine how this architecture or
similar motifs can further enhance the reversibility of tin oxide
in other alkali ion batteries.30,54,55
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