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a b s t r a c t

This study shows high stability Sn (10wt %)/carbon Li-ion battery anodes can be made via the Reduction
Expansion Synthesis (RES) process. Hybrid Sn/C anodes had an initial capacity of 425mAh g-1 which
stabilized to ~340mAh g-1 after less than 10 cycles. Unlike earlier Sn/C anodes, capacity remained
virtually constant for more than 180 additional cycles. Neat carbon independently tested for Li capacity
had a steady specific capacity of 280mAh g-1. The difference detected between the pure carbon and Sn/C
cases are consistent with Sn having the theoretical capacity of ~1000mAh g-1. The high stability of the
RES derived anodes, relative to earlier Sn based electrodes, is postulated to exist because RES synthesis
enables the formation of direct, strong bond between Sn and carbon substrate atoms, hence reducing the
rate of Sn electrode disintegration and capacity fade due to expansion upon lithiation. X-ray diffraction
and transmission electron microscopy are consistent with this postulate as both show an initial Sn
particles size of only a few nanometers and minimal growth after cycling. Reduced interface resistance is
also indicative of unique Sn-carbon bond.

Published by Elsevier Ltd.
1. Introduction

There is considerable effort to increase the net energy density of
rechargeable lithium ion batteries by developing anodes with
higher capacities than graphite. One of the difficulties with
increasing the anode capacity is that many of the conductive
structures, other than graphite, tend to pulverize after lithium
incorporation, leading to significant capacity loss after only a few
charge/discharge cycles. Much effort in this field has been focused
on creating conductive metal oxide/graphene composites, struc-
tured in such a fashion that the metal oxides are physically pre-
vented from crumbling [1,2]. For example, there are many studies
focused on Fe3O4 mixed/fixed on different conductive forms of
carbon because iron oxide not only has a potentially highmaximum
capacity, 922mAh g�1 [3], but also meets conductivity, cost and
environmental objectives. This is far higher than that of the
graphite electrode, 372mAh g�1 [4], due to the final Stage 1
structuring Li/C stoichiometry of LiC6 [5,6]. Another material, with
an even higher theoretical capacity, lower operating potential than
metal oxides for enhanced full cell energy density, and decreased
voltage hysteresis due to the alloying storage mechanism, is
metallic Sn. The final stoichiometry of Li/Sn, Li22Sn5 has a high
lithium packing density (75.47mol L�1), which is nearly as high as
that of pure lithium metal (76.36mol L�1) [5,7]. This packing den-
sity yields a theoretical capacity of 990mAh g�1 for Sn. However;
like the other alternatives to graphite, Sn is not employed because
of mechanical pulverization which leads to rapid deterioration of
capacity over extended cycling. In particular, Sn expands so
significantly (~360%) during lithiation, and then shrinks during
discharging, that it physically pulverizes during cycling, creating an
unstable and unusable electrode. Specifically, disintegration leads
to a rapid drop in capacity with cycling and excessive solid elec-
trolyte interphase (SEI) formation, rapidly consuming electrolyte
and increasing electrode resistance [8]. As with magnetite, novel
approaches to mitigate the crumbling that accompanies expansion
during lithiation have been tried. For example, the encapsulation of
Snwithin nano-scale conductive carbon structures, with void space
to accommodate expansion without concomitant breakage [9e12],
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Fig. 1. XRD of Sn/C Powder Before Cycling. The dominant phase of the Sn is clearly
metallic tetragonal Sn. The broad peak at ~25� 2theta originates from the carbon
substrate. Using the Debye-Scherrer equation ((200) peak) the average Sn particle size
was determined to be ~15 nm before cycling and ~20 nm after cycling. (A colour
version of this figure can be viewed online.)
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yields high, ~600mAh g�1 [12] and sometimes very high,
~1500mAh g�1 [9] initial capacity, and improved, but still not
sufficient, cycling stability. For example, despite the impregnation
of Sn nanoparticles within amorphous carbon nanotubes as a
structural support and conductive pathway, the capacity fades by
29% over the first 100 cycles (0.2 A g�1) to 720mAh g�1, demon-
strating the need for increased stability in Sn/C composite anode
materials [13].

The present study is based on the hypothesis that a novel syn-
thesis method, called Reduction Expansion Synthesis (RES), can
successfully produce stable Sn/carbon composite anodes for Li-ion
batteries. The novelty of RES is that reducing species are introduced
to a synthesis not as a gas (e.g. CO, H2), but rather as the radicals
generated by the in situ thermal decomposition of a solid. Graphene
[14,15], supported metal catalysts [16], small iron and nickel par-
ticles [17], and alloys of the same [18e20], have all been synthe-
sized employing variations on RES batch processing. In all cases, the
thermal decomposition of urea was used to generate radicals that
promote the reduction of the reactants.

The products of RES have shown superior properties in some
respects to those synthesized using standard techniques. For
example, iron and nickel particles produced by the simple RES
process at only 800 �C, are about 1 mmaverage size, far smaller than
those made using the standard industrial techniques, such as at-
omization at ~1500 �C [21] or grinding [22]. More germane to the
present study is the remarkable sintering resistance of supported
metal catalysts particles synthesized using RES. They were found to
be smaller and more stable in a fuel cell than metal catalysts pre-
pared by incipient wetness. Given the morphological similarity
between a composite Sn/C electrode and a supported metal cata-
lyst, the unusual stability of RES generated metal catalysts sug-
gested similar properties for Sn/C produced by RES, leading to a Sn
based, high capacity, stable, Li battery electrode.

The results, in brief are that the Sn/C anodes generated using
RES have a significantly higher capacity than pure carbon elec-
trodes for Li ions, and are far more stable during lithiation than
traditionally prepared Sn containing anodes. It is also clear that as
the synthesis process is very rapid (ca. 100 s), and the materials
used are standard and inexpensive, the RES process may have
economic advantages over other anode synthetic approaches that
require expensive/exotic materials. Although the tests conducted
are specific to Sn, the data are consistent with the postulate that
other metals, such as those capable of intercalating Na ions, can be
produced as small, stable particles on relatively inexpensive forms
of carbon.

2. Experimental

2.1. Electrode production protocol

Sn/C battery electrodes were created using the simple process
outlined below, which is a variation on the RES process employed to
make supported metal catalysts, as described in prior literature
[16]. The primary novelties of this synthesis were the use of a
carbon support, and the inclusion of an activation step (STEP I),
intended to create oxygen groups on the carbon substrate prior to
the addition of the Sn and urea.

STEP I. A commercial high surface area carbon (Vulcan XC 72,
from Cabot, Corp.) was ‘activated’. Specifically, a bed of carbon
powder less than 2mm deep was heated in air to 600 �C for
10min in a tube furnace. This process reduced the weight of the
carbon by approximately 11% and, as described in the scientific
literature [23e26], introduces many oxygen species on the
surface of the carbon via the partial combustion of the carbon.
High surface area carbon partially burned in oxygen, hence
covered in oxygen species chemically bonded to carbon in the
surface, is generally referred to as ‘activated carbon’.
STEP II. Sn(II) chloride, urea, and water, were mixed in the
weight ratio of 1: 1: 20. The final mix, herein ‘Sn/urea’ is a ho-
mogeneous paste containing dissolved species.
STEP III. The materials produced in Steps I and II were mixed in
weight ratio of 1 activated carbon: 8.8 Sn/urea. The mixing was
done in a mortar and pestle, by hand, and the final material
(Fig. 1) had the consistency of a wet paste.
Step IV. The paste was then placed in 20 cm3 volume alumina
boat, and the boat inserted into a quartz tube approximately
75 cm long and ~2.5 cm O.D. The tube was placed in a standard
laboratory 45 cm long tube furnace, and attached via standard
gas plumbing fixtures, to a gas supply system to allow control of
gas identity and flow rate through the tube.
Step V. The quartz tubewas arranged such that the alumina boat
was in the center of the furnace, and then 99.99% N2 gas was
passed through the tube at ~100 sccm, via a rotameter.
Concomitantly the furnace was brought to a temperature of
100 �C for an hour to remove excess water from the sample.
Step VI. Two changes were made. First the gas flow rate was
reduced to 5 sccm. Second the furnace temperature was
increased to 800 �C. The furnace took approximately 4min to
reach 800 �C. Once that temperature was achieved it was only
maintained for an additional 30 s.
Step VII. Immediately upon the completion of Step VI, the quartz
tube containing the sample was removed from the furnace, and
placed on a rack to cool. The nitrogen gas flow rate during
cooling was increased to 100 sccm.

In addition to making a Sn/C electrode employing the RES pro-
tocol outlined above, a control sample was created in which no
activation step was included. That is, the process employed was
identical to the one given above, except Step I was not conducted. It
was postulated that in this case few, if any, surface radicals would
be produced on the carbon during the remaining RES steps, hence
there would be no mechanism for direct chemical interaction be-
tween carbon and Sn. This would lead to the formation of large (ca.
micron) Sn particle formation. Additionally, a sample was prepared
involving everything but addition of Sn(II) chloride, which will be
XC-72 neat carbon (0% Sn/C composite). Other controls, such as
never introducing urea are possible, but the entire literature on Sn/



Table 1
Elemental analysis of prepared XC-72 neat and 10% Sn/C composite materials by RES
process.

Sample C H N O Sn

XC-72 neat 95.05± 0.41 0.81± 0.04 0.16± 0.03 3.91± 0.48 e

10% Sn/C 84.77± 0.57 0.89± 0.03 0.40± 0.04 3.58± 0.56 10.35

T.L. Lee et al. / Carbon 132 (2018) 411e419 413
Carbon is a ‘urea free’ control. The conclusion: Stable tin particles
are never produced on carbon in any process in which urea is
absent.

2.2. Analytical instruments

Three instruments, located at the Naval Postgraduate School in
Monterey, CA were employed in the analysis of the morphology of
the Sn/C electrode: transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and x-ray diffraction (XRD).
The TEM is a Tecnai Osiris, a fully digital 200 kV S/TEM system, as
well as technology for EDX signal detection/mapping at the 0.1 nm
level. The SEM is a Zeiss Neon 40 with a resolution of 1.1 nm. The
XRD is an Rigaku MiniFlex, a general purpose X-ray powder
diffractometer, with Cu tube and PDXL, Rigaku's full-function
powder diffraction analysis package. Image J and JMP were
employed for image/data analysis.

Raman spectra were collected with a Thermo Scientific DXR
Raman Microscope using a 632 nm laser at 2mW power at Purdue
University. Elemental analysis of prepared samples was determined
using an Exeter Analytical CE440 CHN/O/S instrument at Purdue
University.

2.3. Half-cell testing

Electrochemical Characterization: To electrochemically test the
Sn/C composite material, laminates were constructed at Purdue
University by taking a ratio of 80wt % active material, 10wt %
carbon conductive additive (Timcal Super C65), and 10% wt. %
binder (sodium carboxymethyl cellulose). A slurry was formed
utilizing ultrapure water as solvent and mixed for 20min before
coating onto a copper foil. After drying for 12 h in a vacuum oven
set to 80 �C, electrodes with a diameter of 12mmwere punched out
(active material loading of ~1.5mg cm�2). Coin cells (2032 type)
were assembled in an Argon atmosphere (99.998%) high purity
glovebox. For Li-ion half cells, lithium metal foil was used as the
counter electrode, with 1.0M LiPF6 in ethylene carbonate/diethyl
carbonate/dimethyl carbonate þ3% fluoroethylene carbonate ad-
ditive as electrolyte and Celgard 2500 as separator. Cyclic voltam-
metry was performed at a scanning rate of 0.1 mV s�1 utilizing a
Gamry 600 þ instrument. Potentiostatic electrochemical imped-
ance spectroscopy (EIS) was collected on fresh cells and after 10, 20,
and 50 cycles at 1.25 V vs. Liþ/Li in a frequency range of 0.01e106 Hz
utilizing a Gamry 600 þ instrument. All galvanostatic cycling was
conducted with an Arbin cycler, with current densities ranging
from 20 to 500 mA g�1 in a voltage range of 0.005e1.5 V vs. Liþ/Li.
For post cycled electrode material analysis, coin cells were opened
in the Argon glovebox and washed with DMC and vacuum dried to
remove electrolyte and salts.

3. Results

3.1. Morphology

The purpose of the morphological analysis was to determine the
form and structure of the Sn particles, and to contrast the particle
size observed before and after cyclic electrochemical testing.
Moreover; particle size measurement serves as a test of the hy-
pothesis that the RES synthesis creates metallic Sn particles bonded
directly to carbon atoms in the surface. Small particles (ca. <20 nm)
are consistent with the hypothesis, whereas large particles (>1 mm)
clearly indicate little or no interaction between carbon and Sn,
hence the rapid sintering generally associated with the use of car-
bon as a support for heterogeneous catalysts.

The XRD studies of the 10% Sn/C sample prepared using the
standard RES protocol clearly showed that virtually all the Sn was
present as metallic Sn both before (Fig.1), and after electrochemical
cycling. In contrast, the control sample was found to be primarily
Sn-oxide and ~20% metallic Sn. Moreover, line broadening, using
Debye-Scherrer analysis, suggested the average particle size was
about 15 nm for the former. The particle sizes determined using the
Debye-Scherrer approach are larger than the apparent size from
TEM imaging (below), but as discussed in detail later, this differ-
ence is anticipated as the relative weighting of large and small
particles is significantly different in the two methods [27e30].
Consistent with the observations in the present work, the half-
height Debye-Scherrer method generally yields an ‘average’ parti-
cle size larger than that obtained from TEM analysis. In this case, as
will be later shown, the TEM analysis showed a much smaller mean
particle size, but both methods indicated little sintering during
lithiation.

Control studies were undertaken to determine if small particles
would form on carbon surfaces not properly prepared to create Sn-
carbon bonding sites. In the principle control study the carbon was
not ‘activated’. All the steps in the protocol described in the
experimental section were carried out identically except for Step 1.
Step 1 was modified; the carbonwas heated in flowing nitrogen gas
(99.99%), rather than air, to 600 �C. Furthermore, the carbon as
received was found to be hydrophobic based on the simple test: A
drop of water placed on top of the carbon did not wet the sample.
The water drop simply broke up into smaller drops, each more than
10 mm across and easily visible to the unaided eye. Hence, the
carbon initially had few if any surface oxygen groups [26] fresh out
of the bottle, and given no air/oxygen ‘activation’ pretreatment, no
oxygen should be found on the surface if Step 1 is not employed.
Notably, a drop of water placed on the same carbon after proper
activation, using the unmodified Step I protocol, completely dis-
appears. The water clearly wets the material, leading to the
conclusion that activation creates oxygen groups that act as pri-
mary adsorption sites.

To verify the proposed Step I air activation and targeted 10% Sn/C
weight loading, elemental analysis was performed for the XC-72
neat carbon and 10% Sn/C composite as shown in Table 1. To
obtain the value for Sn, the percentages were subtracted from 100%,
with standard errors reported and all reported values in terms of
weight percentage. Noticeably, the air activation does increase the
amount of oxygen functionalities, as pristine Vulcan XC-72 is
specified to be >99% carbon. The targeted value of Sn loading is
achieved, signifying the successful incorporation and mixing of the
Sn (II) chloride precursor onto the carbon substrate.

Raman spectrawere collected for the XC-72 neat carbon and 10%
Sn/C composite produced by RES process as shown in Fig. 2. Two
primary peaks are observed at 1320 cm�1 at 1580 cm�1 correlating
to disordered carbon (sp3) and graphitic carbon (sp2), respectively.
The ratio (ID/IG) of these peaks is ~1.3 for both samples, indicating
the high disordered nature of this carbon, and that the carbon
structuring is unaltered by the RES process. No additional peaks are
observed in the 10% Sn/C composite, which agrees with the XRD
results showing no Sn oxide phase formation, asmetallic Snwill not
be Raman active.

Are control studies needed? It is notable that in many studies of
anodes composed of multiple materials, no independent studies of



Fig. 2. Raman Spectra. Top: 10% Sn/C. Bottom: XC-72 neat carbon. Raman spectra
collected with a 632 nm laser at 2mW power. (A colour version of this figure can be
viewed online.)

Fig. 4. TEM/HAADF STEM Mode Images of Standard Protocol Sn/C. A) Sample before
cycling, 50 nm scale, B) Sample before cycling, 20 nm scale, C) Sample after cycling,
20 nm scale, D) Elemental map of Sn corresponding to (B). (A colour version of this
figure can be viewed online.)
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the conductive ‘support’ are included, even though in general the
weight fraction of the support is greater than 30% [2]. Thus, studies
that neglect consideration of the support contribution may imply
an overstatement of the role of the purported ‘active phase’, e.g.
magnetite. A good example is graphene, a common element in
many ‘conductive oxide’ based electrodes, because it has clearly
been experimentally demonstrated that neat graphene has a ca-
pacity between 500 and 800mAh g�1 by itself [3].

The morphology of particles formed in the principle control
study indicates the need for carbon activation to create highly
dispersed Sn particles using the RES process. As shown in Fig. 3,
multi-micron, spherical particles form on the surface of carbon
which was not activated. XRD studies reveal these particles are a
mix of Sn oxide and metallic Sn. This is consistent with the case of
minimal bonding between the carbon surface and the tin. The
carbon surface is effectively ‘Tin phobic’. Upon heating, the tin
rapidly diffuses across the surface, leading to agglomeration and
the formation of particles millions of times larger, by volume, than
those found to form on activated carbon as described below.

Both SEM and TEM were employed to the study of particles
formed by the RES method on activated carbon. Although XRD
(Fig. 1) and chemical analysis clearly showed significant Sn on the
carbon, a thorough SEM investigation revealed no apparent Sn
structures. This is consistent with all Sn structures being too small
and highly dispersed for easy observation using SEM, although EDS
analysis in the SEM corroborated the Sn presence. Moreover, given
the high temperature encountered, 800 �C, it suggests that the Sn
Fig. 3. Sn Particle Size on non-Activated Carbon. - The dominant Sn structure found to form on
mostly Sn oxide. Sn particles are the bright spherical particles seen in the figures (left: 10 mm
loaded activated carbon [31].
metal is strongly bonded to the carbon surface. Only strongly
bonded metal by carbon would resist sintering at 800 �C, as
described in the reaction mechanism in the discussion section.

HAADF STEM analysis (Fig. 4) was consistent with the XRD, and
SEM, indicating that only very small Sn particles were present on
the carbon surface. None of the particles before battery testing
appear to be larger than 5 nm (Fig. 4A and B). The images show after
more than 100 full charge-discharge cycles there is some level of
particle sintering. Some particles are ‘large’ of the order 10 nm
across, but the majority are still less than 5 nm in size. Still, there is
no evidence of ‘pulverization’. Thus, qualitatively the XRD and the
TEM results are consistent, leaving little doubt that very small
metallic Sn particles form following the standard RES protocol, and
that limited growth occurs during cyclic electrochemical testing.

The particle size distributions were measured from the TEM
images. Software Image J was employed to measure the particles
and JMP to generate the histograms and perform the statistical
analysis. A mean value close to 2 nmwas obtained for the sample as
prepared by RES approach when the carbon was activated, while a
non-activated carbon were large (ca. ~2 mm) particles, that XRD and EDX showed to be
scale and right: 2 mm scale). Using SEM, no particles could be detected on similarly Sn



Fig. 5. Particle size distributions generated from the STEM/HAADF images before (a)
and after (b) cycling. (A colour version of this figure can be viewed online.)
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mean of 3 nmwas observed for post-cycled specimens (Fig. 5). It is
worth noting that although the before and after cycling particle size
values are very close, the post-cycled sample does show a tail in the
PSD that extends to 10 nm. These values are much smaller than the
those calculated from XRD FWHM analysis.
Fig. 6. Electrochemical performance for 10% Sn/C anode material in Li-ion half cell. (A) Cyclic
cycling at 50mA g�1 current density. (C) Galvanostatic cycling at various current densities (
density from rate study. (A colour version of this figure can be viewed online.)
3.2. Electrochemical analysis

The 10% Sn/C electrode was tested in a Li-ion half-cell for elec-
trochemical performance as shown in Fig. 6. Formation cycles were
analyzed using cyclic voltammetry (Fig. 6a), where a few peaks are
observed in the first discharge at 0.9 V, 0.45 V, 0.3 V, and 0 V, likely
due to initial SEI formation, Sn alloying with Li, and intercalation
into the carbon support respectively. Subsequent cycles show fewer
features, with a charge peak at 0.7 V but otherwise smooth profile
due to the high percentage of amorphous carbon in the composite.
Galvanostatic cycling test at constant current is shown in Fig. 6b,
and a stable composite capacity of 350mAh g�1 at 50mA g�1 is
achieved after capacity loss in the first 10 formation cycles. Cycling
at various current densities is shown in Fig. 5c, with the corre-
sponding charge-discharge voltage curves in Fig. 5d. From a ca-
pacity of 370mAh g�1 at 20mA g�1 to 220mAh g�1 at 500mA g�1,
this material demonstrates exceptional rate kinetics as compared to
graphite, due to the high surface area carbon and small Sn particle
size enabling rapid lithiation/de-lithiation. The charge-discharge
voltage profiles for the first two cycles are shown in Fig. S1.
While there is a large first cycle capacity loss of 60% over the first
few cycles, likely due to SEI formation on the high surface area
carbon, the subsequent 140 cycles show great stabilization and
coulombic efficiency.

To evaluate the contribution of the two components of the
electrode, carbon and Sn, a control study was performed on the XC-
72 carbon-neat. Although graphite has a theoretical capacity of
372mAh g�1 for very slow discharge, it is not reasonable to pre-
sume a specific carbon with different structuring/material proper-
ties will be the same. Thus, a capacity measurement on the carbon
voltammetry for first five cycles at 0.1mV s�1 scan rate. (B) Long-term Galvanostatic
20e500mA g�1). (D) Stable charge-discharge voltage curves at corresponding current



Fig. 7. Differential capacity curves for the 10% Sn/C by RES and XC-72 carbon neat
electrodes to elucidate Li storage mechanisms. (A) Cycle 1. (B) Cycle 2. (C) Cycle 50. (A
colour version of this figure can be viewed online.)
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alone provides a value which can be subtracted from the measured
capacity of the Sn/C electrode to determine the Sn contribution,
with these calculated values shown in Fig. 6b. The carbon support
showed a small drop over the first five cycles and then a stable
capacity of approximately 280mAh g�1 at a discharge rate of
50mA/g. This confirms the specific capacity contribution from the
nanosized tin particles, close to theoretical values of 1000mAh g�1,
and the augmented rate capability at higher current densities.

The differential capacity (dQ/dV) was plotted for the 10% Sn/C
and XC-72 carbon neat to see the differences in lithiation storage
mechanisms over extended cycling, and is shown in Fig. 7. During
cycle 1, the 10% Sn/C sample showcases additional peaks during
discharge and charge associated with SEI formation and Sn
alloying/de-alloying. It is interesting to note that after the first cy-
cle, these additional peaks diminish in clarity, and that by cycle 50,
the carbon and 10% Sn/C have similar profiles.

It is then interesting to see if the addition of Sn nanoparticles to
the carbon support augments electrochemical properties of the
material. Electrochemical impedance spectroscopy (EIS) was per-
formed on both materials throughout cycling, to analyze the re-
sistances introduced by charge-transfer mechanisms, SEI layer, and
diffusional limitations, and is shown in Fig. 8. At open circuit
voltage (Fig. 8a) before discharging, the SEI layer has not yet
formed, and thus the semicircle in the high-medium frequency
range can be attributed to charge transfer resistance. The addition
of Sn nanoparticles clearly decreases charge transfer resistance by
the smaller semicircle diameter and total material resistance. This
is consistent with a strong bonding between Sn and C. The low
frequency line can be modeled by a Warburg impedance, and re-
flects solid-state Liþ diffusion, with similar profiles seen for both
due to the similar carbon architecture. Through later cycles, even
with the addition of SEI layer (at high frequency range), the 10% Sn/
C shows decreased charge-transfer resistance and overall material
resistance as compared to XC-72 carbon neat, which can explain the
augmented rate performance observed in the 10% Sn/C sample. The
proposed morphology of small Sn nanoparticles well distributed
and strongly attached to the activated carbon supports this dra-
matic improvement in overall electrode conductivity.

4. Discussion

This study was designed to test the postulate that RES synthesis
of Sn/C electrodes can lead to strong bonding between metal and
support leading to particle stability through charge/discharge and
concomitant expansion/contraction of the Sn particles. This will
lead to a capacity of the electrodes higher than that for the carbon
support alone, a capacity for Li can be maintained over hundreds of
charge/discharge cycles. This postulate rests on several prior ob-
servations and a model of carbon surface chemistry.

The most significant prior observation is that unique rafts,
approximately 5 atoms each, formed during RES synthesis of Pt/
conductive substrate fuel cell electrodes [16]. The formation of
these rafts on the underlying conductive substrate was postulated
to result from a sequence of chemical processes: i) generation of
free radicals via thermal decomposition of urea, ii) removal of
surface oxygen atoms from the substrate by those reducing radicals
consequently creating unsaturated surface sites, and iii) immediate
bonding to these sites of Pt atoms released by thermal decompo-
sition of platinum atom containing precursor molecules. The
empirical outcome was consistent with this model. The RES syn-
thesis clearly resulted in the creation of uniquely strong metal/
substrate bonds that prevented the type of Pt particle growth
normally observed on fuel cell electrodes. Other observations of
unique structures formed via RES synthesis are consistent with the
general model of RES: thermal decomposition of urea releases
reducing radicals that permit unique chemical processes to occur.
Unique RES syntheses consistent with the model include the
reduction of graphite oxide to form graphene [14,15], and the
reduction of metal oxide powders to yield sub-micron metal par-
ticles [17e20].

In order to explain more precisely the anticipated chemistry of
RES generation of Sn/C electrodes it is necessary to present a
condensed description of a widely accepted model of the creation
of unsaturated, ‘surface radical’, sites on carbon [23e26]. Generally,
carbon, either graphitic or turbostratic, surfaces consist primarily of



Fig. 8. Electrochemical impedance spectra for Li-ion half cells with either XC-72 neat carbon or 10% Sn/C by RES process. (A) OCV at 2.5 V. (B) After 10 cycles at 1.25 V. (C) After 20
cycles at 1.25 V. (D) After 50 cycles at 1.25 V. (A colour version of this figure can be viewed online.)
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basal planes inwhich all atoms are strongly bonded to three nearest
neighbors. Little chemistry takes place here. In contrast, at defect
sites, including edges, there are surface sites capable of chemistry.
In particular, O atoms, OH complexes, etc. often bond to unsatu-
rated carbon atoms at these sites. It is well documented that O-
groups, found at edges and defects, serve as the nucleation points
for many processes including water adsorption [26], and metal
particle formation [32,33], but not strong bonding. However; there
are specific ‘recipes’ for removing O-species from these sites, such
as heating to 950 �C in flowing inert gas, that remove C-atoms as
well, and concomitantly create ‘dangling bonds’ or ‘surface radi-
cals’. The surface radicals so formed have been shown to form
strong bonds to metal atoms [34e36].

To more fully understand the steps used in the RES synthesis,
following is a brief review of recipes that remove oxygen from
carbon surfaces, yet do not create surface radicals. For example,
treating a carbon surface in hydrogen, at temperatures above
950 �C creates a hydrophobic, chemically inert carbon [26]. It is
believed that the high temperature not only strips the oxygen
groups from the surface, but also reacts with all ‘surface radicals’
created by the removal of oxygen to create methane. No highly
reactive surface sites remain. One of the simplest tests of this
postulate is a test of hydrophobicity. A carbon surface without ox-
ygen groups or surface radicals is hydrophobic.

Returning to the hypothesis of this study: It is believed that
during RES synthesis of the Sn/carbon electrodes two steps, pre-
viously only carried out sequentially [30], are combined into a
single rapid synthesis. Specifically, during RES synthesis, reducing
radicals produced via urea decomposition attack oxygen groups on
the carbon surface, leading to the formation of volatile, stable
species. This process, Step I, creates carbon ‘surface radicals’.
Almost immediately these surface radicals form strong bonds with
metal atoms, Step II. These metal atoms are generated via the
decomposition of metal precursor molecules, a process that is
thermally driven and takes place concomitantly with the thermal
decomposition of the urea.

All the data collected in this study is consistent with the process
outlined in the above paragraph. In particular these observations
are consistent with this model: i) Very small Sn particles form. ii)
The small Sn particles are stable even at 800 �C. iii) They sinter
slowly during use as a Li ion electrode over hundreds of charge/
discharge cycles and the accompanying expansion/contraction. iv)
There is a reduction in the interface resistance of RES produced
particles during charge/discharge. V) The same RES synthesis car-
ried out on activated carbon (control study) does not produce
highly dispersed Sn particles, but rather micron scale, spherical Sn
particles. In this case no excess capacity is found. Also, different
carbons used during RES synthesis may produce even greater
stability.

Evidence for the various claims regarding particle size, stability
in battery use, etc. are clearly found in the XRD, TEM and SEM data
provided in the Results section. Indeed, the existence of very small
Sn particles (<15 nm), even after the RES synthesis that involves a
step at 800 �C, is found from XRD (Fig. 1), and TEM studies (Figs. 4
and 5). The data also shows that there is limited growth of the
metal particles during battery testing. XRD spectra of 10% Sn/C
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interpreted using the standard half-height Debye-Scherrer method
indicates the average particle increases from ~15 nm to ~20 nm
during testing. TEM images the particles directly, and it appears
that the particles are smaller than predicted based on XRD. Indeed,
initially no particles larger than 5 nm are observed, and the average
appears to be significantly smaller than the one calculated from
FWHM approach. After cycling particle sizes have a wider distri-
bution, however still measure <10 nm. There is also indirect evi-
dence of very small particles from SEM studies: no particles are
observed, suggesting the particles are below the resolution size
limit of the instrument.

One issue requiring added discussion is the difference in size of
the Sn particles on the RES sample as determined by TEM and XRD.
As noted earlier, the differences in size provided by these two
methods has been reported repeatedly [27e30], hence it is unex-
ceptional. Moreover, the difference is not germane to the primary
thesis of this work. In fact, only the finding, by both methods, that
the particles produced by the RES method are nanoscale and those
generated on the control are micron scale, is relevant. To wit, par-
ticles prepared using RES are many orders of magnitude smaller by
volume than those prepared in an identical fashion, but without the
activation step (control). Given the process is a volumetric one, the
volume ratio is the critical value. Even assuming the XRD provided
size of the RES sample is accurate (~15 nm), and given that those
produced on the control sample have an approximate average
diameter of 3 m (Fig. 3), by volume the particles on the control
sample are 10 million times larger. Alternatively, assuming the TEM
particle size is more accurate indicates the control sample particles
are 100 million times larger by volume than those produced using
the RES method. Both measurements are consistent with the cen-
tral thesis of the model: RES produces stabilized, nanometer sized,
particles.

After more than 150 charge-discharge cycles, as observed using
TEM, most Sn particles are still less than 5 nm across, but some
particles as large as 10 nm, form. This is remarkable for two reasons.
First, in all prior studies in which Sn/C electrodes were synthesized
and tested there was dramatic Sn particle growth, and/or Sn par-
ticle ‘crumbling’ after less than 20 cycles of anode testing
[8,10,11,37]. Second, the standard methods for producing metal
particles on carbon, even at weight loadings far less than that
employed here, produce large particles that readily sinter
[32,34,36].

Both the initial small size of the particles on the RES and the very
slow sintering are consistent with one of the postulated re-
quirements: for strong and direct chemical bonding and concomi-
tant stabilization of nm scale particles: ‘surface radicals’ must form
on the carbon. In the absence, initially, of a significant quantity of
oxygen groups on the carbon, as testified by the hydrophobic
character of the carbon, no surface radicals can be formed by
removal of those groups by gas phase radicals. Notably, as sum-
marized elsewhere [23,26], significant work shows that in the
absence of surface oxygen groups carbon is hydrophobic. Hence,
the ‘control’ sample had few if any oxygen groups, hence no oxygen
could be removed during the heating step and concomitantly no
surface radicals formed. In the absence of these radicals (e.g. control
sample), bonding between and the carbon surface is very weak,
leading to rapid sintering and concomitantly the formation of
micron scale particles. In other words, urea alone is necessary but
not sufficient to create direct Sn/C bonding. The surface must also
be ‘activated’ before the urea/Sn precursor heating step, that is it
must contain oxygen groups, such that surface radicals are gener-
ated by products of the urea decomposition. SEM was valuable in
demonstrating the very different Sn particle growth process that
occurs when not all the requirements for producing nano scale Sn
are present in the synthesis.
It is observed that on the 10% Sn/C the capacity is stable, after
losses in the initial formation cycles, through 200 charge/discharge
cycles. In general, a loss in capacity corresponds to a simultaneous
sintering or mechanical pulverization of electrode through Sn
volumetric changes. No capacity loss suggests no sintering after
initial stabilization and that the SEI layer remains stable with little
growth in thickness. We postulate that some of the Sn is initially
not well anchored when deposited, and this fraction can sinter to
form larger particles and increase SEI formation for the first few
cycles. Indeed, there is a bimodal particle size distribution after
charge/discharge testing. It is completely possible these large par-
ticles form in the first few cycles of testing. The majority of the Sn,
in contrast, is in a particle form (~5 nm) which appears to be
remarkably stable. This model explains the observed bimodal dis-
tribution as well as the observed electrode stability for this typically
dynamic system.

The battery data can be shown to be consistent with a nearly
100% Sn ‘effectiveness’ model, that is very small and stable Sn
particles. When the Sn capacity contribution is calculated by sub-
tracting the activated carbon contribution, the value remains close
to the 990mAh g�1 theoretical capacity over 200 cycles (Fig. 6b).
Indeed, after initial formation cycling stabilization during the first
20 cycles, the Sn capacity contribution decays only by 14% over the
next 180 cycles, demonstrating the Sn nanoparticle stability
induced by the RES synthesis. Additionally, the EIS study demon-
strated that the well distributed, small Sn particles decreased the
charge transfer resistance of the electrode, by augmenting
conductive pathways for Liþ and electrons, before and after SEI
formation. This is consistent with strong bond formation between
metal and carbon. Comparisons of these results with prior Sn/C
composite literature in Table S1, demonstrates the augmented
cycling stability obtained by this approach, even compared to
composites with carbon encapsulated Sn nanoparticles. Future
work could involve studying the impact of higher Sn loading con-
tent for the RES synthesis strategy, to determine if similar effec-
tiveness and long-term stability is achieved, to produce high
capacity anode materials.

It is worth considering the issue of ‘size’ at which particles can
no longer be fully lithiated. Indeed, from the perspective of the
users of supported metal catalysts, a similar morphology to Sn/C,
the level of sintering observed would result in loss of ~one-half the
active metal surface area, hence half the activity. This would not be
acceptable for a catalyst. However; for anode use the issue is not
surface area, rather it is bulk diffusion of ions, in and out of the Sn
particle, or conduction of electrons from Sn to carbon support that
eventually is impacted by Sn particle size. There is no evidence
either was impacted by the growth observed, suggesting the Sn size
at which there is an effective capacity loss is far larger than the
maximum produced in this study.

Finally, the magnitude of the net capacity, carbon and Sn par-
ticles combined, should be considered relative to high quality
graphite. In this regard it must be noted the capacity of all elec-
trodes drops as discharge current increases. The best comparison
point between the electrode in this study, and a commercial
graphitic material, is for a full discharge in 7 h (C/7). The C7 capacity
measured for this electrode, 340mA/g, is about equal to that of the
best commercial graphites. The frequently cited theoretical
graphite capacity, ~370mA/g, is only achieved for very slow dis-
charges (C/12).

5. Conclusion

Evidence is presented to support the use of the Reduction
Expansion Synthesis to generate high stability Sn/C anodes. An
extra step aimed to activate the carbon support proved to be
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indispensable to generate highly dispersed Sn particles able to
survive the battery cycling test without disintegrating. The initial
small particle size, despite a synthesis at 800 C, and the slow
growth during nearly 200 test cycles, are consistent with the
postulate that RES synthesis enables the formation of direct, strong
bond between Sn and carbon substrate atoms. Direct evidence of a
unique bond between Sn and support, very unusual in studies of
supported metals, is found in the notably reduced interface resis-
tance in the electrochemical data. This explanation is consistent
with typical indirect evidence of enhanced bonding between par-
ticle and support. That is, strong metal-support bonding is the
proposed explanation for minimal particles growth over many cy-
cles, the apparent lack of any Sn electrode pulverization, and the
absence of capacity fade due to expansion upon lithiation. Indeed,
after 10 formation cycles, 94% of the capacity is retained during the
next 190 lithiation cycles. Also notable is the very good net capacity
of this novel electrode. To wit: the net capacity of the electrode,
combined carbon (~280mA/g) and Sn particles (nearly 1000mA/g),
closely matches the performance of the best graphites at a standard
discharge current and rate (C/7). The research presented herein
enhances our understanding of the Sn/C system and the metal/
support interactions that will allow us to move a step ahead in the
development of the next generation of energy storage devices.
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