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Large volume change occurs during lithiation/delithiation of Sn anodes and result in pulverization, poor
cycling, capacity loss and anode degradation that impedes the general use of Li-ion batteries. This study
proposes a time-controlled synthesis approach for 1-D SnCu nanoparticles on three-dimensional anode
by electrolessly adhering Cu to C cloth and subsequently Sn on the Cu. After annealing at 200 °C,
electrically conductive, porous, flexible and mechanically stable CuSn alloy anode results. The CuSn
anodes exhibited high conductivity due to copper deposit, accommodated volume changes and stress
due to both 1-D-deposit and porosity and have high electrochemical activity due to large surface area.
After 100 cycles, the sample deposited for the shortest time (1.5 min) interval and close to 1-D SnCu
deposit has a specific discharge capacity of ~605 mAh g which contrasts to the ~400 mAh g* obtained
for the sample deposited for 6 min. The specific electrode surface area of the 1.5 min sample was 169
m? g in contrast to 6.4 m? g obtained for the 6 min sample. A rate capability of 520 mAh g* at a
current density of 583 mA g* was achieved for the thinnest deposit. The porous Sn anode materials
demonstrated low resistance during electrochemical impedance analysis and showed high reversible
redox reactions during cyclic voltammetry tests. The achievement of high capacity anode (comprising
of Sn-Sn0O.-CueSns) with good reversible capacity retention through electroless coating method
indicates that electroless deposition on flexible free-standing and porous substrate is an effective Sn
anode fabrication technique.
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1. INTRODUCTION

Lithium ion batteries (LIBs) are presently considered as one of the most viable choices of energy
storage devices for applications ranging from electronics, grid storage and motor vehicles. High power,
high energy densities, and lightweight are some of the characteristics that make LIBs suitable for electric


http://www.electrochemsci.org/
mailto:ekalu@eng.famu.fsu.edu

Int. J. Electrochem. Sci., Vol. 14, 2019 2005

vehicle (EV) applications [1-4]. The advancement in the development of LIBs is hindered by several
factors including but not limited to the performance of the electrodes. Currently, the LIB cathode
chemistries are very well established and research investigations on cathodes are generally and
vigorously geared towards improving the cathode performances [1,5-8].

However, in addition to the cathode, the performance of the battery including its capacity is also
dictated by the nature and chemistry of the anode materials [9]. For instance, during a reversible reaction
in the lithium ion battery, the anode receives and releases lithium ions via the following reaction:

xLi* + M + xe” 2 Li,M [1]
where M can be any of the several materials that can form an alloy with Li including C, Si, Ge, Mg, Pb,
Al, Sn, Sb, Pt, Ag, In, or Zn [9-21]. The most common anodic material of choice is graphitic or
carbonaceous materials chosen for its low cost, flat and low working potential and long cycle life [13].
But graphite for example, offers only a capacity of 372 mAh/g which is a limitation where a high capacity
and power density may be required. Thus, the use of a low capacity anode material lowers the
performance of LIBs. Although other anode materials exist as stated earlier, they are not however as
cheap as carbon materials nor can they provide low and flat potential as carbon. Furthermore, some of
these graphite alternatives are costly to fabricate and may not be environmentally benign [14-16]. One
very attractive anode material is Tin (Sn) [13]. Sn offers much higher capacity (991 mAh/g) than graphite
during lithiation. This higher capacity per gram makes Sn an ideal candidate for use in lithium ion
batteries, especially in lightweight applications. Furthermore, Sn anodes may also be used in other
battery chemistries including sodium battery, for example.

Despite Sn’s positive attributes, its anodes suffer from large volume expansion of up to 350%
and loss of electrical contact during lithiation and delithiation. The large volume expansion can lead to
the pulverization of the anode surface thereby resulting in low coulombic efficiency and drastic loss of
capacity. Furthermore, volume expansion lowers the cycling stability of Sn anodes [1, 9]. Efforts to
address and improve Sn anode performance have been geared towards: 1) the use of nanometer size Sn
or SnO: particles in electrode composites offering higher surface area and stress accommodation [1,9];
2) the inclusion of an electrically transporting and Li* inactive/active phase or matrix with capabilities
to buffer Sn’s expansion [1]; and 3) the use of porous three-dimensional templates allowing the tailoring
of Sn-based electrode material synthesis techniques meanwhile providing a material with deep
penetration pathways for electrolytes and short Li* transport [1]. For example, silicon-SnO> coated
nanotubes, carbon fibers or carbon tubes filled with SnO- or Sn, and Sn in carbon nanospheres have been
investigated as Li-ion battery anode material [9,22-24] for the case of tailoring the synthesis method to
obtain nanoparticles. For templated synthesis, recently, Chen et al. used electrodeposition method to
deposit Sn on Tobacco Mosaic Virus (TMV) with a nickel current collector. This resulted in improved
cyclability of the Sn anode with limited capacity performance [10]. In addition, Shin et al [25] and Xue
et al [26] used electrochemical method to deposit Sn on 3D Cu foam and 3D Cu sponge (templates that
offer opportunities to engineer Sn-based electrodes), respectively. The resulting Cu-Sn alloy materials
were used as anodes in lithium ion batteries. However, long-term cyclability or capacity retention was
limited [25,26] as exhibited by the Sn-based templated anodes. Further, they did not examine how the
single-phase Cu-Sn intermetallics and thickness of Sn deposit affect the capacity and long-term
cyclability of the Sn anodes.
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Other Sn compounds and intermetallic Sn alloys have been pursued to mitigate tin’s
pulverization [17-21] in anode materials. Literature studies on tin anode materials such as SnSb and
composites materials of SnSh:M, (where M = Ni, Co, Fe, Si, CNT) have demonstrated promising
performances [18,19]. Recently, Nithyadharseni et al. [18] used a reductive co-precipitation approach in
the presence of metal chlorides and sodium borohydryde reducing agent to fabricate nano-size
intermetallic alloys containing SnSh:Fe, SnSbh:Co, and SnSbh:Ni. Interestingly, it was found that the first
discharge capacity (lithium insertion) for intermetallic alloys with SnSh:Fe, SnSbh:Co, and SnSb:Ni were
~1680, ~2630 and ~1565mAh/g, respectively. Similar to Cu-Sn alloys, the SnSh and SnSh:M anode
materials have also demonstrated some limitations in their performances.

As a result of these shortcomings with Sn anodes, it can be deduced that several performance
issues (such as reversible long-term cycling with less pulverization, optimal ratio of 2" phase buffer to
Sn, maintenance of electrical contact during repeated cycling and having nanosized high surface area
strain reducing films or particles), have not been addressed. These are fundamental fabrication and cost
related issues that are vital to the success of Sn anodes. Furthermore, limited investigations have been
carried out on other compatible substrates or scaffold for engineering of suitable Sn anode materials. A
concept yet to be fully explored is the control of the single-phase Cu-Sn intermetallic films or particles
and the adjoining Sn thickness during the deposition of very small amount of Sn nanoparticles on a
flexible (including 3-D) porous substrate. The porous substrate and the deposited nanosized Sn particles
are capable and favored to allow the Sn deposit to expand and contract without allowing those events
that lead to Sn pulverization to occur. As a result, we intend to tailor electrode fabrication technique to
better understand how to avoid excess Sn deposit (i.e. Sn deposit above that required for predominant
existence of single-phase Cu-Sn intermetallics) that can severely impede the electrochemical
performance of Li battery anode. The deposited Sn influence key parameters such as mass loading,
electrical conductivity, particle size and surface areas, optimal ratio of the buffer phase (e.g Cu) to Sn
for best performance and transport of lithium ions needed for electrode performance. In our most recent
investigation [1], we demonstrated the feasibility of electroless deposition of Sn on copper-coated
graphite particles as a potential anode material for LIBs. In the report, the expansion of Sn in the anode
(Sn-Cu@graphite) composite was buffered by copper leading to more than 300 reversible cycles at high
coulombic efficiencies.

As commonly known, several approaches including ball milling, thermal treatment of copper and
tin particles, electrodeposition, sputtering, or solution (chemical) reduction are some of the commonly
used methods for the synthesis of copper-tin anode materials [1, 2, 27]. However, in this study, we
explore the fabrication of Sn anodes via electroless coating of Sn on copper-coated woven carbon cloth
and its subsequent material and electrochemical characterizations. Even though previous researchers
have used the very promising electrodeposition approach to coat Sn on Cu foam or mesh, key concepts
delineated above that are needed to influence electrode performance by tailoring the synthesis to achieve
the best Sn-based anodes using a templated approach has not been fully explored. Carbon cloth has an
established electronic network and is a stable freestanding substrate with voids. With a light coating of
Sn on the Cu coated carbon substrate, these voids can be left standing without compromising on the
current carrying ability of the carbon substrate. Also, carbon cloth is cheaper and lighter than porous or
3D copper scaffold that has been commonly used as substrate for Sn deposition. Unlike the previously
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reported classical anode fabrication methods requiring a binder to hold the composites together, the
electroless coating method on woven or non-woven carbon cloth does not need binders. The electroless
method bypasses the use of the wet chemistry method (mixing a slurry) or the conventional doctor blade
method that utilizes carcinogenic N-methyl pyrrolidine (NMP) to dissolve the polyvinylidene fluoride
(PVDF) that binds the electrode composite or other solvents used for polytetrafluoroethylene (PTFE)
dissolution. Furthermore, electroless method does not consume as much energy to drive the deposition
process. Instead, we take advantage of the natural thermodynamics of the electrochemical reactivity
series where, Sn chemically displaces Cu by using an acid solution and thiourea to reverse the Sn and
Cu deposition potentials [27,28]. This process that can be carefully controlled on the amount of Sn
deposited results in complete coating of Cu surface with Sn. Our results show that by varying the Sn
deposit (equivalent to varying deposition time of Sn - 1.5 min, 3 min, 6 min), anodes made using Sn-Cu
coated carbon cloth outperformed uncoated carbon cloths. The key performance parameters that play a
role in the electrode performances that result from the modification of the carbon substrate with
electroless Cu-Sn deposit include copper-tin ratio and mass loading, electrode electrical conductivity
and surface area, deposited particle sizes, Sn tube diameter, curvature, and Li* mobility. It is to be noted
that our approach that uses deposited nanoparticle size Sn on Cu differs from other methods in which
nanometer size Sn or SnO; particles in electrode composites are used to offer higher surface area and
stress accommodation [9].

2. EXPERIMENTAL SECTION

2.1 Raw materials

Ready to use AvCarb 1071 HCB carbon cloth was purchased from Fuel Cell Earth LLC (MA,
USA). Palladium  acetate, ammonium  hydroxide, copper  sulfate  pentahydrate,
ethylenediaminetetraacetic acid (EDTA), 2,2-bipyridyl, sodium hypophosphite, thiourea, and stannous
sulfate were purchased from Sigma Aldrich Corporation. Dimethylformamide (DMF), 99.5% methanol
(CH30H), and 90% nitric acid were also purchased from Sigma Aldrich Corporation. 1.0 molar lithium
hexafluorophosphate (LiPFg) dissolved in ethyl carbonate and dimethyl carbonate was obtained from
BASF Corporation. In addition, glass fiber separator was purchased from EL-CELL Corporation. All
materials utilized in this experiment were of research rating and did not require further refinement.

2.2 Sn anode preparation

Cu was electrolessly deposited on to an activated carbon cloth. The carbon cloth was activated
using an ink with the following composition: 50 g poly-vinyl butyral, 250 mL methanol, 5 mL sodium
hydroxide, and 0.5 g palladium acetate. The activated cloth was put in an oven at 350 °C for 24 hours to
generate Pd nanoparticles required for initial nucleation of electroless copper. The substrate was
subsequently immersed in an electroless copper plating bath for 1 hour at 25 °C. The composition of the
electroless copper bath had 5.99 g/L of copper sulfate pentahydrate, 26.99 g/L of EDTA, 48.9 ¢g/L of
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formaldehyde, and 0.05 g/L of 2,2-dypiridyl nitric acid solution. After deposition, the Cu plated cloth
was rinsed in deionized water and dried at 71°C for 24 hours.

To prepare the Sn coated Cu material, the Cu coated cloth was immersed in a tin bath composed
of 28 g/L of stannous sulfate, 80 g/L of sodium hypophosphite, and 80 g/L of thiourea. Prior to being
coated with Sn, the Cu coated cloth was cut in discs of 1.27 cm?. To control the amount or thickness of
Sn deposit on the copper plated substrate, the immersion times of the discs in the Sn bath were varied or
controlled. In the present work, three discs were immersed in the tin bath at 25 °C for 1.5 minutes, 3
minutes, and 6 minutes, respectively. The Cu-Sn cloth was dried at 71°C for 24 hours. This was followed
by annealing at 200 °C for 2 hours. From here on, copper cloths coated with Sn will be designated as Sn
1.5 min, Sn 3 min, and Sn 6 min signifying the Sn deposition times of 1.5 minutes, 3 minutes, and 6
minutes, respectively. To determine the quantity of Cu and Sn deposited, disc samples were weighed
before and after Cu and Sn depositions. It was found that the combined mass of Cu and Sn deposited on
the 1.27 cm? discs electrodes were 4.6 mg, 5.14 mg and 6.3 mg, respectively for the Sn 1.5 min, Sn 3
min, and Sn 6 min anodes. In addition, these weights correspond to 24%, 26% and 30.1% of the anodes’
weight for the Sn 1.5 min, Sn 3 min and Sn 6 min, respectively.

2.3 Material characterizations

On the completion of electrode fabrication, morphological characterization was conducted
wherein the electrodes were photographed and physically assessed. Morphology of the electrodes’
surfaces was obtained using a ZEISS 1540 scanning electron microscopy (SEM). Furthermore, energy
dispersive spectroscopy (EDS) was performed to determine the elemental composition/presence of the
deposited metals. The phase or structural characterization of the deposits was determined using X-ray
diffraction (XRD) and the patterns were captured via Siemens model D500 6-20 goniometer. Specific
surface areas of the carbon cloth (barecloth) and Sn-Cu coated carbon cloth were obtained using the
nitrogen adsorption/desorption isotherms performed in Autosorb iQ? Quantachrome Instrument.

2.4 Electrochemical characterizations

Four-point probe consisting of a Keithley 2700 multimeter data acquisition system connected to
a Newport 460A probe was used to measure resistance. Resistance was used to calculate sheet resistivity
and conductivity of the barecloth, Cu coated cloth, and Sn coated electrodes. Coin cells (type CR 2032)
were fabricated and used to study the electrochemical performances of all fabricated electrodes. The
coin cell assembly consisted of Cu-Sn coated cloth disc of area 1.27 cm? laminated to Cu current
collector and dried under vacuum. Coin cells were assembled in an argon filled glovebox using Cu-Sn
coated cloth as cathode, Li metal as anode (two electrodes setup) and membrane separator (glass fiber)
with 18 mm (diameter) x 1.55 mm (thickness). Electrolyte made of 1 molar lithium hexafluorophosphate
(LiFeP) in dimethyl carbonate (DMC) and ethyl carbonate (EC) was used.

Using a potential ranging from 0.007 VV-1.20 V (vs Li/Li"), electrochemical performance of the
coin cells was measured throughout charging and discharging with Neware battery testing analyzer
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(linked to a Compaq computer) with 5 V and 10 mA as the respective, unit’s maximum voltage and
current. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses were
obtained using Gamry Instruments Reference 3000 Potentiostat/Galvanostat/ZRA. CV analysis was
completed at 0.5 mVs™ within 0 V and 1.5 V. Additionally, at 100% state of charge EIS was performed
from 10° Hz to 0.01 Hz. All characterizations were achieved at room temperature.

3. RESULTS AND DISCUSSIONS

3.1 Cu and Sn electroless deposition pathway forming Sn-Cu coated C cloth anode material

Sn coated materials
Sn-Cu@C cloth

Low concentration Cu coat
Pd catalyzed C cloth 1% E|eft'r°|955 1. Cu-Clot
at 375°C deposition Dryat71°C

- [~ ) ~ B —

Formaldehyde Sodium hypophosphite

“ 2m Electroless
deposition

[2 —

reducing agent reducing agent
Thiourea complexing agent For
‘ Sn 6 min.
Sn 15 min. Sn 3 min.
Cross section Cross section
@ cCarbon fiber core Cross section
) Cu-middle layer Annealed at 200 °C
CugSn; Layer Sn/Sn0,- Outer shell

Figure 1. Animation schematizing the electroless deposition and the heat treatment of electroless Cu
and Sn deposits resulting in the formation of anode material made of Sn, SnO and Sn-Cu alloys
coated C cloth.

As mentioned previously, several approaches including ball milling, thermal treatment of copper
and tin particles, electrodeposition, sputtering, or solution (chemical) reduction are some of the
commonly used methods for the synthesis of copper-tin anode materials [1, 2, 27]. In this investigation,
we have implemented the electroless (chemical reduction) coating procedure to obtain intermetallic of
CusSns, Sn, and SnOx, (where x can be 1 or 2) [1, 27, 28]. The electroless coating offers simplistic,
inexpensive, and environmentally friendly process for the fabrication of Sn anode materials. To begin,
a low amount of Pd (< 40 ug/cm?) was used to make the mesh-like carbon cloth active for electroless
deposition. As soon as Pd catalyzed C-cloth was placed in the copper sulfate bath containing
formaldehyde, formaldehyde was immediately oxidized on the surface of Pd seeding catalyst thus
releasing 2e". In a reduction reaction process, these 2e™ are taken by the Cu ions in the solution and this
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resulted in coating of Cu on the Pd catalyzed C-cloth’s surface. This is depicted in Fig.1 for the first
electroless (Cu) deposition step [29], The formaldehyde reducing agent can be autocatalytically oxidized
by the already deposited Cu, thereby reducing Cu ions while increasing Cu plating on the surface of the
porous mesh-like C cloth. Egs. 2 and 3 govern the oxidation of formaldehyde and the deposition of Cu
on Pd and Cu surfaces [1,29].
On Pd surface CH,0 +30H™ = 2H,0 + 2e~ + HCOO™ [2]
On Cu surface 2CH,0 + 40H™ = 2H,0 + H, + 2e~ + 2HCOO~ [3]

Electroless Cu deposition on C cloth was followed by the electroless deposition of Sn on the Cu-
coated C cloth (Fig. 1). The electroless deposition of Sn on Cu utilizing sodium hypophosphite (reducing
agent) and thiourea (complexing agent) occurs in two reaction stages according to Zhao et al [27]. At
first, a displacement reaction transpires and secondly, a reduction reaction occurs [27]. During the
displacement reaction, copper complexes with thiourea and consequently, Cu ions are released in the
solution. The complex of copper thiourea works to dislocate ions of Sn, meanwhile, Sn ions deposited
on the Cu-coated C cloth surface forms a layer of CuSn alloy at the interface of Cu and Sn which can be
of micrometer thickness. Egs. 4 and 5, capture the complexing and displacement reactions, respectively.
As generally recognized, thiourea as an active complexing agent is instrumental in this process, because
it drops the standard electrochemical potential of Cu*/Cu below that of Sn?*/Sn hence the displacement
reaction is facilitated [1,27].

Complexing 2Cu + 6CH,4N,S < [Cu,(CH4N,S)4]12 + 2e” [4]
Displacement [Cu,(CH4N,S)¢]*2 + 2e™ + Sn?* = Sn + [Cu, (CH,N,S)4] %2 [5]

The second phase of the electroless deposition ensues when ions of Sn undergo reduction by
sodium hypophosphite ion, and simultaneously the hypophosphite ion undergoes oxidation. In this
process hypophosphite ion deprotonates yielding hydrogen free radicals as shown in Egs. 6, that are
responsible for the reduction of Snions [1,27]. The formation of CueSns intermetallics and pure Sn/SnOx
coating on Cu C cloth as shown in Fig. 1 is achieved through the combined displacement and reduction
reactions during the electroless deposition of Sn and finally heat treatment at 200 °C. While the CusSns
intermetallics exist only at the interface between Cu and Sn deposits, the rest of the deposit is made up
of the Sn/SnO; coating [1].

Deprotonation H,PO; = H* + HPO; [6]

3.2 Morphological and structural characterizations

The image in Fig. 2a shows that uniformly Tin-coated carbon cloth was synthesized. This was
achieved by starting with bare carbon cloth (barecloth) followed by electroless copper deposition on the
cloth and finally a preferential displacement of Cu by Sn electrolessly while the Cu is exposed to the
solution of Sn in the bath. The carbon cloth (black) observed in the image changed color to reddish-
brown indicating the deposition of Cu and then to shinny/light gray after Sn deposition. Fig. 2b presents
the mechanical stability and flexibility of the barecloth, Cu cloth, and Sn coated Cu cloth disc electrodes.
All electrodes were easily bent in halves and they regained their original shape very easily without
breaking or fracture.
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barecloth Cu coated cloth

black appearance Cu appearance
Sn 6/min. Sn 3lmin.

Sn 1.5/min.

Sn-Cu coated cloth

i Shiny appearance

barecloth Cu cloth Sn-Cu cloth (b)

Figure 2. (a) Images of synthesized flexible, free standing and thin Sn anode showing barecloth, Cu
coated cloth and freshly Sn-coated cloth (1.5 min, 3 min, 6 min), (b) bending of barecloth, Cu
cloth, and Sn-coated Cu cloth disc electrodes.

1) Disc electrode

2) Disc electrode
Bending
(side view)

3) Disc electrode
Bending
(above view)

SEM was performed to determine the morphological characteristics of the barecloth and the
electrolessly coated cloths as shown in Fig. 3. The identity of each individual sample is indicated on the
top left corner of the image in Fig. 3. The diameter of the barecloth fibers was approximately 6.5 pm
and after Cu deposition the cloth fiber diameter increased to approximately 7.5 pum. Following the
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deposition of Sn on the Cu-coated cloth, the fiber diameters ranged from 8 pum to 10 pm for the 1.5 min—
6 min deposition times. Increase in fiber diameters indicates the successful deposition of both Cu and
Sn electrolessly. After 1 hour, the copper deposit uniformly covered the carbon fibers (Fig. 3b). For the
Sn coated cloths we see an increase in the particle size of Sn deposited. It appears that both the coating
thickness and particle size grew with increasing deposition time. The average particle sizes for Sn 1.5
min, Sn 3 min, and Sn 6 min samples determined from SEM were approximately 75 nm, 128 nm and
270 nm, respectively. It is evident that changes occur in the surface texture of the substrate going from
barecloth (smooth surface) to Cu cloth (with even and slight rough Cu coating) then to Sn-Cu coated
cloths (more bumpy/rough and shiny particles with increase in deposition time).

(a) barecjlga\ —‘w |

Figure 3. SEM showing the morphology of (a) barecloth, (b) Cu coated cloth (c) Sn 1.5 min, (d) Sn 3
min, and (e) Sn 6 min.
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Figure 4. EDS spectra corresponding to (a) barecloth, (b) Cu coated cloth (c) Sn 1.5 min, (d) Sn 3 min,
and (e) Sn 6 min.

The EDS spectra for the barecloth and electrolessly coated cloths are shown in Fig. 4. As
expected, a C peak dominates Fig. 4a since the barecloth is made of carbon. The negligible Al and Cu
peaks are due to the Al stage and Cu paste used to hold the sample. For Cu cloth, the dominating Cu
peak in Fig. 4b is expected since copper was electrolessly deposited as supported by the photograph in
Fig. 2. All the Sn-coated samples exhibit an increase in Sn and O peaks as shown in Fig. 4c-e. EDS
results indicate Sn constitute 9.02 wt. %, 15.75 wt. %, and 28.45 wt. % for the Sn 1.5 min, Sn 3 min and
Sn 6 min anodes, respectively. These results correspond very well with the experimentally measured wit.
% composition obtained after electroless Sn deposition. This confirms that the amount of Sn deposited
on carbon cloth increases with increase in deposition time. Peaks related to Na, N, S, and P are present
and are believed to be residual amounts from the electroless tin and copper baths as their EDS wt. %
were well below 1%.
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XRD analysis was performed to determine the structure of the coated and uncoated carbon cloth
as shown in Fig. 5. Fig. 5a, which represents the barecloth has an XRD pattern with broad peak at 20 =
26° indicative of turbostratic carbon. As expected, the Cu cloth reveals diffraction peaks of both C and
metallic Cu (260 values of 44°, 50°, 75°) [1, 30] as shown in Fig. 5b.
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Figure 5. XRD patterns corresponding to (a) barecloth, (b) Cu coated cloth (c) Sn 1.5 min, (d) Sn 3 min,
and (e) Sn 6 min.

For the Sn-plated samples shown in Fig. 5¢c—e, they reveal that metallic Sn was successfully
deposited. This confirms prior SEM and EDS observations. Interestingly, the diffraction peaks exhibited
by the Sn coated samples are due to CueSns intermetallic compound at values of 26 =~ 32°, 34.5°, 39°,
44°, 60° 65° and 78° corresponding to crystal planes (113), (22-3), (204), (71-2), (44-3), and (336),
respectively. Similar results were obtained by Park et al [30]. As hypothesized earlier, the Sn 1.5 min
sample has preponderance and stronger diffraction peaks due to the CusSns intermetallics while the
diffraction peaks due to Sn are stronger for materials deposited at times longer than 1.5 min. This is in
agreement with Park et al.’s suggestion that the CusSns intermetallic compound formation is at the
copper-tin boundary interface [30]. Minor peaks for CusSn are located at 26 ~ 37.5° (100) and 41.7°
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(002). The peaks for metallic Sn were at 28 = 31.5° (200), 55° (301), and SnO2 at 26 ~ 25°, 60° and 74°,
corresponding to crystal planes (110), (113) and (232), respectively [21]. It is evident that as Sn
deposition time increased, the Sn metallic diffraction peaks increased while Cu and CueSns intermetallic
peak decreased which could be ascribed to the higher tin/tin oxide content in the outer layer. This
supports the second stage of Sn coating on previously deposited Sn during the electroless coating
process. From XRD analysis we believe that our electrode is comprised of crystalline CusSns-CugSns-
Sn-SnO composite. Furthermore, the size of the crystalline nanoparticles on the surface of the Sn-plated
samples were calculated using the Debye Scherrer formula expressed as, D = 0.90/BCos0. Here, B is
equivalent to the full width at half maximum (FWHM) at an angle 0 for a peak, while the wavelength of
the X-ray radiation is denoted by A. The respective particle sizes calculated corresponded very well with
SEM, approximately 70 nm, 120 nm and 261 nm, for particles on the Sn 1.5 min, Sn 3 min, and Sn 6
min samples.

The electrode performance depends on its active surface area, hence Brunauer-Emmet-Teller
(BET) analysis was used to determine the specific surface areas of the barecloth and the deposited
samples. The total specific surface area determined for the barecloth was 104 m?/g while the BET’s
total specific surface areas evaluated for the coated samples were 169 m?/g, 109 m?/g, and 6.4 m?/g, for
the Sn 1.5 min, Sn 3 min and Sn 6 min samples, respectively. At short deposition time, the tin coated
sample increased in specific surface area (Sn 1.5 min) while the area decreases with increase in
deposition time (for example, Sn 6 min). The reason for this increase is that at short deposition time, 1-
D deposited Sn nanoparticles provide large surface area but with increasing deposition time, the
deposited coatings of nanoparticles grow into thicker 2D films with decreasing surface areas. Thus, a
careful control of deposition thickness or time can be used to synthesize CuSn anodes of varying
performances.

3.3 Electrochemical performance

Half-cells assembled with the above electrodes were charged-discharged galvanostatically. The
voltages of uncycled half-cells (used as prepared) ranged from 1.9 V for the barecloth to 2.45 V for the
Sn 3 min sample. Fig. 6 shows the charge and discharge behavior of the half-cells with barecloth and
electroless Cu-Sn anodes obtained at 139 mA/g. The first cycle’s discharged capacity profile from as
prepared (initial) voltages to 0.007 V for freshly made half-cells is shown in Figs. 6a-d. Furthermore,
following the first cycle discharge, all charge and discharge steps completed were carried out between
1.2 V to 0.007 V (vs Li/Li*) as shown in Fig. 6a-d. It is important to note that due to the reversible
capacity retention for 2" to 20" cycles, their capacity curves overlap, hence figures 6a - d, their full
capacity and voltage profiles are not clearly distinguishable from each other.

It is observed that in Fig. 6a, the first cycle specific discharge capacity for the barecloth was 418
mANh/g, while the Cu-Sn-plated samples (Fig. 6b-d) first cycle discharge capacities ranged from ~600
mAh/g for the Sn 6 min to 875 mAh/g for the Sn 1.5 min. The Sn 3 min sample yielded a first cycle
discharge capacity of 620 mAh/g, a value that lies between the 6 min and 1.5 min samples. The discharge
curve representing barecloth begins to plateau close to 0 V which is indicative of Li intercalating C
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forming LiCx. After the first cycle, the barecloth exhibited a first discharge cycle capacity loss of ~ 250
mAnh/g. However, the charge/discharge curves after the first and up to the 20" cycle shown in Fig. 6a
are seen to overlap each other indicating a reversible capacity retention. Analysis of the 1% discharge
curves (lithiation process) for the Sn-coated samples, show a broad plateau/elbow occurring between 1.0
V and 1.2 V in each of the curves.
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Figure 6. (a-d) Discharge performance at 139 mA/g for freshly made half-cell initially discharged from
as prepared potential to 0.007 V and charge/discharge up to 20" cycle, (e) Same half-cells
discharged from 2" cycle to 100" cycle between 1.2 V and 0.007 V, and (f) Coulombic
efficiencies for half-cells from 2" to the 100" cycles.
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As the voltage continued to decrease to the lower limit of 0.007 V, a stable decline was
noticeable, and this corresponds with CV curves lithiation process. On the strong evidence of the
existence and presence of CueSns in the XRD diffraction peaks seen in all of our Cu-Sn coated samples,
we believe our Sn 1.5 min electroless anode is mainly CueSns intermetallic since it has the most common
and highest CusSns intermetallic peak. Hence, the alloying/dealloying processes of the Cu-Sn coated
anodes could follow Egs. [7] and [8] [1, 15, 16].

10Li + CugSng S 5Li,CuSn + Cu Intermediate [7]
12Li + 5Li,CuSn S 5Liy 4,Sn + 5Cu [8]

Furthermore, XRD indicates the presence of tin oxide and pure tin. Even though, Sn 1.5 min
exhibited tin and tin oxide peaks, the Sn 3 min and Sn 6 min anode XRD have higher peak intensities
corresponding to higher tin and tin oxide content. The insertion and de-insertion of lithium by these
active materials are governed by Eqgs. [9] and [10] according to Reddy et al [21] and Watson et al [1].

SnO, +4Li+4e —» Sn+2Li,0 Intermediate

9
Sn+Li+xe<[:]LiXSn [10]

A high 1% cycle capacity as observed for the Sn 1.5 min was similarly recorded by Kim et al.
[31], where they reported a 1% cycle capacity of 2060 mAh/g for ordered mesoporous SnO- electrodes.
This high first cycle irreversibly discharged capacity is very common for metallic anodes and could be
attributed to the decomposition of electrolyte at low voltages thus forming a solid electrolyte interphase
(SEI) on the surface of the metal oxide anode [31]. Furthermore, in the same study, Kim et al. found that
equation [9] is reversible by use of Synchrotron X-ray diffraction and absorption spectroscopy methods.
The reversible decomposition of Li>O during delithiation allows some of the oxygen to react with Sn
forming SnOx and LixO thus leading to capacities much higher than Sn and tin oxide [31]. Their results
provided additional evidence to support the high capacity performance of SnO2 anodes in the present
work. As is commonly known, theoretical capacity of SnO» is ~783 mAh/g. Hence, our first cycle
capacity of 875 mAh/g is within a reasonable range of the above theoretical value for high capacity tin
oxide anode performance. Following our 1% cycle discharge, half-cells were charged/discharged
continuously at 139 mA/g between 1.2 V and 0.007 V for 100 cycles. Charge/discharge curves for the
2" 10" and 20™ cycles overlap and are shown in Figs. 6a-d for all cells. In addition, the discharge
capacities up to the 100" cycle are shown in Fig. 6e. Similar trends observed for the freshly prepared
cells were also seen during the first cycle discharge with the barecloth yielding the lowest capacity value
of 158 mAh/g. The trends for the Sn plated samples were the same as observed in Fig. 6b-d with the Sn
1.5 min sample (shortest deposition time) yielding a specific capacity of 638 mAh/g, the Sn 3 min yielded
a capacity of 585 mAh/g while the Sn 6 min sample gave a capacity of 408 mAh/g. At the end of the
20" cycle, all the samples had their specific discharge capacities changed. While the specific discharge
capacities of the barecloth and Sn 1.5 min increased to 165 mAh/g and 665 mAh/g, respectively, those
of Sn 3 min and Sn 6 min samples decreased slightly to 564 mAh/g, and 400 mAh/g, respectively. All
the samples, except the Sn 1.5 min sample exhibited a constant discharge curve during the first 20 cycles.
A relative rise of 27 mAh/g in discharge capacity between the 1% and 20" cycle exhibited by the Sn 1.5
min sample was similar to the observations made by Shin and coworkers in which capacity increased
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with cycle number for CusSns anode up to the 10" cycle [25]. They attributed this increase to change in
morphology and electrolyte accessing new layers of Sn anode due to exposure from the volume change
during tin lithium alloying/dealloying process (charging/discharging) [25]. Furthermore, as shown in
Fig. 6e, after the 20" cycle, Sn 1.5 min exhibited a stable discharge capacity up to the 30" cycle and a
slight capacity decrease up to the 100" cycle. All of the other samples exhibited a stable decrease in
discharge capacity profile from the 20" to the 100" cycle. Figure 6f depicts the stable coulombic
efficiency for all the samples and all of the efficiency values were greater than 97% which indicates
reversibility of all electrodes.

Further insight on the electrochemical behavior of the fabricated Sn anodes was undertaken
through cyclic voltammetric (CV) studies at 0.5 mV/s as shown in Fig. 7. Previous study performed by
Reddy and coworkers, demonstrated that nano-SnO anode used in lithium battery over the voltage
region 0.005 V - 1V exhibited lower capacity fade than same material tested over 0.005 V - 3.0 V [20].
As such, a best lower and upper limit voltage of 0.007 V and 1.5 V were chosen for our CV studies. The
initial three scanning curves obtained from Sn 1.5 min anode is shown in Fig. 7a. For the first cycle’s
lithiation process, a cathodic peak (Ci) is seen at 0.9 V and as the voltage approaches 0 V, a second
cathodic peak (C») characteristic of Li alloying with Sn (LiySn) emerges (Equation [10]). For the first
cycle’s delithiation process, a broad anodic peak is located at ~0.7 V. Equation depicting the reversible

lithiation/delithiation of the Sn anode material was shown in equation [10].
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During the second and third cycles, a broad lithiation peak was observed at ~0.8 V. This was
followed by a peak close to 0.007 V indicative of lithium insertion into Sn, while the peak that was
previously present during the 1% lithiation at 0.9 V completely disappeared. The delithiation process for
the second and third cycles were characterized by a broad peak (A1) at ~0.8 VV comparable to the first
cycle’s delithiation process.

The peak current for the first cycle’s lithiation reaction is much higher than that of the second
and third cycles. We speculate this could be ascribed to an irreversible first cycle capacity loss by the Sn
1.5 min electrode. Fig. 7b presents the first three cyclic voltammograms for the Sn 3 min anode. Unlike
the Sn 1.5 min anode, the first cycle’s lithiation process for the Sn 1.5 min anode has a broad cathodic
peak (C1) centered at ~1 V which is likely due to decomposition of electrolyte by Sn or SnO2. A second
peak (C2) 0.4 V and a third (Cs) is seen close to 0.007 V and these are due to lithium alloying with Sn
for the formation of LiySn [31]. The dealloying of LiySn [30], is characterized by an anodic peak (A1) at
~0.7 V.
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Figure 8. Rate capability studies for half-cells with barecloth and Sn-coated anodes cycled between
0.007Vtol.2V.

The second and third scanning cycles’, lithiation peaks were very similar at higher voltages,
almost overlapping until they approached 0.007 V the peaks were separated. Also, the peak currents
close to 0.007 V for these two cycles were much lower than that of the first lithiation process. Analogous
to the delithiation process of the first scanning cycle, the second and third cycles exhibited anodic peaks
(A1) centered at 0.7 V and 0.8 V, respectively. Overall, except for minor changes in voltage and peak
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currents, the results are similar as in the Sn 1.5 min samples. Similarly, in comparison to the Sn 1.5 min
sample, we observe minor shifts in voltages for the Sn 6 min samples as shown in Fig. 7c. For the Sn 6
min anode, a broad cathodic peak (C1) centered at ~0.75 V and (C) at ~0.007 V are observed during the
first cycle’s lithiation process. Similar results observed for both Sn 1.5 min and Sn 3 min were seen with
respect to Sn 6 min sample for both the first and second cycles. The first, second and third delithiation
cycles exhibited anodic peaks (A1) centered between 0.6 V and 0.65 V.

Fig. 8 displays rate-capability studies conducted to determine the performance of the anode
materials under different current loads. Similar to the capacity performance shown in Fig. 6, the Sn 1.5
min and Sn 3 min outperformed the barecloth and Sn 6 min half-cells. At 139 mA/g the first cycle
specific discharge capacities were ~150 mAh/g, 620 mAh/g, ~590 mAh/g, and ~403 mAh/g for half-
cells made from barecloth, Sn 1.5 min, Sn 3 min, and Sn 6 min, respectively. After 32 cycles and at a
higher current load of 2222 mA/g, the specific discharge capacities were all lowered with the barecloth
yielding the least capacity of 140 mAh/g. As was the case when the current load was lower, the Sn 1.5
min sample with a capacity of 150 mAh/g at the 2222 mA/g load outperformed both the Sn 3 min sample
(123 mAh/g capacity) and Sn 6 min sample (101 mAh/g capacity). To determine if the half-cells can
retain previous capacity after having been exposed to high currents, cells were tested at 139 mA/g mA
from 33" to 40" cycles (Fig. 8). All cells retained initial capacities with Sn 1.5 min exhibiting highest
capacity retention. This implies that our Sn anodes are capable of high rate performance and cyclability
without significant capacity loss. It also shows that the thinner film electrodes are more favorable for
higher capacity applications.

Following the 40" cycle, we conducted electrochemical impedance spectroscopy (EIS) analysis
on charged (~1.20 V) cells made from anodes with and without CuSn and their Nyquist plots are shown
in Figs. 9a and 9b. In addition, an equivalent circuit model (ECM) fitting the Nyquist plots is also shown.

In the high frequency area, all Nyquist plots crossed the real axis. Furthermore, there are
depressed semicircles in the medium frequency area and a tail extending to the low frequency area of
the Nyquist plot. Generally, intercept of the real x-axis in the high frequency is attributed to resistance
from the electrolyte and electrode surface (Rs) [32-34]. The resistance due to the transfer of charge (Rct)
at the electrode and electrolyte is represented by semicircle in the medium frequency region [32-34].
Finally, the tail extending to the low frequency area commonly called Warburg impedance (W) is
associated with the diffusion of lithium ions within the electrode [32-34]. The respective experimental
Rs values for the barecloth, Sn 1.5 min, Sn 3 min, and Sn 6 min are 8.5 Ohm, 6.9 Ohm, 6.9 Ohm, and
8.3 Ohm. All cells’ Rs values are in the range from 0-10 Ohm matching reports documented elsewhere
[35-37]. The ECM fitted Rs values match closely to the experimental values for the barecloth, Sn 1.5
min, Sn 3 min, and Sn 6 min which are estimated to be 8.2 £ 0.3 Ohm, 6.7 £ 0.4 Ohm, 6.8 £ 0.3 Ohm,
and 8.1 = 0.2 Ohm, respectively.
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Figure 9. Half-cell equivalent circuit model (ECM) and EIS analysis for (a) barecloth and Sn-coated
anodes (b) Sn-coated anodes (zoomed in), (c) Cu and Sn weight variation with deposition times,
(d) conductively vs tube radius and (e) capacity vs curvature (1/R).

We are particularly interested in the charge transfer processes in the middle frequency region. As
such, it was found that the semicircle and the Rt values in that region decreased significantly after Sn
deposition as shown in Fig. 9b. Rt values corresponding to barecloth, Sn 1.5 min, Sn 3 min, and Sn 6
min were determined to be 325 Ohm, 39 Ohm, 45 Ohm, and 60 Ohm, respectively. The respective ECM
fitted R¢t values for barecloth, Sn 1.5 min, Sn 3 min, and Sn 6 min were 324 + 5 Ohm, 38 + 2 Ohm, 46
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+ 3 Ohm, and 60 = 3 Ohm. Noted is how increase in Sn deposit thickness the Rt values. The low Rt
values for the Sn-coated electrodes corroborate with previous cycling results. In addition to the ECM’s
fitted Rs and R, the fitted capacitances attributed to the double layer (Ca) were found to be 102 + 4
mF/g, 3 £0.4 mF/g, 4 £ 0.3 mF/g, and 5.8 + 0.4 mF/g, respectively.

3.4. Reasons for the spectacular performance of short time-deposited CuSn electrode

It is evident that anodes with shorter Sn deposition time or lower Sn wt. %, results in better
electrochemical performances as indicated by the cycling tests, rate-capability tests, and EIS analysis.
Therefore, lower deposition times might be favorable in an effort to lower unused Sn and maximize the
electrochemical performance of the Cu-Sn anode energy storage material. We are of the opinion that
the effect of deposition times on electrode’s performances could be explained using relationships with
Cu to Sn content, particle size, conductivity, diffusion coefficient of Li" and activity of tube related to
the tube diameter or curvature. These are explained as follows:

(1) As shown in Fig. 9c, Sn’s content increased with increasing deposition time while the content
of copper decreased. Since Cu has excellent electrical conductivity, it is our belief that the higher Cu
content in the Cu-Sn alloy at lower Sn deposition times could improve the electrochemical performance
of the Cu-Sn anode through its enhancement of the electrical contact and electronic conductivity of the
resulting Cu-Sn alloy. As such, prior to half-cells’ assembly, the electrical sheet resistance of the
barecloth, Cu cloth, and Sn coated Cu cloths were measured. The resistances were used to calculate
electrical sheet conductivity and we found that the barecloth has a sheet conductivity of 0.31 S/mm.
With electroless deposition of copper for 1 hour, the sheet conductivity increased dramatically (as
expected) to 6.7 S/mm. However, with the deposition of Sn on the copper, the conductivity decreased
with increased deposition time. For the Sn 1.5 min, Sn 3 min, and Sn 6 min samples, their respective
conductivities values were 3.1 S/mm, 1 S/mm, and 0.8 S/mm as plotted in Fig. 9d. Furthermore, Liu et
al. reported that during lithiation and delithiation processes, higher copper content helps to buffer and
stabilize Sn particle expansion resulting in extended cycling and capacity retention [13].

(2) We also believe that only thin layers of deposited Sn participate in the redox reactions
i.e. alloying dealloying. If this is correct, lower deposition time would have smaller particles or thinner
layers of tin with higher surface areas for redox reactions to occur. That is, at short deposition times, Sn
nanoparticles equivalent to 1D particles are active with large surface area. This is supported by the
present work where the respective BET surface areas for Sn 1.5 min, Sn 3 min, and Sn 6 min were 169
m?/g, 109 m?/g and 6.4 m?/g. As seen in our SEM image, Sn 1.5 min had thinnest layer of Sn
deposited/coated and smallest Sn grains (75 nm) followed by Sn 3 min (128 nm) and Sn 6 min (270 nm).
Also, the XRD results show, the Sn 1.5 min sample has large composition of CuSn intermetallic. Particle
size estimates were 70 nm for Sn 1.5 min, 120 nm for Sn 3 min and 261 nm for the Sn 6 min sample.
The intermetallics and smaller Sn particles or thinnest layers can accommodate large stress imparted
during alloying-dealloying process thus, reducing Sn pulverization. Longer deposition times increases
thicker layers of Sn on top of the CuSn intermetallic with limited surface areas. Unlike the thin deposit,
the thick Sn layer does not accommodate electrolyte penetration as well as stress thus resulting in
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pulverization and poor capacity retention. This was also observed by Ulus and coworkers. They reported
that thick Sn metal anodes are more at risk of stress damage during cycling than thinner Sn metal anodes
[38]. In addition, Deng and coworkers reported that anodes made from 15 minute tin deposition material
performed worse than 10 minute anode material fabricated by direct current sputtering [33]. It appears
that this observation maybe common to several investigators and hence, longer Sn deposition times may
not be most favorable for anodes with capacity retention and long-term cycling. In our analysis, we have
found that the thicker electrodes with lower surface areas limit the transport of lithium ions. Using the
cyclic voltammetry peak currents and other parameters described by the Randles-Sevcik equation, we

estimated the diffusion coefficient for Li* chemical specie using equation 11:

1 2

I

F\z 1
Ip = 0.4463F (ﬁ) AD,;+2CvY? or D+ = ’}’: [11]
0.4463F (ﬁ) ACv1/?

Where, R=gas constant, T=temperature, F=Faradays constant (C/mol), A=area of electrode
(cm?), C=species concentration (mol/cm?®), Dii«=diffusion coefficient (cm?/s), and v=scan rate (V/s).

Using the peak current from CV curves’ shown in Fig. 7 and other results from equation 11,
lithium ions’ chemical diffusion coefficient was calculated for the electrodes in the three Sn-Cu coated
half-cells. For the Sn 1.5 min, Sn 3 min, and Sn 6 min electrodes, results showed that the average
chemical diffusion coefficients (Drix) were 6.6%10% cm?/s, 3.7*10%% cm?s, and 1.1*10 cm?/s,
respectively. As seen, the mobility of the lithium ion is fastest in the higher surface area with smaller
particle sizes and lower time deposited electrodes. The route of lithium ions in the bulk electrodes is
vital to ensure suitable quantity of specie (Li*) to carry on the redox reaction occurring. Therefore, the
electrode with the highest Dvi+ (mobility), is expected to display better performance electrochemically
especially at high current loads/densities. This could be an additional factor leading to the highest peak
current and capacity exhibited by Sn 1.5 min half-cell.

(3) Lastly, nano and micro dimensions offered by the Sn coated tubes increase the active
materials’ chemical reactivity in the surrounding electrolyte while enhancing stable cycling despite
volume expansion [39]. As reported by Shafiei et al. recently, these characteristics are attributed to the
curvature of the Sn coated tubes, where curvature is defined as 1/R (R = radius of Sn coated tube) [41].
Using the stable 20" cycle results, the relationship between the curvature and capacity shown in Fig. 9e
can be fitted and represented by a simple polynomial (Egs. [12]) over the various deposition times as:

Y=ax?+bx+c
= —1.002 X 107x2 + 4.797 * 10~ 1x — 5.671
x 10% [12]

Where Y = specific capacity (dependent variable) in mAhg?, x is the curvature (independent
variable) of tube (1/R) in m?, a (cross-sectional areal capacity in mAhg*m?) and b (radial length
capacity in mAhg*m) are coefficients while c is a constant in mAhg™. It is to be noted that this is not a
relationship that can be generalized and used for all systems. It is only specific for the conditions of the
present work.

Observation of the fitting and Eq. [12] indicates that for higher capacity to be obtained, we should
engineer smaller diameter SnCu tubes. The fitting therefore indicates that tubular SnCu anode surfaces
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with high curvature (small radius) and high surface area allow deep penetration of electrolyte and are
more favorable for reversible and high capacity performances instead of planar SnCu anode surfaces.
For instance, for a planar anode, R approaches infinity, while x approaches zero and thus the value of Y,
specific capacity approaches its minimum value. Therefore, it corroborates why some researchers
observe extremely high capacity when lower dimension tubes such as carbon nanotubes are used as
template for Sn growth.

In our observations, lower deposition time resulted in smaller diameter Sn tubes. Therefore,
amongst the three samples studied, Sn 1.5 min anode with lowest R and highest curvature exhibits
highest capacity retention and provided most stable long-term cycling (20 to 100 cycles) followed by Sn
3 min and Sn 6 min. Curvature of the SnCu tubes (1/R) is instrumental to capacity retention of the anode
materials. Higher curvature is attributed to smaller tube radius, and this is beneficial for increase tube’s
surface area available for redox reaction or charge transfer to occur between electrolyte and active
particle’s/anode’s surface. High surface area tube with nanoparticles accommodates more volume
expansion while reducing pulverization and maintaining electrical contact between electrochemically
active surfaces for lithiation or delithiation thus leading to repeated capacity retention after each cycle.
Fig. 9e suggests that a deposition time slightly shorter than that used for Sn 1.5 min sample will provide
a better performing anode with a capacity of ~700 mAh/g and curvature of ~237000 m. This can be
verified as part of the optimization of described method. An increase in electronic conductivity, surface
area, and curvature or the fibrous SnCu coated tubes, along with the porous mesh-like electrodes
framework lead to higher mobility of Li* ions and thus current (reactivity) leading to increase in capacity.
From our observations, the mobility, conductivity, curvature and capacity of the electrodes are
influenced by the characteristic of the anodes which are attributed to Sn coating times or deposited
particle sizes.

4. CONCLUSIONS

In this study, we demonstrated a technique and conditions necessary to fabricate flexible,
standalone and binder-free Cu-Sn anode (comprising of CusSn, CusSns, Sn, SnO>) using electroless
coating/deposition of Sn on copper coated carbon cloth substrate. The key process parameter for high
performance CuSn anode is the deposition time required to maintain a 1-D deposit of Sn nanoparticles
with large surface area, high conductivity and able to accommodate stress with minimal pulverization.
Electroless coating approach reduced costly extended drying steps used in the conventional fabrication
methods since the use of a binder and mixing of a slurry are eliminated from this electrode’s synthesis.
After 100 cycles, Sn anodes deposited for 1.5 and 3 minutes exhibited high capacity and repeated
cyclability of ~608 mAh/g and ~495 mAh/g, respectively when tested at 139 mAg™. Moreover, both
anodes display low capacity degradation at high current loads. Cyclic voltammetry results showed that
the redox reactions on the surface of Sn 1.5 min and Sn 3 min anodes are efficient and reversible (highest
peak current). Impedance results indicated that half-cells made from Sn 1.5 min and Sn 3 min anodes
exhibited reasonably low cell resistance. The XRD results demonstrate that the short time deposits have
majorly CuSn intermetallics components with minimal Sn/SnO, coverage. Overall, this electroless
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coating/deposition approach has proven to be a facile viable binder-free alternative to other common
methods used for Sn anode fabrication.
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