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Electroless encapsulation of graphite particles with coppealloy (SrCu@graphite) is demonstrated

as a feasible anode preparation method that is cost effective and provides both high cyclability and
reversible capacity. Heat treatnteof the electroless composites at 2@ yielded SACu@graphite

anode composites with a 20 wt.% Sn loading, specific surface area of 48.and a 1 discharge
capacity of 1074 mAh/g at 0.2C rate. In contrast, the graphite substrate particles usked for
encapsulation has a surface area of 2.3¢)nand a I cycle discharge capacity of 327 mAh/g at 0.2 C

rate. At the 300 cycle, these capacities decreased to ~400 mAh/g and 208 mAh/g for the Sn
Cu@graphite and graphite substrate, respectively. ABOQecycles, the electroless encapsulated Sn
Cu@graphite anode maintained a capacity higher than that determined experimentally and
theoretically for graphite. The electrochemical impedance and cyclic voltammetric results demonstrate
that the electrolessneapsulated SEu@graphite anode has very low resistance and high reversible
redox reactions. The higher capacity and long term cycling (> 300 cycles) achieved with the electroless
composite anodes are attributed to the buffering effect of the elect®©less the SrCu alloy
encapsulating graphite particles-Su @gr aphi t e’ s hi g h’g), and cunvdtueemme ar
the graphite particles. The electroless encapsulate@uSgraphite composite anode materials with
extended cycling have potential@igation for the anode of Lion battery.

Keywords: Copper tin alloy, Tin oxide, Anode, Lithium ion battery electrode

1. INTRODUCTION

Lithium-ion batteries (LIBs) satisfy a wide range of applications such as grid energy storage,
transportation, and p@ble devices [1,2]. Today, the best anode materials for LIBs are dominated by
carbonaceous materials such as graphite. Graphite offers ~372 mAh/g theoretical capacity and it is
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commonly argued that for higher energy density applications, other electratirials must be
considered [3]. Si, Ge, Al, Li, and Sn are a few of the potential candidate metal electrode materials to
have been investigated as anode materials recently. Sn for example, exhibits a theoretical capacity o
994 mAh/g, a value that is abmt 2.5 times that of graphite. Tin is also abundant, environmentally
benign and can be used as anode materials in various chemistries includipgSPIZSeSnQ, and

SnCu alloys, just to name a few§

Despite the positive attributes of the varietySof anodes materials explored, we are still faced
with the challenge of fabricating tin anodes materials that offer high capacity retention anerfong
cycling. The poor capacity retention and cyclability of tin anodes are caused by the large volume
charge of ~300 % during alloying and dealloying with lithium ions. This volume expansion results in
cracking and pulverization of Sn’s particles
electrode to particle contact [3].

To minimize the negati& effects caused by the volume expansion of Sn, several approaches
have been undertaken to fabricate Sn anode materidl8][A recent area of interest has been to
incorporate active/inactive matrix such as C and Cu in the Sn anode material. For eiamde, of
carbon coating on SnManopatrticles have been reported by Lou and coworkers [9]. It is believed that
C coating buffered Sn expansion thus enhancing cycling and capacity retention e&rmdsen
composite. In a similar approach, Liu et al. répdra high initial discharge capacity performance
(1050 mAh/g) of a carbon encapsulated cogperlloy composite (C4bns) [10] synthesized via
reductive precipitation and heating to 9 The high capacity was attributed to the buffering effects
ofCuand the carbon | ayer maintaining nanopartic
with lithium ions. Furthermore, through sputtering, Deng and/orkers synthesized €8n nanopillar
nanocomposite that was cycled up to 50 cycles with higaatgp It was found that the presence of Cu
buffers Sn expansion during |ithiation/delithi
Park and caworkers demonstrated the fabrication of a 3D uanode using freexmsting process
and eletrolytic deposition method [12] via external power supply by starting with porous 3D copper
foam. The 3D CtBn anode exhibited reasonable performance that was attributed to the lower diffusion
length of Li ions and voids that allowed the 3D-8un network @ undergo volume change without
much pulverization [12].

It is apparent that we have not fully explored all possible material combinations, synthesis
approaches or combination of approaches that can engine&n @node materials with high capacity
retenton and/or longerm cycling. Since it has been demonstrated that Cu and carbon can assist in
buffering Sn’s expansion separately, we hypoth
play a role in any novel Sn anode composite material fabdoaa electroless encapsulation. Unlike
Lou et al [9]. and Liu et al [10]. fabrication approaches in which carbon is used to encapsulate both tin
oxide and CtSn active materials, respectively, we perform the reverse encapsulation technique for the
first time. In our approach, graphite particles with high surface area and curvature were first
encapsulated with electroless Cu and then followed with electroless encapsulation of the Cu with Sn
thereby resulting in a S@u-graphite composite anode materiah{Su@graphite). Here, graphite is
the inner core of our composite unlike in the literature where carbon is most often used to coat the
active SRCu or SnQ@ materials. Further, we note that while the copper encapsulating the graphite does
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not form alloy orreact with carbon, it potentially forms a &m alloy with the electroless Sn
encapsulating it. This provides significant opportunity for both th€$mand graphite to be active for
lithiation and delithiation at the same time especially where crackanmpores for L-ion exist in the
SnCu encapsulating layer.

In addition, unlike the previously reported fabrication of porous 3RS@ualloy using
electrochemical deposition by Shin and coworkers that requires as high a current ag o Afdive
tin depsition, our approach does not require external energy input and encapsulation is done at room
temperature [13]. In this approach, the electroless method used, required less energy to drive the
deposition process. The driving force for electroless depasits derived from the natural
thermodynamics of the process. The driving force for electroless copper deposition is derived from a
chemical reducing agent (formaldehyde) and for the electroless deposition of Sn, the electrochemical
potential of strongly emplexed Ciiion (by thiourea) drives the displacement of Cu b§" $mns for
the deposition of Sn and subsequent encapsulation of the Cu layer in an acid solution containing
sodium hypophosphite (reducing agent) and thiourea. The role of thiourea mgtexdu driving its
potential below that of Sn and thus reversing the Sn and Cu deposition potentials and making it
possible for Sn ions to displace Cu ions (while Cu is exposed to the solid Sn solution) thus resulting in
the plating of Sn [14, 15]. Thiwork also differs from the electroless encapsulation or coating of
copper with Sn (lithium active component) in which copper substrate (often 3D foam) is uged] [11
without graphite interior. In the present work, the graphite interior which is alsee doti lithium
intercalation differentiates our approach from other methods. We aim to develop an easy to implement
cost effective method that provides an anode electrode with inner graphite core which has high
cyclability and reversible capacity higheaththat of graphite and when the high capacity component
(e.g. Sn, Snor SnCu alloys) of the electrode fails or is exhausted, the electrode performance then
reverts to the known performance characteristics of the inner graphite core component.

In this work, a cost effective electroless encapsulation method was used to prepare Sn
Cu@graphite composite anode with 20 wt. % Sn loading. A comparative study between the unique Sn
Cu@graphite composite and pristine graphite electrodes is undertaken to demdmsthat firsttime
the longterm cycling and capacity retention obtained using anode made from graphite particles
encapsulated with electroless-So alloy intermetallics. We compare the morphology, discharge
capacity retention, coulombic efficiency, anate capability of both electrodes SnCu@graphite
composite vs graphite composite only electrode.

2. EXPERIMENTAL

2.1 Raw materials

Ready to use Graphite powder (Formula BT SLC 1520T) was purchased from Superior
Graphite (Chicago lllinois, USA). Condtive carbon was purchased from Imerys Graphite and
Carbon  (Willebroek, Belgium). Palladium  acetate, copper sulfate pentahydrate,
ethylenediaminetetraacetic acid (EDTA), -2iypyridyl, sodium hypophosphite, ammonium
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hydroxide, thiourea (CHN,S), and starwus sulfate were purchased from Sigma Aldrich Corporation
(St. Louis, MO). Other chemicals purchased from Sigma Aldrich Corporation include methyl alcohol
(CH30OH), dimethylformamide (DMF), 99.5% and 90% nitric acid. 1.0 molar lithium
hexafluorphophate (BIF;) dissolved in ethyl carbonate and dimethyl carbonate was obtained from
BASF Corporation (Florham Park, NJ). In addition, glass fiber separator was purchased from EL
CELL Corporation (Hamburg, Germany). All materials utilized in this experiment weresefrch
grade and did not require further refinement.

2.2 Electroless encapsulation of graphite particles with copper and subsequently tin

The electroless deposition technique is cost effective and easy to implement. Cu was
electrolessly depositedonRdc t i vat ed graphite. Graphite’s part
the following composition: 50 g polyinyl butyral, 250 mL methanol, 5 mL sodium hydroxide, and
0.5 g palladium acetate. 1 gram of graphite particle requires only about 15 ml Bttthle for
activation. The activated graphite was put to dry in an oven at'G5@r 24 hours. The graphite
particles were subsequently immersed in an electroless copper bath while stirring for 1 hdi@.at 25
The composition of the electroless bath wesle up of 5.99 g/L of copper sulfate pentahydrate, 26.99
g/L of EDTA, 48.9 g/L of formaldehyde, and 0.05 g/L of -Blypiridyl nitric acid solution. After
deposition, the Cu encapsulated graphite was filtered and rinsed in deionized water three times anc
dried at 71°C for 24 hours and sample weight was determined.

To prepare the S@u alloy material, the Cu encapsulated graphite powder was weighed and
suspended in an electroless plating tin bath for 1 hour (&€R%us allowing encapsulation by Sn.
Thetin bath constituents were 28 g/L of stannous sulfate, 80 g/L of sodium hypophosphite, and 80 g/L
of thiourea. A new material (S@u-graphite or SrCu@graphite) now encapsulated in tin was
obtained. The S&u@graphite composite was filtered and dried &C7fior 24 hours. The sample was
annealed at 20fC for 2 hours and amount of deposited Sn subsequently determined.

2.3 Synthesis of graphite and-Based anodes using conventional wet chemistry method

1 g of PVDF was mixed with 19 g NMP (19 mL) overnight85°C to achieve dissolution of
the PVDF binder. This mixture was equivalent to 5 wt. % concentration of PVDF in solution. In order
to obtain a composite containing 10 wt. % binder, 13 wt. % conductive carbon and 77 wt. % Sn
Cu@graphite composite, kwa amounts of each of the components were mixed using mortar and
pestle for an hour to obtain a homogenous slurry. The conventional Dr. Blade method was followed to
obtain electrodes. Electrodes were cut using a 1.27diameter MT| Corporation disc cuttand
placed under vacuum in an oven at £20for 12 hours. Active material loading was 1.1 mg Sn
Cu@graphite composite per 1.27 Tohi s ¢ . By following similar pr
anodes were also prepared with active mass loading of 1.&nig3y cridisc.
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2.4 Material characterizations

On completion of the electrode fabrication, morphological characterization of the electrode was
conduct ed. Mor phol ogy of the electrodes’ sur
electron microscop(SEM). Furthermore, energy dispersive spectroscopy (EDS) was performed on the
same machine to determine the elemental composition/presence of the deposited metals. Transmissic
Electron MicroscopeJEM-ARM200cH was used to determine the morphology, tafigsity and to
perform elemental mapping. A Perkin Elmer PHI 5000 series XPS system wimoraschromated
Mg Ka radiation was used to performrdy photoelectron spectroscopy analysis in order to determine
the chemical state of the surfacaterials. The phase or structural characterization of the deposits was
determinedusingX ay di ffraction (XRD) and the pat-tern
206 goniometer. Nitrogen adsor pfQuanméhtbmeslisment i o n
were used to obtain the specific surface areas of the graphite &ha@graphite materials.

2.5 Electrochemical characterizations

To observe the electrochemical performances of all electrodes (graphite-&uga®maphite),
half-cells were assemdd in an argon filled glove box using the fabricated electrodes as cathodes and
Li metal as anode in a coin cell. The electrolyte used was 1 molar lithium hexafluorophosphage (LiPF
in dimethyl carbonate (DMC) and ethyl carbonate (EC). Glass fiber membegarator with diameter
of 18 mm and thickness of 1.55 mm was used. Electrochemical performance between-0.50%V
was measured during charging and discharging of the coin cells using Neware battery testing analyze!
with 5 V and 10 axamAim wokagetahdecurrem, irespgedivelyn This system was
connected to a Compaq computer. Gamry Instruments Reference 3000 Potentiostat/Galvanostat/ZR/
was used for cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analysis.
CV analysis was done at 0.5 mV/s between 0 V and 1.5 V. Furthermore, EIS was performed%rom 10
Hz to 0.01 Hz at 100 % state of charge. All of these characterizations were performed at room
temperature.

3. RESULTS AND DISCUSSION

3.1 Mechanism for Cu and Sn eteoless depositioforming SARCu@graphite anode material

Frequently, copper tin alloys are synthesized using a wide variety of methods including heating
copper and tin particles, exposing copper tin to crushing via ball milling, electrode deposition, or
solution reduction method, for example [14] However, in this study, we adopted the simple electroless
deposition synthesis technique to obtair&ualloy, Sn, and Sn(14,15] As mentioned previously,
electroless deposition offers cost effective, facild anvironmentally benign approach to Sn anode
materi al fabricati on. I n this electroless app!
Substrate.
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Figure 1. Cartoon schematizing the electroless deposition and heat treatment of Cu andisag $m,
SnG, and SRCu@graphite anode material.

Once Pd catalyzed graphite was submerged in the copper sulfate bath with formaldehyde,
immediately oxidation of formaldehyde occurred on the Pd catalyst thus releasiigné&se 2eare
then combined witfCu ions (reduction reaction) in solution and resulted in plating of Cu on the Pd
catalyzed graphite surface (Figure 1) [16]. In addition, plated Cu can autocatalytically oxidize
formaldehyde and this results in reduction of Cu ions and increase Cu /dl@piagition. The
equations governing formaldehyde oxidation which leads to deposition of Cu is given by Egs. 1 and 2
[16,17].

Pd surface 30H™ + CH,0 = 2e~ + 2H,0 + HCOO™ [1]

Cusurface 40H™ + 2CH,0 = 2e™ + 2H,0 + H, + 2HCOO"™ [2]

Electroless Cu deposition is followed by electroless Sn deposition as schematized in Fig. 1.
According to Zhao et al. electeds Sn deposition on Cu submerged in Sn bath with sodium
hypophosphite and thiourea occurs in two reaction steps. Firstly, a displacement reaction and secondly
a reduction reaction [14Puring the displacement process, Copper forms a complex with thioure
This results in the dissolution of Cu ions in the solution. The copper thiourea complex can displace Sn
ions, while Sn ions deposited on the Cu graphite surface form CuSn alloy with layer thickness up to
micrometer size at the Cu/Sn boundary. The coriapdeand displacement reactions governing steps
are expressed in Egs. 3 and 4, respectively. As commonly known, thiourea plays a vital role as an
effective complexing agent, since it lowers the standard electrochemical potentidl©t ®eyond
that of SA"/Sn thus resulting in the displacement reaction [14].

Complexing Cu* + 4CH,N,S < [Cu(CH,N,S),]* [3]

Displacement Cu + Sn*™ = Sn+ Cu?* [4]

The second stage of Sn electroless deposition process occurs when Sn ions are reduced b
sodium hypophosphite, while hypophosphite is simultaneously oxidized. This ocaoerstod
deprotonation of hypophosphite ion forming hydrogen free radicals (Egs. 5) that are responsible for Sn
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ions reduction [14, 120]. The combined displacement and reduction reactions during the electroless
deposition of Sn results in the formation af$h alloy and pure Sn/SnOx layer as depicted in Fig. 1.
Deprotonation H,PO; = H+ HPO; [5]

3.2 Morphological characterization

. (c) Sn-Cu@graphite

Lattice
spacing

il
(i) Sn-Cu@graphite {k) Sn-Cu@graphite (1) Sn-Cu@graphite

Cu (o}

Figure 2. SEM showing the morphology of (a) graphite, (b}@aphite, and (c) SEu@graphite.

We aim to demonstrate the feasibility of the electroless eulzdjms/coating concept using 3D
graphite as the substrate and show that the electrode is cyclable with reversible capacity higher thar
that of its inner core graphite. Hence, a comparison is made between the characteristics and
performance of graphite onlcomposite anode material versus the encapsulated electroless Sn
Cu@graphite composite anode material. Fig. 2a, 2b, and 2c show SEM images of graphite,
Cu@graphite and SBu@graphite materials, respectively. Fig. 2a exhibits pristine graphite composite
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anode material with graphite particles ranging from 3 um to 7 um. Fig. 2b illustrates the morphology
of the graphite material after electroless coating with Cu. Fig. 2c shov@&i@mgraphite composite
anode material, with S@u coating on graphite particleachthe deposited particles sizes range from
approximately ~50 nm to 1.5 um. As TEM images for (d) graphite arg) @rCu@graphite, (h)
electron diffraction pattern for SBu@graphite, (i) bright field imaging for Sbu@graphite, and )
respective eleental maps for Cu, Sn and éxpected, areas of the - ®u@graphite material became

very bright and shiny after SGu encapsulation and particles of various sizes were observed. We
believe the increase in shininess and smoothness of the Sn coated samtile diffrence in
morphology versus the graphite sample indicates the successful electroless encapsulation of graphit
with Cu and Sn. In addition, Fig. 2d illustrates the TEM analysis of the materials.

. (a) Graphite (b) sn-cu@sgraphite
c
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Figure 3. EDS spectra corresponding to (ayaphite, (b) SrCu@graphite. (c) nitrogen
adsorption/desorption isotherms for graphite andC8@graphite, and (d) BJH pore size
distribution for graphite and SGu@graphite.

Fig. 2d shows the pristine graphite surface which is characteristic of stacgdtege layers
(see insert image). Fig. 2e and 2f show theC8nencapsulated graphite material after electroless
deposition. Fig. 2e and 2f show that the graphite platelet is coated with both a smooth layer and a large
number of particles from nanometer micrometer length scale uniformly, similar to SEM analysis.
High resolution TEM in Fig. 2g depicts a single nanoparticle with lattice spacing less than 1 nm
starting to appear as indicated by the vertical lines shown. In addition, Fig. 2h portraysiehe pa
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obtained from the selected area electron diffraction (SAED). Very defined circular rings characteristic
of the polycrystalline metallic material coating on graphite is shown. To determine the elemental
distribution of the electrolessly deposited Gw&sn, elemental energlispersive spectroscopy was
performed. As shown by Fig. 2i, bright field imaging shows a wide distribution of particles on
graphite’s surface depicted by the contrast
corresponding teohis area is shown in Figs. 2], and Cu, Sn and oxygen are widely distributed thus
corroborating our earlier speculation made in Fig. 1 about the formation of copper tin alloy, tin, and tin
oxide on the outer layers. Further identification and queatibn of the elements in the electrode
materials was done by EDS. EDS spectra for the graphite material and the electrolessly encapsulate
graphite (SACu@graphite composite) are shown in Fig. -3b. As anticipated, C peak is very
prominent in Fig. 3adrause that material consists of pure graphite.
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Figure 4. XPS spectra corresponding toqasurface composite of pristine -8u@graphite before
cycling; (df) SnrCu@graphite after 300 cycles.

For ShCu@graphite composite, the dominating Cu, Sn anc&k$pin Fig. 3b are expected
since copper and Sn electrolessly encapsulated graphite particles. EDS results indicate that Sr
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constitute approximately ~20 wt.% of the -So@graphite composite anode. This matches the
experimental wt.% obtained.

The adsorptin/desorption isotherms of nitrogenJNn addition to the pore width distribution
for graphite and SEu@graphite materials are shown in Fig. 3c and d, respectively.
Adsorption/desorption isotherms exhibiting a hysteresis loop at high partial pressige waltch the
type Il isotherm and thegorrespond to materials with macropores (Fig. Bc)otal specific surface
area of 2.34 fig and 22.5 rfig were obtained from BrunauBmmetTeller (BET) analysis for
graphite and SI€u@graphite materials, respeetly. Pore size distribution from Barrebyner
Halenda (BJH) analysis indicates the materials pore sizes range from 50 nm to 600 nm matching a
combination of mesopore and macropore materials (Fig. 3d).

X-ray photoelectron spectroscopy (XPS) analysispeaormed to obtain chemical state of the
surface of the SRu@graphite anode material prior to cycling (Fig- 4aand after completion of 300

cycles (Fig. 4d f). Fig. 4a shows the general XPS survey spectrum €\ 8@graphite anode
material, revealig the existence ofopper, oxygen, tin, and carbon. The peak related to Cu (0) is
located at 933 eV. The corresponding peaks for Sn 3d which could be attributed tré&nlserved.
As shown in Fig. 4b, the Sn 3d peaks related to Sad@t Sn 3¢, are located at 494 eV and 488 eV,
respectively. The C 1s peak located at 284 eV are attributedCtdr@n the graphite and conductive
graphite used in the electrode fabrication. Peaks related to oxygen O 1s and O 2s are located at 550 e
and 30 eV, respegely. The presence of SnO and Snéduld be the sources of oxygen. The XPS
surface chemistry corresponds with the EDS elemental identification of the pristibe@graphite

obtained electrolessly.
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Figure 5. XRD patterns corresponding to (a) graphitg, Cu@graphite, and (c) Stu@graphite.
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XRD analysis was conducted to determine the crhggpaphic structure of the coated and
uncoated carbon as shown in Fig. 5. Fig. 5a is the graphite composite electrode XRD pattern with
peaks at 26 appr Jdanddth 55ethatyis repeesentative tofograghific. carbon. As
expected, inFig.5b t he Cu encapsulated graphite S4bbws d
55) and met al |°%56, 7€)yl12](S@ru@graphité domposite electrode material shown
in Fig. 5¢ reveals that metallic Sn was successfully deposited on the r@ptfg particles. This
corresponds very well with previous SEM and EDS results.

3.3 Electrochemical characterizations

To assess and compare the electrochemical performances of the graphiteCar@@aphite
composite anodes, haitlls were assembled asated previously. Cyclic voltammetry (CV) was
conducted between 0.0 ¥1.5 V at 0.5 mV/s for the verification of electrochemically active voltage
regions of the fabricated anodes and the results are shown in Fig. 6. The first three cyclic voltammetric
curves obtained from graphite composite anode
of graphite, a cathodic peak is observed at 0.65 V and as the cell voltage decreased to 0.007 V,
second cathodic peak emerged at ~0.175 V and a teakl glose to 0.007 V. These latter two peaks
are characteristic of Li intercalating C as depicted by Eq. (6). In the opposite direction, for the first

cycle’ s delithiation of graphite, t wo anodic
Equaton depicting the reversible lithiation/delithiation is shown in Eq. (6)
yC +e” + Li* 5 LiC, (lithiation or delithiation) [6]
0.0020 — —
0.0015 Delithiation ——— 1st evele
* 2nd cycle
0.0010 — 3rd cycle
— 0.0005
-
= ©.0000 — — =
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Figure 6. Half-c el | s’ cyclic vol tammetry (CV) result

Cu@graphite.
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For the second and third cycles, a lithiation peak was only observedald$97 V indicative
of lithium insertion into C forming Li¢; while the peak that was previously present during the
1I'ithiation of graphite at 0.65 V disappeare
second and third cycles was characterized by peak at 0.25 V and 0.35 V, respectivelysifiier ito
the first cycle’s delithiation process thus in
del i thiated. It is evident that the peak curre
than the second and thioycles between 1.5 V and 0.25 V. We believe this could be ascribed to an
irreversible first cycle capacity loss. Fig. 6b shows the first three cyclic voltammograms-for Sn
Cu@graphite composite anode. Dur i n geaks are sedniatr s t
14
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Figure 7. Half-cell of graphite anode composite and-Gm@graphite anode composite results
showi ng ( a)"3 &edfip discharge capacity curves, (b)So @gr apfid t e’ s
specific discharge capacity curves, (c) ldagn cycling at 227 mA/g and (d) Coulombic
efficiency.

V and 1.15 V that are likely due to the decomposition of electrolyte and the formation of solid
electrolyte layer (SEI) [21,22]. The slight peak at 0.75 is attributed to the reduction ptdS80 and
LiO,. While, the peak located at 0.35 V is ascribed to lithium insertion ing®rguhus forming
Li,CuSn. Further lithiation from 0.15 V to ~ 0.007 V are due to lithium alloying with Sn forming
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Li4,Sn [2223]. In addition, we can also attribute the peaksa0O. 15 V and ~ 0.00
|l it hi ati on. delithadon bridealtoying of {Bn toeSh and GSrs [5], is characterized by
four anodic peaks centered at approximately 0.25 V, 0.35 V, 0.65 V, and 0.75 V, respectively. During
the secondand third cycles, lithiation peaks were very similar, almost overlapping except close to
0.007 V. The peak currents for these two cycles were slightly lower than that of the first lithiation
process thus indicating the irreversible capacity lost maybéod8EI formation during the first cycle.
Similar to the first cycle’s delithiation, the
The open circuit voltage of the uncycled hedfl of the graphite composite anode was 1.76 V
prior to thefirst lithiation of C. Fig. 7a presents first cycle discharged capacity obtained by cycling
freshly made haltells at 227 mA/g from open circuit voltages to 0.007 V. As shoWnydle specific
discharge capacity obtained was 327 mAh/g and also shovtheasecond and third lithiation curves
for graphite anode composite (Fig. 7a). The second and third discharge capacities for the graphite are
296 mAh/g and 292 mAh/g, respectively. Following the trends observed for the graphite cyclic
voltammograms, thergphite lithiation curves exhibited three plateaus at 0.25 V, 0.15 V and ~0.007 V,
respectively. These shoulders are indicative o
the three cycl es’ di s c har g eapacitypvascigher tleas thersecongl a |
and third cycles due to irreversible capacity loss. Regardless of'tlteylc | e’ s capacit
overlapping of the ® and 3" peaks indicate the reversible capacity performance of the graphite anode.
Fig. 7b represd@s the first three discharge cycles of-Gum@graphite composite anodes. Uncycled
half-c e | | with potenti al of 2 V was d-cell.cHirstcygee d t
discharge capacity was 1074 mAh/g. Liu et al. reported a comparahle a8~1000 mAh/g for a®L
cycle discharge capacity for carbon coatedCsinanodes [10]As seen, SitCu@graphite composite
anode first discharge curve exhibits plateaus at ~1.0 V and 0.8 V. These plateaus could be attributed t
irreversible SEl formatim, el ectrol yte’s decomposition and 1
Liu et al [10].Furthermore, between 0.8 V and 0.2 V the following reactions occur; ®n8Sn and
formation of LO (Eq. (7) and Eq. (8)), and g3ry lithiation thus forming LiCuSn (Eq. (9)).
4Li+ 4e” + Sn0, — 2Li,0 + Sn  intermediate [7]
Li +xe” + Sn < Li Sn [8]
Below 0.2 V, closer to 0.007 V the plateau is indicative of fully lithiated Stw80 (Eq. (10)))
thus corresponding well with CV peaks observed in the same voltage region during the first discharge.
SnCu@graphite composité®and 3 discharge curves (lithiation) overlap with the plateau occurring
below 0.3 V to 0.007 V matching peak locations for CV curves. The capacity of thel# is higher
than the ¥ and 3" discharge capacities. Interestingly, the plateau found inSistharge curve at
~1 V disappeared during@and 3° lithiation of SrRCu@graphite. Therefore, we deduce that tie 1
lithiation exhibited irreversible capacity loss which is common in the presence of tin oxides electrode
materials. From the observed XRésults, we believe that our €&n alloy is dominated by G8rs. In
that case, with GgBns the 2 and 3 lithiation/delithiation processes of the -Bu@graphite
composite electrode could be governed by equations (9) and (10) as similarly observedebylXue
[24], Shin and Liu [13] and Kamali et al [25].
10Li* 4+ 10e™ + Cu,Sn; < 5Li,CuSn + Cu intermediate [9]
12Li* 4+ 12e” + 5Li,CuSn < 5Li, ,Sn + 5Cu [10]
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The longterm cycling performance at 227 mA/g of the cells is examined in Fig. 7c where the
discharge capacity front'tycle to 308 cycle is given. For both the graphite and theCsr@graphite
composite anodes, the first cycle exhibited an irreversible capacity. However, for graphite, stable
cycling with gradual capacity decrease was obtained from™ttte 306"c y c 1 e. Gr-aepH'i t e’
cycle capacity decreases from 312 mAh/g to 208 mAlthe 308 cycle. Similarly, SRCu@graphite
composite anode hatfell 1 cycle capacity decreased from 1074 mAh/g to ~ 400 mAh/g at tH& 300
cycle. Interestingly, the capacity of the -Sn@graphite is still higher than the theoretical and
experimenth capacities of pristine graphite even after 300 cycles. The lafgeyde irreversible
capacity loss of the SGu@graphite composite anode is attributed to the decomposition of the
electrolyte by Sn@present in our SI€u alloy encapsulated graphite espally at low potentials [26].
Additionally, Kim et al. [26], used Synchrotron-rdy diffraction and absorption spectroscopy studies
to show that Eq. (7) is reversible. The reversible disintegration,@f throughout delithiation process
allows some othe oxygen to react with Sn forming Spénd LiO thus leading to capacities much
higher than Sn and tin oxide [26]. The results Kim et. al [26]. studies provided additional evidence to
support the high capacity performance of anodes with, $m@uding ou SnCu@graphite anode.

Fig. 7d presents the coulombic efficiency over 300 cycles for both graphite a@d@graphite
electrodes which suggests that both anodes display reversible capacity retention with coulombic
efficiency ranging from 95 % to 101%. &hhigher coulombic efficiencies exceeding 100% are
primarily due to the irreversible capacity in the earliest lithiation cycles.

Furthermore, for Fig. 7c, unl i ke graphite
Cu@graphite electrode exhibitedtaep negative slope over the first 200 cycles indicative of capacity
loss per cycle. However, from 200 to 300 cycles, the gradient of H@u@ygraphite slope was much
less than the previous 200 cycles and the discharge curve started to plateau df, kel ioidicating
a reduction in the loss of capacity per cycle. Regardless of the decreasing discharge capacity over 30
cycles, a comparison of the total cumulative capacity after 300 cycles shows that the graphite electrode
and ShCu@graphite electrodgielded 71,451 mAh/g and 163,858 mAh/g, respectively. This
comparison indicates that the newly fabricatedCai@graphite electrode produces ~2.3 times more
capacity per gram than a pure graphite electrode of the same weight over a lifetime of 30@ocycles,
example. We evaluated the percent capacity retention betweers' thed1308 cycle of our Sk
Cu@graphite electrode and observed that 40% offeylc | e’ s capacitcycleiFsr r et
comparison, Lou et al. (carbon coated 9nfO] and Liu et al. (carbon coated CuSn) [10] electrodes
exhibited 40% capacity retention after just 100 cycles and 40 cycles, respectively. Our 3D graphite
encapsulated electrolessly with-8n alloy, is an anode with unique ordering of material (Sn, Cu, and
C) tha is fabricated for the first time using the reverse encapsulation approach thus offerigyhong
cycling and capacity retention. Thus, achieving 300 cycles of continuous cycling with capacity still
above that of graphite indicates that this electrodmposite is promising for use in lithium ion
batteries for longerm cycling. For the above results, regardless of the capacity fading, it is
encouraging considering the ease of synthesis of theéugngraphite electrode material and its easy
adaptability fo larges c al e processing. To t he best of
encapsulation approach used here has not been reported in the literature. It should also be recalled th
the composite has only 20% Sn by weight.
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The pertinent question to ask“isw h a t i's responsible for -the
Cu@graphite electrode?” Sever al f act-ermsyclmag e s
and capacity performance of the-Sn@graphite electrode. A combination of factors is suggested
be responsible for the observed performance including: (i) Both the high surface area®g@pdnch
small particle size of the nanoparticles on theCoi@graphite, provide high electrolyte to electrode
interfacial area of contact that enhances thetrngty of the Sn/graphite active materials during
lithiation and delithiation process, (ii) the {n encapsulation provides shorter diffusion paths which
increases the diffusion of Li ions into ®lu@graphite electrodes, (iii) Cu as an inactive matekps
to buffer volume changes of Sn during lithiation and delithiation and thus enhancing tkertong
cycling of the Cy¢Sry alloy layer.

Lithiation of active materials

Graphite
@ Graphitic C-inner core Sn-Cu@graphite
AN .
@ Cu-middlezone ’
Cu Sng-outer shell 0
™ @ lithiumions ./ { -

Sn/Sn0,-outer shell

Li
@ Sn-Cu@graphite

Figure 8. Cartoon illustrating the lithiation of SBu@graphite anode materials.

The observed higher capacity thle SACu@graphite over that of graphite and its kbegn
cycling could be due to the contributions ofsSt intermetallics which may remain even if the outer
core of Sn or SnPpulverizes, (iv) The inner core graphite being active for lithiation atith@dgion
favors continuing activity of any lithium ion than tunnels past the inactive copper layer of the
encapsulating material, (v) Our SEM images prior to cycling show that there are some cracked areas
on the graphite substrate which means that titimédelithiation can occur in both the outer-Sn
(and its intermetallic alloys) and graphite. A cartoon depicting tHelgation of the graphite and Sn
Cu alloy is shown in Fig. 8. Such an observation is key to the success of the synthesizedsinaterial
a failure of either Cgbns alloy or Sn encapsulating materials leaves the active graphite core for
lithiation/delithiation process. The possible role as suggested above for the inner core graphite gives
rise to expectation of a reasonable capaa#ygsmance during high cycling numbers and not failure
commonly observe@hen tin anode materials pulverize.
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Figure 9. Rate capability analysis from 227 mA/g to 955 mA/g current loads between 1.5 V and 0.007
V.

We also deduced from the cycling and looobic efficiency curves, that regardless of the loss
of capacity for the SlCu@graphite electrode, the coulombic efficiency was steady and close to 100%.
This strongly implies that the lithiation and delithiation at high cycle numbers are reversibleeand t
same amounts of active materials are accessible for each charge and discharge cycle. For example,
the active material for the 380cycle of charge was not accessible by Li ions on discharge, the
coulombic efficiency would be lower than 100%, whicaswot the case.

Fig. 9 shows the rateapability studies conducted to determine the performance of the anode
materials under various current densities. Similar to the capacity performance shown in Fig. 7c, the
SnCu@graphite composite anode outperforntied graphite composite anode hedfls. At 227
mA/g (0.2 C), the first cycle specific discharge capacities were 327 mAh/g, and 1150 mAh/g-for half
cells made from and SGu@graphite composite, respectively. At higher current density of 955 mA/g
(1.5 C) he specific discharge capacities for graphite composite anode, @d@graphite composite
decreased to 120 mAh/g, and 650 mAh/g, respectively. As can be seen, even after high current load
SnCu@graphite composite maintained 70 % of tfecgcle capacit. To determine if the composite
anodes can retain previous capacity performance after they have been exposed to high curren
densities, anodes were retested at 227 mA/g froffi t8230" cycles (Fig. 9). Graphite composite
anodes retained previous capiest Interestingly, S«Cu@graphite composite anodes experienced a
slightly higher increase in discharge capacity. Such increase could be credited to electrolyte accessin
previously inaccessible SBu and graphite parti cl esphotbgyeWet o ¢
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therefore suggest that our-Bu@graphite composite anodes have the potential oftemng cycling
and capacity retention from the cycling and rate studies performed.

Subsequent to long term cycling (300 cycles), electrochemical impedantespagy (EIS)
analysis on haltells made from both anodes was conducted and their Nyquist curves are presented in
Fig. 10. Observation of the Nyquist plots indicates that in the high frequency region, all Nyquist plots
intercepted the real axis. Additialty, depressed semicircles are present in the medium frequency
region that is followed by a tail ending in the low frequency region of the Nyquist curve. Commonly,
crossing of the saxis in the high frequency region is accredited to resistance froneitteog/te and
the surface of the electrodeJlR27-29]. The resistance due to charge transfed @ the cathode and
electrolyte is represented by semicircle in the medium frequency regieR9[2Tastly, the tail
extending to the low frequency areanzmonly called Warburg impedance (W) is associated with the
diffusion of lithium ions within the electrode [2R]. Fig. 10a shows the equivalent circuit model
(ECM) used to represent the Nyquist plots of the experimental data. The paraRegtBgs,ard W
were calculated using the ECM sfBr graphite composite anode andGa@graphite composite are 7
Oh m, and 6 Ohm, r e svarg frami 57 ©hny are ideitital ta thd imfamatioiR
elsewhere [2:29].

Rs Cf cdi (a)
LI
Rf Rct
ECM representing graphite and Sn-Cu@graphite
half-cells

—u—Graphite
o §n-Cu@graphite| |

(b)
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-
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Figure 10.Half-c el | s’ E kesslts éapeguivgleni cacuitrmodel (ECM ) representing graphite
and SACu@graphite haltells. (b) graphite haltell and SrCu@graphite haltell nyquist
plots.
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Furthermore, it was found that the semicircle and thedues decreased significantly f&n
Cu@graphite composite anode Ralues corresponding to graphite composite anode and Sn
Cu@graphite composite were approximately 60 Ohm, and 32 Ohm, respectively. The low resistance of
SnCu@graphite composite anode relative to graphite only anodeidsenee of efficient charge
transfer in the SilCu@graphite anode which is in line with our earlier observation of higher capacity at
high current density under similar applied voltage conditions fe€E&@graphite anode vs graphite
only anode.

% (a) Graphite before |k
7 /!,, i

(c) Sn-Cu@graphite before

oz

Figure 11.SEM showing (a) graphite before cycling, (b) graphite after 300 cycles-@)@graphite
before cycling, and (d) SGu@graphite after 300 cycles.

This increase in electrochemical performance after electroless encapsulation can be attributed
to the electroless encapsudatiof SRCu on graph.

3.4 Post cycle analysis

We believe that post cycling analysis may help to provide further insight on the loss of capacity
with increasing cycle numbers and the condition of the cycled electrodes. For the verification of the
structurd stability of the electrodes, hatklls containing graphite and ®u@graphite electrodes
were opened after 300 cycles in the charged state (1.5 V). SEM micrographs with scale of 2um of both
electrodes after the 300 cycles are compared in Figodéd tohigh lamination pressure, strands from
the glass fiber separators were embedded in the electrodes. Some of the fibers remained embedded
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the electrodes even after a careful washing and removal through drying of the EC:DMC solvent that
was used to remowe electrolyte for the fabricated hakll. Fig.11 shows that after 300 cycles, both

the graphite and S@u@graphite electrode materials had quite different morphological features from
their initial morphologies. While the graphite anode turned to vepitengy looking spherical particles
(nanospheres) after cycling (Fig. 11b), the@r@graphite anode surface changed to spilikide
structures and there were small gaps around some particles (Fig. 11d). Overall, both electrodes did nc
suffer obvious medamical damage (large cracks or delamination). Hence, mechanical degradation does
not affect previous electrochemical performance of the electrodes. Unlike Fig. 11a that shows clearly
defined graphite particles before cycling, the white spongy nanosghdfes 11b appear to blanket

the graphite electrode surface thus covering some of the graphite particles.

The presence of this spongy blanket may have covered the active surface of the graphite
electrode thereby limiting the capacity retention as obsepyethe capacity loss after 300 cycles.
Although we do not know the composition of the spongy nanosphere blanket on the surface of graphite
particles, we believe it could be due to the formation of solid electrolyte interface (SEI) from
electrolyte reductin or dendrite from lithium plating. In addition, some of the individual graphite
particles seem to be exfoliating, or the closely stacked layers of graphene forming graphite is now
starting to be expanded. This could be due to the alloying/dealloyirgs six@eriences during each
cycle. On one hand, expanded graphite my result in poor performance since this may lead to longel
lithium ion diffusion path and loss of electrical contact in the electrode composite thus leading to
capacity fading. On the othdrand, exfoliating graphite sheets may reveal previously inaccessible
active graphite capable of lithiation/delithiation even though other surfaces are being blanketed with
dendritic or SEI layer.

For the SrCu@graphite electrode, Fig. 11c shows surface phwogy of graphite
encapsulated by SnO, Sp@nd CySrs before cycling. Fig. 11d shows that the morphology of Sn
Cu@graphite at 300 cycles significantly changed with the nddée@lspindles growing on the surface
of the SACu@graphite electrode. Thegbservations are like the blanket growing on the particles of
graphite electrode (Fig. 11b). However, instead of the spongy spherical nanosperes that are present G
t he graphit eCu@graphite edctrodedhas, thiclS layer of nedidtle spindles. These
spindles tend to grow together and propagate thus covering some of@hedgraphite surface while
| eaving other areas wuncovered. We believe the
limit the electrochemical performance thus réaglin capacity loss as previously outlined for the Sn
Cu@graphite haltell. We are unsure of the sources leading to the formation of spindle material.
However, we speculate SEI formation (especially at low potentials) and/or the pulverization of the
outer shell (tin or tin oxide) of the electroless-Sn@graphite electrode. This pulverization is
commonly observed during lithiation delithiation of Sn. Using XPS characterization, the chemical
nature of the surface of the ®&u@graphite after 300 cycles svabtained and shown in Fig. 4d.

Fig. 4d shows the general XPS survey spectrum e€E&@graphite anode material after 300 cycles,
revealing the existence of fluorine, copper, oxygen, tin, lithium, and carbon. The peak related to Cu (0)
is located at 93 eV. The F 1s peak related to fluorine is given at ~700 eV and could be attributed to
the PVDF binder used or surface coating of fluorine from the J_.82lk used in the 1M EC:DMC
electrolyte. The corresponding peaks for Sn 3d which could be attribut®dQ® are observed. As
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shown in Fig. 4e, the Sn 3d peaks related to Sp&ud Sn 3¢, are still centered at 494 eV and 488

eV, respectively. However, the intensity or counts per second significantly decrease, indicating that the
surface of the S€u@gaphite electrode has lost its Sn or the blanket of spindles is now covering the
Sn. The C 1s peak located at 284 eV previously attributed@fi©m the graphite, has increased
intensity or counts per second. We believe this increase could also be thee gresence of the
blanketing needlike surface coating. As commonly known, reduction of EC solvent results in the
formation of ROCGLi and Li,CO;[30]. Hence, the increase carbon peak could also be attributed to C
from SEI layer. Peaks related to oeygO 1s and O 2s are located at 550 eV and 30 eV, respectively,
reduced drastically, which corroborates to the reduction of Sn spectrum since the presence of SnO an
SnQ, are believed to be the sources of oxygen in th€@@graphite composite. Li 1S pelaicated

very close to ~55 eV is believed to be from the lithium containing compounds, lithium salt, or alloyed
lithium from LixSn. We also deduced that the small gaps around each particle may result in loss of
particle to particle contact thus interruptitige transport of electrons and this has potential impact of
capacity loss. Overall, the post cycling analysis provides clarity on the condition of the graphite and
SnCu@graphite electrode during lotgrm cycling which may help to identify factors cohtriing to

the capacity degradation.

4. CONCLUSIONS

In this investigation, SlCu@graphite anode (comprising of S, Sn, SnO, Sng was
synthesized using electroless encapsulation of Sn on copper coated 3D graphite particles. Sn
Cu@graphite anode mai@rand graphite anode exhibitedl dycle discharge capacity of 1074 mAh/g
and 327 mAh/g, respectively at ~0.2C. Impedance results indicated thatelalmade from Sn
Cu@graphite composites have lower charge transfer resistance than graphite cdrajfasitis. The
electroless encapsulation method suggests a low cost practical approach to other familiar synthesi
methods (e.g. sputtering, electrodepositiormore energy intensive processes) used for obtaining
reversible SfCu alloy composite anodes.u©approach in making the graphite particles active for
electroless deposition differs from the traditional approach used for making substrates active for
electroless plating. The results demonstrate that electroless encapsulation of graphite, witrabdth Cu
Sn is a feasible twetep approach for producing potentially high capacity and cyclableuSanode
for Li-ion battery and that such €u anode can exhibit ~400 mAh/g even after 300 cycles, much
hi gher than graphit e’ s atitiese This approachaid a patentiallyescalpbéer i |
method of producing S6u anodes for LIBs at affordable cost since electroless plating does not
require complicated setp and high intensive external energy supply for the encapsulation of the
graphite partles to occur.
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