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Abstract: A meniscus brush plating electrodeposition technique was utilized in conjunction with a post deposition heat treatment to for-
mulate freestanding copper-tin alloy films for negative electrodes of lithium-ion batteries. The described fabrication technique intertwined
the electrode and current collector for improved cell volume utilization and stability. Two designs were examined to establish the best dif-
fusivity to form electrochemically proficient copper-tin alloys. Fabrication was optimized to promote diffusion of copper and tin and to
form the desired intermetallic phase of CusSns. This improved design fabricated films with competitive areal capacities above 1000 mAh/cc
and 2.5 mAh/em’ for the complete electrode and current collector structure.
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1. INTRODUCTION

Present work on lithium alloy negative electrodes has focused
on silicon and tin due to high lithium uptake compared to current
commercial graphite electrodes. Silicon’s theoretical capacities of
4199 mAh/g and 9783 mAh/cc easily surpass graphite’s capacities
of 372 mAh/g and 841 mAh/cc. However, most fabrication and
processing modifications are still incapable of absorbing the 320%
volumetric expansion for long-term capacity retention [1,2,3,4].
Tin has lower theoretical capacities of 994 mAh/g and 7242
mAh/cc but a lower associated volumetric expansion of 260%,
increasing its potential capacity retention with structure manipula-
tion. In contrast to silicon, tin is much more ductile and has better
electronic and ionic conductivity [1]. In addition, its capacities
both specific and especially volumetric are still much improved
versus that of graphite.

Another beneficial aspect is tin’s ability to form intermetallic
compounds with copper. In a multiphase composite, copper acts as
the inactive matrix providing better distribution of large stresses
from lithiation and additional networked conductivity when in-
duced stresses cause fracturing of the cycled film [2]. This lithia-
tion of suspended tin within a composite is similar to the role of
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SnO forming the irreversible phase of Li,O, but the copper-tin
alloys can be reformed upon delithiation [6,7,8,9,10]. CusSns, for
example, can be fully lithiated in a two-step process with the dis-
placement of copper. The intermediate phase formed with partial
Cu displacement is Li,CuSn. Further lithiation of Li,CuSn forms
Liy»Sns and Cu. Upon delithiation, the CusSns phase reforms back
through the intermediate Li,CuSn phase [9,10,]. This reaction
process helps to alleviate the localized stress induced by volume
expansion while providing supportive matrix networking from the
copper. Copper is an advantageous host material as its mechanical
and electrical properties are well known, and it is currently used as
the current collector for commercial negative electrodes.

Several groups have researched the lithiation of CusSns because
of its improved cycling retention over pure tin. Some of their elec-
trochemical findings are summarized in Table 1. Included for com-
parison is our research on freestanding Cu-Sn films, which will be
detailed throughout this paper at a later time. Fabrication tech-
niques utilized include the introduction of graphite to the compo-
site copper-tin system, the utilization of porous structures, and the
employment of electrodeposition to produce structured electrodes
with improvements in morphology and conductivity [7,9,]. The
other groups’ results have shown individual improvements for the
required electrochemical prerequisites for contesting the current
commercial negative electrode. However more developments are
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essential for creating a complete electrode with increased areal
capacities and retention (as seen with our Cu-Sn composite elec-
trode film results in Table 1) since realistic areal capacities above 2
mAh/cm? are required for viable commercial electrode candidates.
Such requirements lead to a much higher challenge level for alloys,
especially for those fabricated in contiguous structures as stress
will impact the thicker, higher capacity electrodes in a much more
negative way.

In the following paper, a novel electrodeposition process is de-
veloped to fabricate heterogeneous complex copper-tin freestand-
ing films to be used as negative electrodes in lithium ion cells.
Electrodeposition is a beneficial process for addressing the issues
impeding lithium alloys due to its ability to electrochemically form
bonds between film layers utilizing a low cost atmospheric temper-
ature and pressure deposition process. Our optimized technique
maximizes the amount of tin available for lithiation (high areal and
volumetric capacities) while maintaining capacity retention through
a complex architectural system of copper-tin alloys. This fabrica-
tion process of Cu-Sn alloys leads to an electrode that fulfills more
requirements for a commercial negative electrode, pushing lithium
alloys closer to feasibility for these applications.

2. EXPERIMENTAL

2.1. Materials Fabrication

A modified brush plating technique was utilized for the fabrica-
tion of electrodeposited Cu-Sn films. The working area was con-
fined to a solution meniscus separating the working and counter
electrodes of the deposition process, while a mechanical “pulse”
was established with movement of both electrodes during plating
by creating a variable residence time. Figure 1 details the simulta-
neous movement of the counter electrode in the ‘y’ direction and
the working electrode in the ‘x’ direction.

A heterogeneous electrode film comprising copper and tin metal
was electrodeposited to fabricate removable, freestanding films.
The metal films were plated systematically, with the copper film
plated first on a titanium substrate, followed subsequently by the
tin film. Both films were produced using solutions from SIFCO
Applied Surface Concepts: Copper Acid Code 2050/5250 and Tin
Code 2093. The copper layer was generated using a constant cur-
rent between 6.5-8.0 mA/cm?. The tin layer was constructed by a
constant current between 500-700 pA/cm?. Following deposition,
the bilayer film was removed from the titanium substrate and ther-
mal annealed to create a freestanding composite film of Cu-Sn
intermetallic phases. The triple stacked films included cutting and
stacking the bilayer film for the thermal anneal process and will be
discussed further at a later time. Heat treatments were conducted in
a tube furnace under flowing Argon at 225°C for 4h unless speci-
fied otherwise.

Platinum Clad
Counter Electrode

Deposited Copper
Film

Figure 1. Schematic of the meniscus brush plating setup with a
defined movement axis: titanium substrate (working electrode)
moves laterally in the ‘x’ direction; counter electrode experiences
back and forth movement in the ‘y’ direction

2.2. Physical Characterization

Individual phase identification comprised of x-ray diffraction
(Bruker D8 Advance) using monochromatic Cu K, with the Bragg-
Brentano setup. The bilayer films were analyzed from both the top
and bottom surfaces to obtain a more precise investigation of the
overall composition that may be distorted due to x-ray penetration
limits. The x-ray penetration depth was calculated using Equation
1:

=0 (M)

where 71 is the penetration depth, o is the x-ray angle of incidence,
and p is the linear absorption coefficient.

True density was established by He pycnometry (Micromeritics
Accu Pyc IT 1340) to determine each film’s copper:tin molar ratio
and composite film densities. The composite density after thermal
anneal was calculated based on the film’s total weight and meas-
ured volume by He pycnometry. In addition, electrodeposited indi-
vidual films of pure copper and tin were analyzed to establish a
baseline for densities of each metal. These values were compared
to the theoretical values for the pure and intermetallic phases to
evaluate our joint deposition and anneal process.

Film morphology and elemental distribution was determined
with the Zeiss field emission scanning electron microscopy
(FESEM) to analyze the diffusivity of the pure electrodeposited
metal films. All samples were cross-sectional ion polished at 5kV
for 5h under flowing Argon. The triple stacked bilayer films were
supplemented with a silver epoxy coating for additional support

Table 1. Comparison of the electrochemical properties of several composite copper-tin films from Cu-Sn alloy research including our free-

standing triple stacked film. Data compiled from references [7,9,12]

Film Descrintion Lithiated mAh/g Lithiated mAh/ cm? Lithiated mAh/cc 1™ Cycle
P (5" Cycle) (5" Cycle) (5" Cycle) Irreversible Loss
0,
Codeposition Cu-Sn Films'? ?28 83? ?;é(é) ;802
Sny,Cus3C40 Milled CugSns+C)’ 440 2.17 578 21%
Sny;Cus3C40 (Sputtered CugSns+C)’ 500 1.08 287 13%
Microporous CugSns—Sn Foam 670 0.06 705 43%
Triple Stacked Cu-Sn Film 7.5um Tin Layers 273 3.42 1140 21%




The Fabrication of Freestanding Heterogeneous Copper-Tin Films with Meniscus Brush Plating Electrodeposition 27
/J. New Mat. Electrochem. Systems

Figure 2. Freestanding electrodeposited Cu-Sn film: a) Bottom of
film showing copper layer; b) Top view showing tin layer; c)
Curled film shows freestanding capabilities

during polishing. Energy dispersive x-ray spectroscopy (EDS)
spectra and maps of the cross-sectional films revealed the elemental
mixture of the pure deposited layers after thermal anneal and deter-
mined the composite molar ratio for comparison with results ob-
tained by He pycnometry.

2.3. Electrochemical Characterization

Electrochemical analysis of the copper-tin films was accom-
plished using 316 stainless steel coin cells (Hohsen Corp.) with 1M
LiPFs Ethylene Carbonate: Dimethyl Carbonate (EC:DMC)
50vol.%:50vol.% electrolyte (BASF). Half-cells were fabricated
with /2" diameter electrode film disks versus lithium metal and
cycled utilizing a battery cycler (Arbin) under galvanostatic condi-
tions. Two cycling protocols of varying cutoff voltages were uti-
lized with an initial 1.5 cycles at 15 mAh/g and all further cycling
at 30 mAh/g. The voltage ranges for protocol 1 were 0.01-2V and
0.01-1.3V for protocol 2.

Additional electrochemical evaluation was conducted in lithium
ion cells for comparison using MCMB 25-28 graphite anodes. Alu-
minum coin cells (Hoshen Corp.) with 1M LiPFs EC:DMC
50vol.%:50vol.% electrolyte (BASF) were utilized with 4” diame-
ter disks of LiCoO, 3 mAh/cm’ cathodes versus the deposited cop-
per-tin film anodes. The full cells were cycled from 2.5-4.15 V for
1000 cycles at 15 mA/g (LiCo0O,).

3. RESULTS & DISCUSSION

3.1. Thin Bilayer Copper-Tin Films: 5.68 micron
Tin Layer

The initial electrodeposited films of 3 um of copper followed by
5.68 um of tin metal, resulted in a 1.33:1 molar ratio of deposited
copper:tin based on thickness of the layers and the pycnometry of
the pure layers. Figure 2 shows an image of the freestanding depos-
ited bimetallic film. XRD confirmed the single-phase depositions
of Cu (Fm-3m) and Sn (I41/amd) by individual top surface analy-
sis.

Heat treatment at 225°C 4h yielded the composite density of
8.077 g/cc (targeted intermetallic phase CueSns has a theoretical
density of 7.989 g/cc) and the intermetallic phase distribution de-
scribed in Table 2 from XRD analysis. Top and bottom XRD anal-
ysis were utilized to compensate for the limitations of the x-ray
penetration depth (8.5 pum) because the total film thickness was 18
um. As expected from visual observations, the bottom surface x-ray
confirms pure copper present within the film along with the for-
mation of alloy phases. Although CusSns (C2/c) and CuSn
(P6[3])/mmc) are respectively monoclinic and hexagonal, these
structures are similar leading to sets of convoluted Bragg reflec-
tions difficult to distinguish from each other as seen in Figure 3 of
the top surface XRD analysis. These phases will therefore be re-
ferred as the single phase CugSns/CuSn. Due to these convolutions
and determined preferential orientation of the phases, further struc-
tural examination with Rietveld analysis has not been successfully
executed because of the alloy complexity. Variations in the inter-
metallic and pure phases for the two directions of XRD analysis
reveal the diffusion of the two metals is not uniform throughout the
composite. With about 96% of the composite film covered by the
two directions of x-ray penetration, the overall distribution suggests
that the molar ratio of 1.33:1 is more favorable for producing
Cu;Sn as the dominant intermetallic phase and CugSns/CuSn as the
secondary phase.

Figure 4 shows the initial voltage profile of the annealed thin
single bilayer 1.33:1 copper:tin film. As is well known, the lithia-
tion of a Cu-Sn alloy film contrasts with the lithiation of pure Sn as
discussed by Wang et al and Kitada et al [10,13]. Pure Sn under-
goes a direct electrochemical reaction to form the Li,Sn alloy phas-
es resulting in large volumetric expansion, cracking, and excessive
SEI development resulting in poor cycling stability. The Cu-Sn
alloys require the extrusion of copper for lithiation, providing add-
ed stress distribution and enhancement in electronic conductivity,
which can improve the cycling stability of the active material. Kita-
da describes the lithiation of the individual phases Cu;Sn and
CueSns [13]. CugSns is considered the more active phase for lithia-
tion due to increased Sn content and has the best cycling stability
due to the intermediate phase formation (Li,CuSn) bridging the
volumetric changes for a more gradual stress distribution. Cu;Sn is
less active at room temperature with less Sn content and does not
undergo this intermediate step and ultimately has poorer cycling

Table 2. XRD of a 225°C 4h annealed single bilayer 5.68 pm Cu-
Sn film

Analysis Direction Cu Sn Cu3Sn CugSns/CuSn

Top of Film 0% 10% 67% 22%
Bottom of Film 29% 29% 34% 8%
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Figure 3. XRD top surface analysis for the 1.33:1 molar ratio film with phases identified as: CusSns (*), Cus02Sngos ($), CuSn (%), Sn (>).
The inset magnified XRD analysis identifies the peaks for CugSns (Mred), Cusz ¢,Sngos (@ green), CuSn (@blue), Sn (A magenta).
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Figure 4. Voltage vs. time for the initial 1.5 cycles of the single
bilayer 5.68 pm Cu-Sn film

stability than CueSns. A mixture of the phases should provide addi-
tional stress buffering through the different reactions occurring
with lithiation but the total capacity would be dependent on the
dominant Cu-Sn phase component. Copper extrusion modifies the
potential that the lithium alloys begin to form within the electrode
and reduces the dramatic stresses to the Sn active material with the
copper buffer. This is confirmed by the onset potential for lithiation
of our electrodeposited Cu-Sn composite at 0.38V, which is lower

then the described lithiation curve for pure tin by Huggins [14].
Lowering the onset reaction to form the lithium alloys suggests that
little oxide contamination exists and there is minimal initial reac-
tion with the electrolyte to form SEI. The latter usually occurs in
the voltage range of 0.5-1.2V. The joint deposited/thermal anneal
process developed confirmed we successfully allowed for tin lithia-
tion devoid of large irreversible losses associated to SEI formation.
Based on the tin weight in the 1.33:1 bilayer film and calculated
density from pycnometry, the film experimental volumetric capaci-
ty achieved consisted of 5316 mAh/cc, equivalent to 74% of the
theoretical 7202 mAh/cc capacity. It was determined that residual
tin was inaccessible for lithiation established by the architectural
structuring within the film Moving forward, a slightly lower densi-
ty composite film that can provide easier lithium access via fast
solid state Li* diffusion will be strived for. Analysis of the compo-
site electrode from the composition aspect helps to determine that
the Cu3Sn dominant film has poor cycling capabilities. Since past
research suggests that the CusSns phase is favorable for high capac-
ity achievement and electrochemical stability, the film Cu:Sn molar
ratio was adjusted to endeavor preferentially forming CusSns/CuSn
[9,10,13,14].

3.2. Thick Bilayer Copper-Tin Films: 17 micron &
8 micron Tin Layers

Thicker bimetallic films were fabricated to investigate if the
deposited film ratios or diffusion limitations were the driving factor
in low phase transformation to CueSns (the high capacity Cu-Sn
alloy phase). Two molar ratios were investigated in this thicker
bimetallic film format: larger copper excess (2.57:1 Cu:Sn) as well
as with tin excess (1:1.22 Cu:Sn). In both sets of films, the Cu
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thickness remained constant at 10 ym while the Sn varied from 8 to
17 pym respectively.

The tin excess bilayer film, 10 ym of copper metal and 17 pm of
tin metal, had a molar ratio of 1:1.22. Due to the large increase in
tin content and film thickness, several anneal temperatures and
times were investigated as shown in Table 3. Sufficient diffusion to
develop intermetallic phases was not achieved until 275°C 4h, re-
sulting in the formation of CusSns/CuSn and Cu;Sn and the addi-
tion of a small amount of SnO. Table 3 only examines the top sur-
face XRD analysis for these films due to the copper layer thickness
exceeding x-ray penetration depth, resulting in bottom surface anal-
ysis of nearly 100% copper phase for each of the films. The poor
phase development in these films led to poor electrochemical per-
formance as described in Table 4. The non-annealed, 150°C 8h,
and 200°C 4h annealed films experienced detrimental initial cy-
cling with approximately 100% irreversible loss and low resultant
volumetric and areal capacities by the 5™ cycle. The thick bilayer
film annealed 275°C 4h had low irreversible loss (8%) and decent
areal capacity of 2.13 mAh/cm?. Further examination of the capaci-
ty retention in Figure 5 showed that both the phase development
assessed and undetected by the limitations of the XRD penetration
depth were not sufficient to avoid early decrepitation and additional
cycling irreversible loss. This helped to conclude that the tin excess
bilayer film was not capable of achieving the set goals of this pro-
ject.

The copper excess thick bilayer film was fabricated from 10 ym
copper and 8 ym tin (molar ratio of 2.57:1). Different anneal tem-
peratures were analyzed for their phase compositional effects in
Table 5, while Table 6 examined the cycling properties and irre-
versible loss for these films. Similar to the tin excess film (1:1.22
molar ratio), the copper thickness (10 pm) for the 2.57:1 molar
ratio film impeded bottom XRD analysis from showing phase for-
mation other than the pure copper phase and has been omitted from
the described XRD results (Table 5). The 225°C 8h film dominated

Table 3. XRD analysis (top) for the annealed thick single bilayer
Cu-Sn films (10 pum:17 pm)
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Figure 5. Electrochemical analysis of the annealed 275°C 4h
thick bilayer (1:1.22 molar ratio) film showing the poor lithiated
(®) volumetric capacity retention over 50 cycles despite low ini-
tial irreversible loss

by the Cus;Sn phase (41%) and high pure tin content (26%) had
good areal capacity following the initial irreversible loss, but fur-
ther analysis revealed poor retention beyond the 5" cycle. The lat-
ter was attributed to the effects of lithiating pure tin. The 275°C 4h
film had the highest percentage CusSns/CuSn (61%) and low pure
tin (6%) but a larger amount of SnO (23%), which can account for
the large initial irreversible loss (48%). The volumetric (992
mAh/cc) and areal (1.89 mAh/cm?) capacities at the 5™ cycle were
higher for this film but did not maintain a stable capacity retention
in the long term. The 275°C 24h film, Cus;Sn phase dominant

Table 5. XRD analysis for the annealed thick single bilayer Cu-Sn
(10 pm:8 pm) films

Film Anneal SnO Sn Cu;Sn CueSns/CuSn Film Annealed SnO Sn Cu;Sn CueSns/CuSn
Non-Ann 0% 100% 0% 0% 225°C 8h 2% 26% 41% 3%
150°C 8h 0% 100% 0% 0% 275°C 4h 23% 6% 10% 61%
200°C 4h 0% 100% 0% 0% 275°C 24h 7% 6% 58% 29%
275°C 4h 14% 1% 28% 57% 325°C 4h 6% 4% 70% 20%

Table 4. Electrochemical analysis of the thick single bilayer Cu-Sn (10 um:17 um) films showing the gravimetric, areal, and volumetric
lithiated capacities and the initial irreversible loss. The irreversible loss is defined as the difference between the first lithiation and delithia-

tion
T T 5 ..
Film Anneal Llﬂ(lslﬁteéiylggh/g thhl(zttidél; ?11;/) cm thl}?ﬁ*’g;{g’ /ee ITrreversible Loss %
Non-Ann 6 0.10 36 100%
150°C 8h 45 0.80 295 99.9%
200°C 4h 0 0 0 100%
275°C 4h 172 2.13 789 8%

Table 6. Electrochemical properties of the thick single bilayer Cu-Sn (10 um:8 pm) films. The difference in the first lithiation/delithiation is

defined as the irreversible loss

Film Anneal Lithiated mAh/g

Lithiated mAh/cm?

Lithiated mAh/cc Irreversible Loss %

(5" Cycle) (5" Cycle) (5" Cycle)
225°C 8h 126 1.39 579 14%
275°C 4h 165 1.89 992 48%
275°C 24h 173 2.55 1160 29%
325°C 4h 25 0.24 143 23%
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Figure 6. FESEM & EDS analysis of non-annealed thick single
bilayer film (10 um: 8 um); a) Secondary electron image of tin
plated on plated copper film; b) EDS elemental mapping of two
different metal films; c) Wide field EDS spectra for identified
metal films

(58%), had the highest volumetric and areal capacities with medio-
cre initial irreversible loss leading to poor longer term capacity
retention as expected. Finally, the 325°C 4h heat-treated film pro-
duced the highest amount of Cu;Sn (70%) with only 20%
CugSns/CuSn, which lead to low accessible tin for lithiation and
much lower capacities also as expected. Overall the intended phase
distribution (CugSns dominant film with low pure Sn, SnO, and
Cu3Sn phases) from the 2.57:1 molar ratio was not achieved and
further characterization was needed to understand the phase devel-
opment within these films.

Microscopy analysis conducted on the cross section of the thick
bilayer films (10 micron:8 micron) investigated the elemental dis-
tribution, morphology, and structural network. Figure 6 and Figure
7 compare the transformation of the film from the non-annealed
state to the thermal anneal transformation at 225°C 8h. This com-
parison and direct identification of the copper and tin within each
film provides evidence that the copper from the bottom of the film,
even with the decrease of the tin, is still restricted from full diffu-
sion to promote the CusSns/CuSn phase. Other annealed 10 micron:
8 micron films similarly confirmed the existence of pure tin and
copper at their respective top and bottom surfaces of the film. This
concludes that the reduction of the tin layer from the 1:1.22 molar
ratio film to the 2.57:1 film was still unable to achieve full diffu-
sion to form the desired intermetallic phases. Therefore, to maxim-
ize phase transformations with CugSns/CuSn as the dominant phase
and limit the undesired components of pure Sn and Cu;Sn, an alter-
native electrodeposited film approach was needed for increased

EHT = 700KV
WO = 6.7 mm

Signal A = SE2
Photo No. = 6782

Date 26 Jun 2012
Time :9:45:36

Figure 7. FESEM (a) EDS (b and c) of 225°C 8h thick single bi-
layer film (10 pm: 8 pm) annealed for 225°C 8h

diffusion capabilities without the sacrifice of electrochemical prop-
erties.

3.3. Triple Stack Thin Copper-Tin Films
3.3.1 Structure Analysis of Triple Stacked Bilayer
Films

Three thinner bimetallic Cu-Sn films were stacked and annealed
in order to induce more facile diffusion of the Cu-Sn species for the
formation of the desired CusSns/CuSn intermetallics and high areal
capacities. Aside from potential as a viable current collector, the
copper within the film provided support as a buffering matrix layer
for tin lithiation, resulting in better distributed stresses and pro-
longed cycling. Multi-layered alternating electrodeposition of cop-
per and tin was considered briefly but impeded by the production
of electroless plated copper following deposited tin metal. Electro-
less deposition occurs because of the higher redox potential of the
Cu' relative to Sn*"and proceeds uncontrollably during brush plat-
ing.

3.3.2. 225°C 4h Thermal Anneal of Triple Stacked
Bilayer Film

The effect of increasing tin content was examined by the fabrica-
tion of a 3 um Cu film with increasing thicknesses of Sn: 5.68 um,
6.5 pm and 7.5 pm. Based on weight, these three films represent a
molar ratio of 1.33:1, 1.17:1, and 1:1.04 of Cu:Sn for the 5.68 um,
6.5 um and 7.5 pm, respectively. The central portion of each com-
pleted Cu-Sn bilayer film was extracted, divided, and stacked ac-
cordingly. Each film was pressed between stainless steel plates and
annealed at 225°C under Argon flow for 4h. The final measured
densities for the 5.68 um, 6.5 um and 7.5 pum stacked films were
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Figure 9. Comparison of phases as determined by XRD for the
triple stacked bilayer Cu-Sn films annealed at 225°C 4h cycled
with 1.3V cutoff (top surface analysis)

Figure 8. Comparison of the XRD phase for the triple stacked
bilayer Cu-Sn films annealed at 225°C 4h as a function of Sn con-
tent (top surface analysis)
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Figure 10. The phases of the 6.5 pm triple stacked film (top and bottom surface analysis) identified as: CusSns (*), CugSns’ ("), Cus 02Sng.og
($), CusSn (+), CuSn (%), Sn (>), SnO (~), Cu (#). The magnified inset XRD analysis identifies the peaks for Cu¢Sns(Mred), CueSns’
(A magenta), Cu;0,Sng gg (@ green), CuzSn (¥ maroon), CuSn (®blue), and Cu (7 orange)

8.435 g/cc, 8.231 g/ee, and 8.14 g/ce, respectively. The composite  stacked film revealed pure Sn was present in residual amounts on
film thicknesses were 15-20 um (1.33:1), 20-25 um (1.17:1), and  the order of 1-2% as identified for the 1.17:1 and 1:1.04 molar ratio
30 pm (1:1.04) for each of the triple stacked films. stacked films and non existent for the 1.33:1 molar ratio as shown

XRD phase analysis from the top and bottom surfaces of the  in Figures 8-9. Diffusion formed the intermetallic phases of Cu;Sn
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and CugSns/CuSn. The 1:1.04 molar ratio films were dominated by
the CueSns/CuSn phase ranging from 65-71% and contained 28-
34% Cu;Sn. Similarly, the 1.17:1 molar ratio films had lower
amounts of Cu;Sn (19-43%) and dominance of the CusSns/CuSn
phase (57-80%). As expected, the 1.33:1 molar ratio films con-
tained 94-98% Cu3Sn and small amounts of CugSns/CuSn, 2-6%.
The alloy complexity is shown in Figure 10 for the 1.17:1 molar
ratio stacked film top and bottom investigations. Figure 11 shows
the results of the XRD analysis for the bottom surface of the films.
XRD of the bottom surface of the stacked films reveals the domina-
tion by the pure Cu phase for all three ratios at roughly 50%, fol-
lowed by the intermetallic phase, Cu;Sn. In combination with the
top surface XRD results, it is concluded that much improved distri-
bution of Cu is achieved from the alternating bimetal design due to
the lack of pure tin present following thermal anneal. The addition-
al pure copper only present in the bottom of the triple stacked film
provides a built-in current collector for the electrode, which from
the commercial standpoint, can be beneficial in maximizing cell
design space. The Cu is only present on the bottom of the triple
stack as it is the only copper layer not bordered on both sides by a
corresponding layer of Sn.

Figure 9 shows a decreasing trend of the Cu;Sn phase and in-
crease of the CusSns/CuSn phases with the increase of Sn molarity
of the triple stacked films. All molar ratios showed the existence of
minimal pure tin following the anneal heat treatment. This confirms

the stacking of thinner films successfully combined the pure copper
and tin phases to produce the maximum amount of alloy phases for
each of the film thicknesses. The theoretical molar ratios for Cu;Sn,
CueSns, and CuSn are 1.63:1, 1:1.56, and 1:1.86, respectively.
Their coinciding theoretical densities are 8.348 g/cc, 7.989 g/cc,
and 7.922 g/cc, accordingly. When the pycnometer-measured den-
sities of the stacked films were compared to these values and the
XRD compositional analysis, the trending increase of the
CueSns/CuSn phase with the increase of deposited tin per layer is
supported.

The theoretical x-ray penetration depth as a function of molar
ratio was calculated to shed insight on the relevance of the XRD
data. Table 7 examines the calculated x-ray penetration depth for
each film. Based on the depth of penetration, it is confirmed that
full phase analysis required both top and bottom directional investi-
gation due to total thickness. However, the x-rays easily penetrated
the top bilayer film in each of the stacks showing no signs of pure
copper from the first internal layer. Therefore, our XRD data is
well representative of the amount of Sn that has converted to the
intermetallic phases due to the full diffusion of copper.

3.3.3. Cross Section Analysis

Phase and morphological distribution of each stacked bilayer
film was provided by the cross-sectional analysis via FESEM mi-
croscopy. Figures 12-14 details the copper and tin distribution
throughout the 7.5 pm (1:1.04), 6.5 um (1.17:1), and 5.68 pum
(1.33:1), respectively. The elemental analysis for each of the films
confirms the copper layer of the top two bilayers has been com-
pletely transformed so the only copper dominant area remaining for
the annealed film is a small portion of the underside bottom bilayer.
This is consistent with the aforementioned fact that the bottom Cu
is not bordered on both sides by Sn to diffuse into. A distinct
boundary for each of the intermetallic phases was not observable in
comparison to the FESEM and EDS images of the thick single
bilayer films seen in Figure 7. Further investigations of the spectra
collected during EDS helped determine the overall copper and tin
content for each film. The measured molar ratio for each film was
1:1.04, 1:1.17, and 1.86:1 for the 7.5 um, 6.5 um, and 5.68 um,
respectively. These values were slightly different from the derived
values from the pycnometer analysis of 1:1.04 (7.5 um), 1.17:1 (6.5
pm), and 1.33:1 (5.68 um) and the targeted theoretical molar ratio
for CugSns, 1:1.56. Differences in the values are attributed to varia-
tions within the film from inhomogeneities of the electrodeposition
process and phase distribution.

3.3.4. Electrochemical Investigations
Stacked Bilayer Films

The fabricated films were tested for their electrochemical activity
utilizing the two described cycling protocols. Protocol 1 examines
the cycling stability with a delithiation cutoff of 2V while protocol

For Triple

Table 7. X-ray penetration depth based on single direction analysis for triple stacked films

. Molar Ratio Calculated X-ray . . .
Film (Cu:Sn) Penctration Depth Film Thickness Percent Film by XRD
5.68um 1.33:1 8.44 um 15-20 pm 42-56%
6.5um 1.17:1 7.86 pm 20-25 um 31-39%
7.5um 1:1.04 7.27 pm 30 pm 24%
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Figure 12. FESEM & EDS images and spectrum for the triple stacked 7.5 pm bilayer film (1:1.04 molarity); a) Secondary electron image
detailing cross-sectional view of stacked film; b) EDS elemental analysis of copper content; ¢) EDS elemental analysis of tin content; d)
Spectra results for 7.5 pm triple stacked bilayer film

.Bottom of Film

Overall Wt. %

Cu: 49%

|
|
e - gi.l
& - Too W Sgrel A= 302 Owie 20 M 2014
r "

Figure 13. FESEM & EDS images and spectrum for the triple stacked 6.5 um bilayer film (1.17:1 molarity); a) Secondary electron image
detailing cross-sectional view of stacked film; b) EDS of copper content; c) EDS of tin content; d) Spectra results for 6.5 ym triple stacked
bilayer film
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Figure 14. FESEM & EDS images and spectrum for the triple stacked 5.68 pm bilayer film (1.33:1 molarity); a) Secondary electron image
detailing cross-sectional view of stacked film; b) EDS of copper content; c) EDS of tin content; d) Spectra results for 5.68 pm triple stacked
bilayer film
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Figure 15. Electrochemical analysis of triple stacked bilayer films
for the first 50 cycles utilizing 2V cutoff cycling. @ -(1.33:1) mo-
lar ratio; @ - (1.17:1) molar ratio; ¥- (1:1.04) molar ratio

2 utilizes a lower cutoff of 1.3V. Figures 15 and 16 show the ca-
pacity as a function of cycle number for the 2V and 1.3V cutoffs,
respectively. Two capacity plots are shown for each protocol based
on the volumetric capacity of the entire composite film inclusive of
the copper metal and also the electrodes’ areal capacities. For the
2V cutoff, the molar ratio of 1.17:1 had the best cycling with good
retention to approximately 40 cycles. The volumetric capacity ap-
proaches 1400 mAh/cc even at a relatively high areal capacity in
the range of 2-3 mAh/cm?.

In general, the 1.3V cutoff (Fig. 16) resulted in improved cycling
stability for all compositions, consistent with findings by Beattie
and Dahn [12]. More specifically, there was a marked improvement
in the larger Sn molar ratio film of 1:1.04. The Cu:Sn molarity and
electrochemical protocol impact on the electrochemical perfor-
mance was further analyzed as shown in Table 8 and Table 9. From
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Figure 16. Electrochemical analysis of triple stacked bilayer films
first 50 cycles utilizing 1.3V cycling cutoff. * — (1.33:1) molar

ratio; ® - (1.17:1) molar ratio; < - (1:1.04) molar ratio

this data, it can be concluded that the compositional makeup of the
5.68 um bilayer stacked film (Cu:Sn molar ratio of 1.33:1) was
unfavorable and produced the highest irreversible losses during the
first cycle of 67% and 58% for Protocol 1 and 2, respectively. The
best composition for producing the lowest irreversible losses (21%)
and highest capacities (1375 mAh/cc and very high 4.13 mAh/cm?)
was generated from the 7.5 pm triple stacked bilayer films (1:1.04).
This composition had lower long-term retention when compared to
the 6.5 um triple stacked film data but was improved by the lower
voltage range (cutoff 1.3V) as seen with the comparison of the data.
This is partly supported by low onset reactivity described during
the early voltage profiles seen in Figure 17. Figure 18 provides the
direct comparison of the lithiation and delithiation capacities for the
1:1.04 molar ratio stacked film cycled with this cutoff showing
good efficiencies after the first two cycles. It should be noted that

Table 8. Electrochemical findings for the triple stacked Cu-Sn films cycled utilizing the 2V cutoff. Included is the comparison are the initial
irreversible loss defined as first lithiation/delithiation difference, gravimetric, areal, and volumetric capacities

Films Lithiated mAh/g Lithiated mAh/cm? Lithiated mAh/cc Trreversible Loss %
(Cu:Sn) (5™ Cycle) (5" Cycle) (5" Cycle) 0
fff;‘?} o 3
(61'51 o 207 2.54 1015 4%

(17 15 ST)] 344 413 1375 49%

Table 9. Electrochemical results for the triple stacked Cu-Sn films cycled with the 1.3V cycling cutoff. Irreversible loss is defined as differ-

ence in first lithiation/delithiation

Films Lithiated mAh/g Lithiated mAh/cm? Lithiated mAh/cc Irreversible Loss %
(Cu:Sn) (5" Cycle) (5" Cycle) (5" Cycle) °
?ff;‘{‘; 25 0.02 15 58%
(6151;”{‘) 229 273 1363 40%

7.5 pm 273 342 1140 21%

(1:1.04)
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Figure 17. Voltage vs. time profiles for the first 5 cycles of 1:1.04
molar ratio (7.5um) stacked film with 1.3V cutoff
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Figure 18. Charge-discharge efficiencies for the 7.5 ym (1:1.04
Molarity) triple stacked film depicted by the comparison of lithia-
tion (M) and delithiation (M) capacities for the 1.3V cycling cutoff

the analysis was carried out using a standard electrolyte composi-
tion of LiPFg EC:DMC and much improvement in efficiencies can
be brought about by the select use of additives. However, this was
not the focus of the present communication.

The relationship of film Cu:Sn molarity to electrochemistry for
the 6.5 um (1.17:1) and 7.5 pm (1:1.04) films are slightly unclear
with similar capacity retention, volumetric and surface areal capaci-
ties. Comparisons of electrochemistry and compositions do not
show a direct trend leading to an overall better film, but it should
be noted that phase analysis revealed similar distributions. As such,
the combined data suggests that the creation of a composition with
the dominant phase of CusSns/CuSn and limitations to the pure Sn
phase and intermetallic, Cu;Sn, produces the best results. This is
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Figure 19. Electrochemical analysis for the first 20 cycles of the
triple stacked 6.5 pm (1.17:1 molarity) films in Li-ion cells. B -

D627; @ - D632

confirmed by the results of 6.5 um (1.17:1 Cu:Sn ratio) for delithia-
tion cutoff of 2V and 7.5um (1:1.04 Cu:Sn ratio) for delithiation
cutoff 1.3V.

4. CU-SN BILAYER FILMS INCORPORATED
INTO LI-ION CELLS

The practicality of the electrodeposited triple stacked bilayer
films was tested in full lithium ion cells assembled utilizing
LiCoO, with approximately 3 mAh/cm’® versus the Cu-Sn 6.5 um
(1.17:1) stacked films. Due to variability in the deposition process,
several cells were produced and their compositional analysis ob-
served. Figure 19 shows the electrochemical plots for the lithiated
volumetric and surface areal capacities for the early cycles. The
volumetric and areal capacities on the 5" cycle are 1380 mAh/cc
and 3.17 mAh/cm® for cell D627 and 1246 mAh/cc and 2.49
mAh/cm? for cell D632. These cells maintained high cycling reten-
tion of 91% between cycles 3-13. Obviously, improvement for
balanced Li-ion cells are needed, but further optimization needs to
be performed with respect to matching ratios, electrode and electro-
lyte compositions. Overall our electrodeposited films and triple
stacked thermal anneal process have thus far proved to produce
freestanding negative electrodes for lithium ion cells unlike any
other previously mentioned Cu-Sn research. The combined data
shows that our technique has the ability to fabricate lithium-
alloying electrodes with both high volumetric and surface areal
capacities. Although not perfected, this technique may be a viable
approach for rapid fabrication of various alloys for Li-ion batteries.
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5. CONCLUSIONS

Brush assisted electrodeposition was utilized to manipulate the
morphology of copper-tin alloyed films for cycling improvements
as negative electrodes in lithium ion batteries. The described films
obtained competitive volumetric and surface areal capacities above
1000 mAh/cc and 2.5 mAh/cm?, respectively. In addition, this fab-
rication process subsequently produced a unique freestanding film
with a combined current collector and electrode, eliminating the
requirement for additives and fillers typically used in commercial
production.
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