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Although graphitic carbons have been commercially used in
lithium-ion batteries for many vyears, their low crystallo-
graphic density limits their use in applications where space is
at a premium. Among the alternative anode materials being
considered for these applications are Zintl phases and inter-
metallic insertion anodes. Historically, main-group-metal-
based anode materials have had problems with respect to
volume expansion experienced on lithiation and its effect on
cycle life. In this paper, we report the role of morphology and
electrode dimensionality in extending the cycle life of the

intermetallic insertion anode Cu,Sb. We have found that con-
trolling the surface area of the active material and building
internal volume into the electrode structure significantly de-
creases the capacity fade on cycling. The decrease in fade
rate may be due to the active material gradient identified
within the structure produced by the electrodeposition pro-
cess. This enhancement in cycling can be attributed to keep-
ing the displaced copper closer to the active particles and to
reducing the diffusion distances within the electrode.

Introduction

Lithium-ion batteries are a complex electrochemical sys-
tem where numerous variables must be controlled and opti-
mized to achieve a functioning battery. Not only must indi-
vidual electrode materials be developed, but their incorpo-
ration into an electrode and full cell also represent ad-
ditional hurdles to be overcome in verifying the utility of
any new materials. As new applications for lithium-ion bat-
teries are proposed, advances in battery materials are
needed to meet the new end-user requirements. Many of the
newer applications require anode materials that possess a
high volumetric capacity (mAh/cc) in addition to a gravi-
metric capacity (mAh/g) in excess of that of commercial-
ized graphitic carbons.!' 3 To date, several types of materi-
als that meet these requirements have been identified; they
include a variety of NiAs-related intermetallic materials
and lithium Zintl phases.*®] The most basic materials un-
der consideration are the lithium-containing Zintl phases.
These high-capacity materials, for example Li,Si, can store
up to an order of magnitude more lithium per unit mass
than conventional graphitic carbon; however, whereas gra-
phitic carbons expand by 15% on full lithiation (to LiCy),
the most studied lithium Zintl phases, Li;;Sns and Li;5Siy,
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typically expand by as much as 450 %.1° 2l These large vol-
ume changes on lithiation (compared to the volume of the
element) introduce a variety of problems when the materials
are incorporated into a sealed electrochemical cell. Solu-
tions to these issues have included development of new
polymeric binders that can maintain the necessary connec-
tivity between the active material and the electrode surface
and bonding the active material directly to the underlying
anode current collector.['317]

A second approach is to use intermetallic insertion elec-
trodes, where the lithium cations are inserted into vacancies
within an intermetallic compound to form, in the simplest
case, a ternary compound.['3-2% Typical materials that have
been studied include compounds in the MnSb-LiMnSb and
the Cu,Sb-Li,CuSb systems.>'"22' As can be noted, the
metal ratio of the initial material is, although not in all
cases, slightly different from that of the charged material.
In these cases, the reactions are still reversible, but within
an electrode structure, the displacement of a metal must be
taken into account so as to ensure its availability for the
back reaction. This reformation step has the following ben-
efit: when the displaced metal diffuses back into the delithi-
ating main group metal to reform the intermetallic com-
pound, it has the effect of suppressing main group metal
agglomeration on cycling, a common failure mechanism for
Zintl phase anodes.[>>*4 The gravimetric capacities of many
of these materials are similar to that of graphitic carbon
but their volumetric capacities are as much as three times
greater. In this study, the role of electrode dimensionality

Eur. J. Inorg. Chem. 2011, 3984-3988



Cu,Sb Thin Film Electrodes for Lithium-Ion Batteries

and morphology of a series of Cu,Sb thin film anode struc-
tures were investigated. Materials were synthesized by using
electrodeposition of copper and antimony onto a porous
copper lattice or a flat copper foil and annealing to create
the working electrode structure. This type of study will give
insights into the role that electrode dimensionality and in-
ternal porosity play in keeping the displaced copper active
throughout the battery cycling process.

Results and Discussion

In this study we have examined the role of electrode di-
mensionality and morphology on the reversibility of a
Cu,Sb thin film electrode material. This intermetallic com-
pound has been reported to have a reversible capacity sim-
ilar to that of graphite with an approximate volume expan-
sion of 42% between the fully discharged starting material
and the fully lithiated charged electrode material. The volu-
metric expansion of graphite in going from Cg to LiCy has
been reported to be 10-15%. The complete reaction, in-
cluding the formation of the ternary compound Li,CuSb
around 0.5V, is shown below.

Cu,Sb + 2 Li = Li,CuSb + Cu
Li,CuSb + x Li = (Liz_Cu,)Sb + 1-x Cu

Although the material has been demonstrated to have a
reversible capacity of > 300 mA h/g (or > 2100 mA h/cm?),
its long-term stability when cycling over the complete volt-
age range (0—1.5 V) has been hindered by the requirement
that the copper extruded on lithiation (charge) still be avail-
able to reform the starting compound on delithiation (dis-
charge). Because these displacement reactions can be de-
pendent upon the morphology of the sample, we varied our
electrodeposition method to form Cu,Sb films with two dif-
ferent morphologies. Starting from an acidified aqueous
solution containing copper and antimony in the correct
stoichiometric ratio, we employed two different galvano-
static square-wave pulse sequences that yielded either a cau-
liflower-type film (GSW-1) or a flat film (GSW-2). Figure 1
shows a typical CV curve for this solution. The higher-sur-
face-area GSW-1 film is anticipated to have faster kinetics
as a larger percentage of the active material is in contact
with the electrolyte; however, it also should lose capacity
faster as the active material becomes electronically isolated
and is physically separated from the current collector as a
result of the repeated volume changes on cycling. In con-
trast, the flatter film produced by using the GSW-2 pulse
sequence should have better stability, as the active material
has a less tenuous connection to the current collector, but
the lithium diffusion distance should be longer on average.
Figure 2 highlights the two different morphologies pro-
duced with the two different deposition routines. Experi-
mentally, these two types of films were deposited in equal
amounts on a flat copper foil substrate. The electrochemical
cycling performance of these two films is shown in Figure 3.
Because solid electrolyte interphase (SEI) formation ob-
scures the true reversible electrochemical activity of anode
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materials in the first cycle and the weights of the elec-
trodeposited and annealed active materials are not known
with high enough recision, the data are normalized to the
second cycle capacities. It is evident from the data that the
rougher, higher-surface-area film, has a more dramatic fade
rate. This is in agreement with the fact that repeated lithium
insertion and removal causes loss of active material — either
physically or through electronic isolation. SEM analysis of
the cycled flat-morphology film electrode is shown in Fig-
ure 4, and it can be seen that even the more stable electrode
experienced significant cracking and fracturing.
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Figure 1. Cyclic voltammetry (CV) curve for the solution used to
electrodeposit copper antimonide in comparison to the individual
elements involved.

Figure 2. Images of the two types of morphologies generated by
the two different pulse sequences used for the electrodeposition.
Scale bars in bottom SEM images are both 30 um.

A prominent fade mechanism for these materials on re-
peated cycling is the inability of the copper displaced on
charge to remain close enough to the reaction zone to re-
form the starting material on discharge. This problem can
be addressed by going to a three-dimensional electrode
structure, which should keep the displaced copper in the
interior of the electrode, inhibiting its ability to move
through the SEI layer into the electrolyte. To investigate this
hypothesis, the same two types of films were deposited into
a three-dimensional porous copper substrate made by a
method previously published.*”! Figure 5 shows SEM pho-
tos of the two types of films on the three-dimensional elec-
trode substrate. The electrochemical cycling of these three-
3985
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Figure 3. Effect of morphology on the cycling fade rate of two thin
film two-dimensional electrodes: (A) data from a flat-morphology
film, (M) data from a rough-morphology film.

Figure 4. SEM image of the cycled flat-morphology film electrode

with evidence of significant cracking and fracturing on long-term
cycling.

dimensional electrodes with a rough or flat surface film is
shown in Figure 6. As was seen with the two-dimensional
substrate, the flat thin film morphology again had a lower
fade rate on the three-dimensional substrate than the
rougher film.

When comparing all of the samples studied, the best
samples are the flatter thin film morphology combined with
the three-dimensional substrate. The worst performing sam-
ple was the rough thin film morphology on the three-di-
mensional substrate, which lost nearly thirty percent of its
capacity by the tenth cycle. Considering the electrochemical
and electron microscopic evidence form both studies, it is
probable that the space restrictions the three-dimensional
substrate places on rough films during deposition may re-
sult in overall weaker connections to the current collector.
This weakness would result in more active material loss as
a result of the volume expansion and contraction on cycling
in comparison to electrode structures with less surface area.
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Figure 6. Effect of morphology on the cycling fade rate of two thin
film three-dimensional electrodes: (@) data from a flat-morphology
film, (#) data from a rough-morphology film.

In order to further investigate the differences between the
two electrodes, we performed an in-depth study of the
three-dimensional electrode by using the four-point nano-
probe at the Center for Nanoscale Materials at Argonne
National Laboratory. In this instrument, the conductivity
of a sample can be determined as a function of depth within
the electrode. The overall morphology of the sample and an
SEM image of the STM tips on the sample are shown in
Figure 7. The data indicates that, as a function of cycle
number, the lower regions of the electrode show only small
changes in resistance when compared with the higher re-
gions of the electrode. Table 1 shows the differences in resis-
tance as a function of cycle number and depth within the
electrode. This dramatic change in resistivity near the elec-
trolyte—electrode surface on cycling can be ascribed to the
formation and electronic isolation of semiconducting
(Li;_,Cu,)Sb (and small amounts of Li;; ,Cu,Sny) phases
combined with encapsulation of displaced copper by the
SEI layer. Figure 8 highlights the post-cycling morphology
of the three-dimensional electrodes near the interfaces with
the electrolyte and with the current collector. Even after
cycling, the lower echelons of the electrode contain larger
particles and display rougher active particle morphologies
than the top section, where the active materials have been
pulverized and coated by a thicker SEI layer. The dramatic
differences indicate that the surface of the porous electrode
has been more deeply cycled than the active material in the
depths of the electrode pores. This inhomogeneity formed
on cycling may be a result of the volume expansion inside
the porous electrode closing off inner pores and forcing out
the liquid electrolyte. Under these circumstances, the active

Figure 5. SEM micrographs of the two types of films deposited on the three-dimensional electrode substrate using (a) galvanic square

wave 1, and (b) galvanic square wave 2.
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Figure 7. SEM micrographs of the (a) overall morphology of the three-dimensional electrode used for 4-pt nanoprobe studies, and (b)

low-altitude region with STM tips on the sample.

Figure 8. SEM micrographs of the electrode-active particles (a) on the top region of the electrode and (b) bottom of the electrode, both

after cycling.

material in the deepest parts of the electrode would contrib-
ute less capacity than the surface active materials while un-
dergoing less dramatic volume shifts. This graduated lithi-
ation may also contribute to the stability of the electrode
by mediating the volume expansion stresses induced at the
interface between the copper foil and the porous copper
substrate. A similar mechanism for structured anodes has
been proposed for nanowire arrays.[!1-2°]

Table 1. Resistivity of a three-dimensional Cu,Sb electrode as a
function of cycle number and electrode depth.

Top of electrode ()

Cycle number Bottom of electrode (Q)

20 103 104
30 1072 10
45 100 10
52 too high 104
Conclusions

We have investigated the advantages of using a three-di-
mensional current collector that provides space within the
electrode for the displaced copper produced on charging
Cu,Sb. We found that for either a two or a three-dimen-
sional anode electrode structure, more stable performance
was obtained when the Cu,Sb active material thin film was
smooth, with less surface area in contact with the electro-
lyte. When combined with internal porosity, the flat film in
combination with a three-dimensional electrode structure
displayed the most stable (least amount of capacity fade)
cycling. This enhanced stability was found to be partly due
to the extension of the active surface area into the electrode
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pore structure, which kept the displaced copper formed on
charge closer to the reaction site. Further work will examine
various methods to get a more even coating throughout the
three-dimensional electrode and enhanced electrode utiliza-
tion.

Experimental Section

The reduction potentials of divalent copper and trivalent antimony
were first determined at room temperature by cyclic voltammetry
(CV) in a solution of CuCl,-2H,0 (0.01 m) and SbCl; (0.01 m ) with
HCI (10 vol.-%). The CV experiments were performed by using an
electrochemical cell with a Pt disk working electrode, a Pt gauze
counterelectrode, and a saturated calomel reference electrode
(SCE); a sweep rate of 50 mV/s was employed. The solutions for
the deposition of Cu,Sb films on copper substrates consisted of
CuCl,:2H,0 (0.04 M), SbCl;y (0.02 M), and HCI (12 vol.-%). The
films were deposited by using two different galvanostatic square
waves designed to deposit identical total masses. Program (1) step
1: —10 mA, 30 s; step 2: 0 mA, 10 s; repeated 20 times. Program (2)
step 1: =10 mA, 1s; step 2: -1 mA, 10s; repeated 300 times. All
depositions were carried out with a PAR 273A potentiostat/gal-
vanostat and were made, while stirring the solutions, on stainless
steel, copper foil, and sintered porous copper substrates at room
temperature. The coated substrates were subsequently annealed at
200 °C for 4 h under an argon atmosphere.

Porous copper current collectors were fabricated on copper foil
substrates by electrodeposition following a procedure previously
published.>>) The deposition solution consisted of CuSO,-5H,0
(0.2 M) and H,SO4 (1.5 m) for the Cu,Sb experiments. Depositions
were performed for 70 s at room temperature without stirring. The
counterelectrode was copper gauze, and the applied current was
—1.33 A. In order to identify and define the limits of the upper
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and lower regions of the porous copper electrode for the four-point
nanoprobe experiments, HCI (10 mm) was added to the bath and
depositions were stopped after 20 s. The resulting porous copper
substrates were sintered at 500 °C for 45 h under an argon atmo-
sphere. Copper and antimony were deposited onto porous copper
current collectors by using the solutions previously described and
Program 2 (described above) for 150 cycles. These electrodes were
annealed at 150 °C for 24 h in an argon environment. XRD of the
annealed electrodes showed primarily the phase Cu,Sb. For the fi-
nal films used in the four-point nanoprobe study, a few weight per-
cent tin was added to the film during deposition to control the
diffusion of copper at low voltage and high lithiation.[>>27! First,
Cu and Sb were deposited by using the solution and Program 2 for
150 cycles. Subsequently, Sn was deposited from a bath of SnSO,
(0.02 m), tartaric acid (0.2 M), and sodium sulfate (1 M) by using
another galvanic square wave procedure (step 1: =10 mA, 1 s; step
2: —1 mA, 5s; repeated 120 times). After annealing at 150 °C for
24 h in an argon environment, XRD analysis of the annealed elec-
trodes showed primarily Cu,Sb and the tin segregated into SbSn,
Cug¢Sns, and elemental tin.

All electrodes were assembled and evaluated in 2032 coin cells con-
taining a metallic lithium counterelectrode, a Celgard separator,
and LiPF4 (1.2 M) in ethylene carbonate/ethyl methyl carbonate
(30:70 wt.-%) electrolyte. Coin cells were cycled galvanostatically at
0.08 mA from 0 to 1.5V at room temperature. If electrodes were
analyzed after cycling, they were extracted from the coin cell in
a glove box and rinsed with dimethyl carbonate. Electrodes were
analyzed by scanning electron microscopy (SEM, JEOL 6400), en-
ergy-dispersive X-ray spectrometry (EDS, Oxford INCA), and X-
ray diffraction (XRD, Siemens D5000). Four-point nanoprobe ex-
periments were conducted by using the Omicron UHV Nanoprobe
at the Center for Nanoscale Materials at Argonne National Labo-
ratory. Keithley 6430 and 2182 instruments were used as the cur-
rent source and voltmeter, respectively. Typical currents for four-
point resistivity measurements were 1-8 mA.
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