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Lithiation/delithiation of CySrs both electrochemically and mechanochemically prepared on a carbon(@&aurrent collec-

tor was investigated by repeated galvanostatic cycles with time-limited charges to insert different amounts of lithium per Sn atom
(Li/Sn) into the alloy. The results demonstrated that, unlike;$y electrodeposited on Cu foil, both electrochemical and
mechanochemical GBrns on CP can undergo hundreds of lithiation/delithiation cycles with L¥S@ at high current density

(0.74 mA cm ?), thereby delivering constant amounts of charge with coulombic efficiency near 100%. F88,COP electrodes

with a loading of 6.6 mg ci? and charge limited to 2.43 Li/Sn yielded a specific capacity of 330 mAhagd a capacity per
geometric area of 2.18 mAh cri These values compare well with those of graphite-based anodes of commercial batteries. The
significant improvement in cyclability performance of theySun;/CP electrodes is due to the CP current collector’s three-
dimensional conductive matrix, which preserves the electric contact over cycling so that alloy cracking becomes less detrimental
for the electric contact.
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Lithium-ion battery technology is well consolidated in the field 148% with the same degree of lithiation and an expansion of only
of portable equipmenitNevertheless, research efforts in the lithium- 59% when 2 Li are reversibly inserted to give,CuSn, according
ion battery field have been exceedingly active in attempts to ameto the following reactiorfs?3
liorate the performance of these devices in terms of electrode mate- o B )
rials, electrolyte media, and design. For negative electrodes, the 4.4LI" + 4.4e + Sn— Lig,Sn [1]
research is mainly focused in two directioiig:the optimization of L _ .
the performance of carbonaceous matefi@lsnd (i) the search 0L + 108" + CugSns — SLipCuSn+ Cu 2]
for alternative materials to the carbonaceous ones presently used, 22Li* + 226 + CugSn, — 5Li,Sn+ 6Cu [3]
which has led to the development of metal oxkiesind metal '
aIons.? While_ Li_/metal alloys are very _attrgctive for their §peciﬁc The lithiation of CySry as in Reaction 2 occurs at 0.4Wé. Li.
capacity, their high volume change, which is related to the insertion/_, . X : . .
removal of lithium, causes pulverization of the electrode and henceTh'.S po_tentlal val_ue 'S an important feature 0.](6605’ because, in
loss of electrical éontact among particles, which is respons:ible for“th'um"on. batterles using. flammable organic electrolytes, an_o_de

. . C materials in which the lithiation process starts at a more positive
the poor cycle life. For example, tin can sustain only a few charge/

discharge cycles before losing structural integrity, even when thepotential than in graphite are required to avoid the risk of Li metal
charge is limited to 1.5 Li/Sn atomic ratfoSeveral strategies to deposition. The theoretical specific capacity ofsSty was esti-

rpated to be 358 mAh ¢ (a value near that of graphjtavhen

reducg this problem havg heen pyrsugd, includin.g the preparation 9ithiated to the composition LiCugSry, i.e., when the Li/Sn atomic
superfine and nanometric materials, intermetallic compounds, and S,

alloy/carbon composites, but none has been dective. ratio is 2.6 Until now the cycling stability of CySn; on conven-
While the relationship between morphology and electrochemicaltlonal metal current coIIector(i;u,Nl) has not been satlsfactqry be-

) X - ; o cause the volume changes, still present, and the Cu extrusion lead to
properties of altemative materials to graphite and of graphite Itselfa loss of electric contact among particles and delamination from the
has been under stud$5*¥minor studies have been devoted to the current collectors 9p
naturle3 1gmd morphology of current collectors. Recently, Fujitani We examined .commercial carbon pag@P) as a new current
et_al. "~ demonstrated the effect of the surface roughr_1ess of COPPEL | actor for CySry negative electrodes for lithium-ion batteries.
f0|I,_ the current coIIe_gtor genera!ly_used for the negative eIectrode,CP is a porous material of high electrical conductivity and used as a
on improving cycla_blllty data. This improvement is attrlbu_ted to t.he substrate/electrode in electrochemical devices like supercapacitors
formation of a microcolumnar structure of the deposits, which gnq fe| cells capable of sustaining high currents per geometric area.
cracks periodically in accordance with the surface profile of the Cucp may pe a suitable current collector for metals or intermetallic
rough fail, providing spaces for the active material to swell either compounds because it is a conducting three-dimensional matrix that
upwards or sideways during charge. By contrast, flat surfaces crackan host them, not only on the surface but also inside it, and it can
randomly, so that the active material pulverizes and delaminategyffer the volume changes of the hosted material. While CP might
from the foil. be involved in the electrochemical processes of lithiation/

We focus on the electrochemical stability of {Sm. The delithiation, the advantage of Sn/carbonaceous materials composites
CusSrs shows structural compatibility with its lithiated phase over Sn has been demonstratéd?Electrodes of CySr electrode-
Li,CusSny (0 < x < 13), which is isostructural with LCuSn, so  posited on CP and on Cu and of mechanochemicaB8uperme-
that the sublattice of Sn, which is the active component of the inter-ated through CP from a suspension {Sn; 96 wt % and poly(vi-
metallic compound, suffers moderate distortion in the lithiated nylidene fluoride)4 wt %) in acetone were subjected to repeated
phase? In addition, the Cu inactive matrix buffers the Sn volume lithiation/delithiation galvanostatic cycles with time-limited charges
changes accompanying the reactions with Li, whereas Sn alon¢o insert different amounts of lithium, and the results using the two
reaches a volume expansion of up to 300% when 4.4 Li per Sn atonecurrent collectors are compared and discussed.
are inserted! However, CySn, displays a volume expansion of .

Experimental
Cu-Sn alloys were galvanostatically deposited on copper foils
* Electrochemical Society Active Member. (25 pm thick) and CP(Spectracorp 2050, 10 mjlssheets, both
Z E-mail: marina.mastragostino@unibo.it pretreated in acid solution, from a 0.1 M Spd.025 M CuSQ-0.5
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M H,SO, degassed solution at room temperature. Adhesive tapdhat can host active materials. SEM images of the electrochemical
was used to prevent deposition on the back of the electrode and t€uSn, compound on CP in Fig. 1c,d show the CP fibers homoge-
limit the exposed area to 1 érUltrapure wate(Milli-Q, 18.6 MQ neously covered with G$n, . The covering appears to be particles
cm, Simplicity Water System, Millipore Cpwas employed for so-  and aggregates of different sizéhe smallest are<1 um), the big-
lutions and rinsing. Electrodes with different amounts of Cu-Sn in- gest having a leaf shape. Figure 1e,f displays the SEM images of
termetallic compound@-6 mg cmi?) were prepared at constant cur- mechanochemical GBny, on CP and mechanochemical S
rent(—12 mA cm ?). As the efficiency of the electrodeposition was powder. Here the GySn, deposited on CP by permeation is more
low, alloy mass loading was evaluated by weighing. The potentialj,5ji;eq where the fibers criss-cross, but it is present in the whole

during galvanostatic electrodeposition VGES —0.5 V vs. saturated _xolume of CP(as per SEM images, not shown, of the back side of
calomel electrode. The electrodes were dried under vacuum at 60 ﬁwe CuSn,/CP electrodes). Most of the carbon fibers remained

for 16 h before use. Nanometrig' -CusSns (Sn 45.5, Cu 54.5 atom . . .
%) prepared mechanochemically was also used to prepare electrodggre.‘ and the aggregates of d|ﬁ?rent_5|z?s are '.“a‘é‘e Qf nanometric
particles. Figure 2 displays the “particle” size distribution of the

by permeation of a suspension of 96 wt %), poly(vi- . ) . . .
nzligene fluoride) 4 wt %)F,j and acetofﬁﬁtbhr(ough CP ;hgetz.( These mechanochemical QSHS'. The apsmssa IS th‘? particle or, ?S In our
electrodes, with a GSn. mass loading of 3-14 mg R, were case, thenggglomera_te size, which can be vu_ewed as an equivalent
dried 1 h at 70°C under vacuum at room temperature before use. dlam_eter, 1€, the diameter of a sph(_ere which eXthItS the same

All the electrodes were characterized by X-ray diffractiiiRD) physical properties as the me;::tsured, |rregular Paf“c'? or.ag.glor.ner-
analysis with a Philips PW1050/81 powder diffractome@u Ka ate. The ordlnaFe is the oversize cumulatlye dlstr!butlon mghcatmg
radiation, 40 mA, 40 kY. Scanning electron microscop{SEM) the total quantity of all agglomerates with equn_/alent diameter
analyses were performed with a Philips 515 SEM microscopesma”er than or equal to the abscissa value. The size of 90% of the
equipped with an EDAX PV9900 energy dispersion detector for 299lomerates is<20 pm. _
X-ray energy-dispersive spectroscoffgDS). For secondary elec- Figure 3 shows the XRD patterns of different electrodes: bare
tron imaging and for EDS, 20 and 25 keV electrons were used. TheCP,  electrochemical ~ G8n,/CP, and  mechanochemical
particle/aggregate dimensions were measured with a Fritsch AnalyCusSrs/CP; the pattern of Sn electrodeposited on CP is also re-
sette 22 Compact laser particle sizer in the range 0.3;300(62 ported for comparison. The figure also indicates the main reflections
channelswith 5 scans/measurement. of the different materialg¢stars for the CgSn; and circles for the Sn

All the electrodes were electrochemically characterized by gal-main peaks). The electrochemical Su,, unlike the pattern of
vanostatic charge/discharge cyclesTat 30 = 1°C in a T-shaped  mechanochemical G8ns, shows the coexistence of two phases,
cell sealed in a dry box(Mbraun Labmaster 130, Oand  y’CySn, and Sn. While the reflections attributable to tin oxides or
H,O < 1 ppm). The working electrodes were cut with a hollow copper oxides are absent in both i and (c) spectra, the reflec-
brass punch. Due to the resharpening of the punch’s rim, the are@ons of CP are recognizable in all the spectra. From the EDS analy-
was 0.68+ 0.02 cnf. Given the inhomogeneous density of the CP s of several portions of an electrochemical &gy /CP, we esti-

sheets, the masses of the CP current collectors, evaluated by weigliated a mean value for the Cu/Sn atomic ratio of 119 .11. and

ing, are reported in all the figures related to electrochemical meay, o considered it reasonable to take the electrodeposited material as
surements. The counter electrode was metallic Li in excess, and th

o : E%S@
reference electrode for monitoring the electrode potentials was a LI : . i
foil. The separator, a Whatman GF/D glass fiber disk, was imbibed CusSry was electrodeposited on both Cu and CP. As the effi-

with the electrolyte solution ethylene carbonate:dimethyl carbonateFi€ncy Of the electrodeposition process was low, we considered the
(EC:DMC2:1)-1 MLiPF (LP31 Merck, battery gradeThe gal- increase of thg electrode weight instead of the charge |nvqlved in the
vanostatic cycles were carried out at 0.500 mbe., 0.74 electrodepos!tlon to evaluate alloy mass loading. Weizflrst tested
+ 0.02 mA cnT2. The terms “charge” and “discharge” refer to the emamdgs W',th, a sy mass loading ot:a: 4-6 mg cm”. The
alloy electrode being used as the anode in lithium-ion batterees, ~ coulombic efficiency of the first galvanostatic cycle ofeSn; both

to lithiation and delithiation, respectively. The discharges were po-O" Cu and CP ranged from 60 to 75%, being affected, just like the
tential limited (2.000 Vvs. Li), and the charges were time limited c_arbonaceous materials, by wreyersnble capacity due to side reac-
(while maintaining a safe voltage cutoff of 0.005v¢. Li) to insert tions at the electrode/electrolyte interface. Figure 4 reports the volt-
defined amounts of lithium per atom of tin. The amount of lithium to a@ge profiles of repeated galvanostatic charge/discharge cycles of
be insertedestimated as the product of current and timas cal-  CusSns on copper, where the charge process was time limited to
culated, in relation to the Li/Sn atomic ratio to be reached, on theinsert lithium up to 1.88 Li/Sn atomic ratio. However, after the first
basis of the mass of the g8in; loaded on the electrode. The specific three cycles, in which the lithiation plateau at 0.4 V progressively
capacity of CySn; was calculated by assuming that all the lithiation disappeared, the potential of the {Sin;/Cu electrode reached the
charge involved the G$ns. The cells with electrodes having high ~charge cutoff voltage5 mV), and the amount of Li insertetnd
alloy mass loading were disassembled and reassembled to changeinserted)became lower and lower than the 1.88 atom per Sn.
the Li metal counter electrod@nd in some cases even the separa- Figure 5 displays the discharge capacity from galvanostatic cycles of
tor) after a certain number of cyclese., when the sum of their two Cu;Sn;/Cu electrodes of the same area with initial charges
charges wasa. 400 C cm’?, to prevent the Li metal deposition/ further limited to 1.10 Li/Sn and 0.59 Li/Sn. In these cases, too, the
dissolution at the counter electrode from interfering with the cycling alloy electrode’s stability was low, as well as its coulombic effi-
stability of the CySry. The electrochemical deposition and charac- ciency. The reason for this decay can be found in the formation of
terization were performed with a VMP multichannel potentiostat andcracks, as also reported in the literattfehe Cu foil cannot sup-

a PAR 273A potentiostat/galvanostat. port the stress of the Cu-Sn alloy during the lithiation/delithiation,
) ) which results in pulverizing and delaminating from the Cu foil of
Results and Discussion the material, with cracks up to 20m wide, as we observed by SEM

We started with the electrochemical synthesis of &y on both ~ ©Of the electrodes after 100 cycles. The low coulombic efficiency
CP and Cu current collectors. Given that the copper electrodeposihay also lead to electrode material pulverization, which produces
tion potential is less negative than that of tin, a solution with a New surface area able to react with the electrolyte, in addition to
concentration of tin higher than that of copper was selected for thenterparticle contact los¥.
galvanostatic electrodeposition of the Cu-Sn intermetallic com-  Figure 5 also reports the capacity data from galvanostatic cycles
pound. The SEM photographs at different magnification of CP inof a CuSn;/CP electrode, which indicate that the use of the CP
Fig. 1a,b show an open and fibrous structfiiteer diamca. 10 wm) current collector is successful when compared to that of Cu. The
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Figure 1. SEM images of bare CP witfa) 131 times andb) 2100 times magnification, of electrochemicalgSu; /CP with (c) 131 times andd) 1200 times
magnification, and ofe) mechanochemical G8n;/CP with 1050 times magnification, arif) mechanochemical G&n; powder with 2100 times mag-
nification.

CusSn, /CP electrodes display high reproducibility and high cycling 0.4 V progressively decreases in length. After 40 lithiation/
stability over 250 cycles, with coulombic efficiency near 100% both delithiation cycles, the voltage profiles are smoothed, and none of
when the charge is limited to 1.44 Li/Sn and 1.84 Li/Sn, and thethem reached the charge cutoff potential of 5 mV even when the
maximum specific capacity of the €8in;/CP electrode in Fig. 5is  charge time was increased & h 55 min (Fig. 6c). The voltage
253 mAh g L. profiles of bare CP at different cycle numbers and different time-
Figure 6 displays the voltage profiles of galvanostatic cycles ofcharge settings clearly indicate that CP can also be lithiated and
the electrochemical G®n,/CP electrode in Fig. 5 with time- delithiated, the process being reversible with high coulombic effi-
limited charges compared to the galvanostatic charge/dischargeiency (near 100%)with the exception of the very first cycles. The
cycles at the same current of bare CP current colle@d8 cnf) coulombic efficiency of the first cycle of different CP electrodes
with the time-limited charge sebtl h 30 min (Fig. 6a,band 2 h ranged from 70-85%, indicating that CP even displays the irrevers-
(Fig. 6¢). For the CgSn;/CP electrode, the plateau of lithiation at ible capacity due to side reactions at the electrode/electrolyte inter-
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Figure 4. Voltage profiles of different galvanostatic charge/discharge cycles
at 0.500 mA of electrochemical Gan; (2.9 mg per 0.68 cf on Cu foil.

Figure 2. Agglomerate size distributions of mechanochemica}$y. SUU A OF €l - S )
The initial lithium insertion was 1.88 Li/Sn mol ratio.

face. However, the lithiation process at the CP electrodes occurs at ) ) ) o
lower potentials than that at 8n;/CP, and with time-limited amounts of inserted Li up to 3.65 Li/Sn are reported in Fig. 7. These

charges set to 2 h the cutoff potential of 5 mV was reached after 4¢:!€ctrodes were stable over 260 cycles and never reached the charge
cycles and the charge time of the 120th cycle became less than 1 [fUtoff potential of 5 mV; the maximum specific capacity estimated
The specific capacity of CP was 140 mAh'dgor the first 40 cycles, by the electrqdes with light alloy mass '0‘?“"”935 200 m_Ah 9
but it decreased sharply and reached 65 mAh after 150 cycles. ~ 1h€ comparison of the voltage profiles of the light-loaded
All of this suggests that the lithiation process ofSun;/CP elec- C%Srg/C_P e_Iectrodes &.md c_)f bare CP seems to suggest an impor-
trodes is mainly due to the GBry, and the role which may be tant contribution of the Ilth_latlon of CP during the charge process of
ascribed to CP is that of an excellent three-dimensional current colth€ alloy. but only at the first tens of cycles. . _
lector. The evolution of the voltage profiles of thegSu; /CP elec- To verify the possibility of Increasing the capacity per geometric
trode over a hundred cycles is due to a deterioration of the crystal-area of the Cebrs/CP, elec_trodes W'th high alloy mass were pre-
line structure of the alloy by gradual pulverizatitaiso shown by a  Pared using mechanochemical¢Sus, given that the electrochemi-
slight decrease in the intensity of the characteristic peaks in XRDC! deposition provided at maximum a mass loading of 4 mg. Figure
patterns, not reported hereHowever, it does not result in capacity o displays the capacity per geometric area of mechanochemical
loss because of the CP’s ability to prevent loss of electrical contacClUSTs/CP electrodes with mass loading from 5.1 to 6.8 mg of
with the active material. Even a low crystalline alloy hosted in the ClsSrs and with the galvanostatic charges limited to a 2.02-2.08
three-dimensional CP current collector thus retains lithium insertionLi/Sn ratio. It is evident from this figure that @8n;/CP can sustain
capability. a high number of galvanostatic cycles at high current density, deliv-
To increase specific capacity, we carried out galvanostaticering a capacity of up to 2.85 mAh crwith a specific capacity of
charge/discharge cycles of £3n,/CP, where the charges were Ca. 285 mAh 971 of CUGSI'\:; for all the tested electrodes. Ele_ctrodes
time-limited to Li/Sn> 2; so as not to overly affect the measure- With a higher mass loadin®.5 mg) were also tested. While we
ment time, we also tested electrodes withy8® mass loading<3 observed capacity values of 3.90 mAh chcorresponding tea.
mg cm 2. The capacity values of both electrochemical and mecha-
nochemical CgSn;/CP electrodes with time-limited charges for
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Figure 3. XRD patterns of(a) bare CP(b) electrochemical Ctn, /CP, (c)
mechanochemical G&n;/CP, and(d) Sn/CP electrodes.

Figure 5. Discharge capacity from galvanostatic charge/discharge cycles at
0.500 mA per 0.68 chof electrochemical Cy6rs/CP and CySn,/Cu at
different amounts of lithium inserted. The Li/Sn mol ratio, time of charge for
CusSns /CP, and the mass of g8n; and CP are indicated. For g3 /Cu
electrodes, the initial Li/Sn was 0.5@mpty squareand 1.10(empty tri-
angles), respectively.
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T 2.0} ©) Cu,Sn. (3.8 mg)/CP (6.2mg) 120 i 12.0 Figure 7. (a) Discharge capacity an@) specific capacity from galvanostatic
e [ T Cu,Sn, (3.8 mg)/ CP (6.2 mg) | charge/discharge cycles at 0.500 mA per 0.68 ofrelectrochemicalempty
> 15 _| """"" CP (7.0 mg) || 15 squaresand mechanochemicédolid triangles and circlgusSry /CP elec-
= i ’ trodes at different amounts of lithium inserted. The mass gStyand CP,
3 i ; the Li/Sn value, and the time of charge are indicated.
c |
8 1.0} 11.0
2
8 o5lh los CugSn;/CP electrode(6.8 mg of alloy massgompared with the
S T 220 ) 40th cycle of a bare CP electrode. As in Fig. 6, it is evident that the
‘g 120" T L process of lithiation/delithiation is that of G8ny, as its voltage
© 00 "";—r—]ar‘;"""""—"“ diseh syl 0-0 profiles during charge remain at higher voltages than those of CP. In
. | Onerey . . L Jreoparee addition, the charge time of these heavy electrodes is always higher
0 2000 4000 6000 0 2000 4000 6000 than that which the bare CP electrodes can sustain.
time /s The excellent stability performance of the submicrometric

CugSn; on CP, both for electrodes with high alloy mass loading up
Figure 6. \oltage profiles of galvanostatic charge/discharge cycles at 0.500t5 10 mg cm? and with lithium insertion Li/Sr> 2 for over 100
mA per 0.68 crfiof electrochemical GySn; (3.8 mg)/CP and of bare GP.0  ¢ycles, is due to the CP matrix, which ensured a three-dimensional

mg) at different cycle numbers. The charge timeswiah 30 min (a and )b electric contact even if allo :

. i ) : y agglomeration and some cracks are
and 1 h 55 min (c), corresponding to 1.44 and 1.84 Li/Sn mol ratio, respec- . . .
tively. The charge of bare CP was time-limited to 1 h 30 rf@rand b)and visible after 100 cycles, especially on the mechanochemical

to 2'h (c). After 40(2 h) cycles, the charge of CP was limited by the cutoff CUsSTs -
potential(5 mV). .
Conclusions

The results of this study demonstrate that the;&y alloy,
whether electrochemically prepared directly into the CP or mecha-
280 mAh ¢! of CuSny), they decreased to half after 100 cycles nochemically prepared and hosted into it, can undergo hundreds of
and remained almost constant up to 200 cycles. There could be twoycles of lithiation to Li/Sn> 2 and delithiation, delivering con-
causes for this decrease. The involvement of a high charge per cyclstant amounts of charge with coulombic efficiency near 100% after
due to the high alloy mass loading, required several changes of théhe first few cycles. The cycling test at 0.74 mA T of
Li counter electrode, which involved disassembling and reassem€u,Sn;/CP electrodes with alloy loading of 3 mg ¢fhand charge-
bling the cell three times during the first 70 cycles; hence, the mostimited to 3.50 Li/Sn provided specific capacity values of 480 mAh
superficial alloy may have been removed from the current collectorg™. Those of the electrodes with loading of 6.6 mg @mand
The second cause could be a more important bulk effect in thecharge-limited to 2.43 Li/Sn had specific capacity values of 330
electrode with very high mass loading with the alloy that does notmAh g (and capacity values per geometric area of 2.18 mAh
draw advantage from the CP support. These results thus indicate @n™2 can be estimated), and those with loading of 10 mgtend
maximum feasible G38n; mass loading of 10 mg cnf for CP. charge limited to 2.08 Li/Sn had capacity values of 285 mAH g
Figure 8b shows the voltage profiles of the 50th cycle of the (and an estimated capacity value per geometric area of 2.85 mAh
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TSRS, ————T—T— 3.0 o cyclest®ZThe excellent performance of the £ /CP electrodes
a_10F *°% " Tveqe, 1 e to repeated lithiation/delithiation processes is due to the CP current
§ a) 125 g collector’s characteristics(j) it is a three-dimensional conductive
O 8F ssnans aa . . a matrix with micrometric, interconnected carbon fibers which can be
> BRfemonpeghorRSTonantoonneas 0 g0 @ homogeneously covered with the electrochemical alloy or host the
S 6l | - mechanochemical one without addition of conducting ageetdid
8 115 3 not observe differences in performance of electrodes having the
8 ] & same mass loading prepared by the two methads it is a light-
<X 4 o Cun,(68mg/CP (E8mg, (208 Lisn t=shsay - 1.0 ‘3‘ weight current (_:olle_ctor; andii)_ it is more “pliant” than Cu foil so
© A Cu,Sn, (53 mg)/CP (7.1 mg), (2.08 LiSn, t= 3h) | = that alloy cracking is less detrimental.
S 2F ° cusnGimg/CP(Timg,(202LiSnt=2ns4)  |g g g It may also be interesting for materials such as Sn, and work is in
% | 3 progress on this matter.
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