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a b s t r a c t

New high surface area nano-architectured copper current collectors have been designed based on simple

electrodeposition method. The nano-architectured electrode design not only increases the effective sur-

face area of the electrode but it is also very suitable for sustaining the mechanical and structural strain

during electrochemical reaction. In this work, a nano-architectured Sn anode for Li-ion battery, based on

Li–Sn alloying reaction, delivers very high cycle life and good power performance compared to planar tin

films. This electrode could be successfully used in the field of 3D microbatteries.

1. Introduction

Recent advance of nanostructured materials has attracted much

more attention in the field of supercapacitors [1] and high rate

lithium-ion batteries [2,3]. Specifically, metal based (Sn, Sb and

Si) [4] Li-ion batteries negative electrode are known to suffer

from dramatic volumic expansion [5] during lithiation process.

If the first method to overcome this drawback consist in using

active material/inactive material alloys [6,7,8], in order to create

a stable matrix to accommodate the strain, another promising

way is to reduce the size of the active material [9,10,11]. In this

topic, nanostructured materials can provide an interesting solu-

tion because, among others, of their adequate advantage in terms

of mass transport. As an example, mass transport improvement

leads to easy diffusion of lithium-ion thanks to shorter diffusion

path, higher electrode/electrolyte interfacial contact area and better

accommodation of structural strain associated with electrochemi-

cal intercalation/deintercalation, conversion or alloying reactions.

If nanomaterials are usually processed into electrodes that keep a

small diffusion length as well as adequate electrical and mechanical

contact, their practical use is still uncertain. Recently, Martin and
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co-workers reported the new electrode design of direct elaboration

of nano-architectured electrode by growing active nanostructured

materials onto planar current collectors [12]. Although these elec-

trode architectures help to pave the way to design new electrode for

lithium-ion battery technologies, especially for 3D nanobatteries, it

fails to some extend to deliver high rate capacity electrodes when

metal oxides as well as alloy materials are used. It is important to

tackle this issue since these type of materials are very promising

because of their higher lithium amount storage ability as compare

to graphite.

Recently, we have demonstrated a unique electrode design con-

sisting in nano-architectured copper current collectors grown onto

planar copper surface covered with an electroactive material using

simple cost effective electrodeposition method [13]. In our first

report, we presented a new, but simple, two-step electrode fabri-

cation process using Fe3O4 as active material and Cu nanopillars as

current collector. This new design demonstrated a factor of sixfold

improvement in power density over planar electrodes. But the large

hysteresis voltage loop between charge–discharge cycle observed

with these conversion reaction processes decreases the energy

efficiency thus limiting today their use for larger scale energy appli-

cations. The decreasing of the hysteresis is one of the key issue and

ongoing works are to find solutions to alleviate it.

Bi and Ni3Sn4 deposits have also been achieved onto these

nanostructured current collectors [14,15] and those electrodes



exhibited high rate capability. We report here results obtained with

Cu nanopillars covered with pure tin. It is well-known that Li–Sn

alloy suffers from a large volume expansion and constriction during

charge–discharge cycling leading to mechanical disintegration and

very poor cycle life [7,16,17]. Here, we try to take advantage of the

nanostructuration of our electrodes to buffer the mechanical strains

occurring during the cycling of tin with lithium, thanks to larger free

space available for alloy–dealloying reactions. Also, the nanometric

dimensions of electrode and current collector would allow faster

electron and Li+ ions diffusion, leading to improve electrochemical

kinetics.

2. Experimental

2.1. Preparation of the nano-architectured Cu current collector

Cu nano-architectured current collectors were obtained using

previously reported procedure [13]. Briefly, arrays of highly per-

pendicular copper nanopillars on copper disk substrate were

prepared by pulsed cathodic electrodeposition through an alu-

mina oxide membrane. The deposits are done on 2 cm2, 150-�m

thick, 99.9% Cu foils from Goodfellow from an electrolytic bath con-

taining CuSO4·5H2O 100 g L−1, (NH4)2SO4 (Acros Organics) 20 g L−1

and diethyl-tri-amine (DETA, Acros Organics) 80 mL L−1 using

an Arbin BT2000 potentiostat/galvanostat. Membranes were pur-

chased from Whatman (Anodisc 47, reference 6809 5022). Prior to

use, copper foils were mechanically polished, first with SiC paper

then with 6, 3, 1 and 0.25 �m diamond suspension. The elec-

trolytic cell assembly has been fully described in our previous work

[13].

2.2. Tin plating bath

Sn-based Cu nano-architectured electrodes were obtained by

simple electroplating of tin onto Cu nano-architectured current col-

lectors. Simply, the cathodic electrodeposition of Sn was made from

an electrolytic bath consisting of SnCl2 20 g L−1, methyl-sulphonic

acid 100 g L−1, 2-naphthol 1 g L−1 and gelatine 1 g L−1. All chem-

icals were purchased from Aldrich Chemicals, France, and used

as received. Depositions were performed using an Arbin BT2000

potentiostat/galvanostat. After Sn deposition, the obtained anode

was washed with distilled water and acetone successively and then

placed under argon atmosphere to avoid oxidation.

2.3. Electrochemical characterizations

Electrochemical characterizations were carried out by galvano-

static mode using VMP-3 multichannel potentiostat/galvanostat

(Biologic). Sn–Cu nano-architectured electrodes were assembled

in coin-type cells (CR 2016) in an argon filled dry-box. Lithium

foils were used as both counter and reference electrodes and were

separated from the working electrode by a Whatman GF/D borosil-

icate glass fibre sheet soaked in 1 M LiPF6 electrolyte solution (in

EC:DMC/1:1 in mass ratio) from Ferro Corporation, USA. In this

work, we chose to report the capacitance of our electrodes in

mAh cm−2, area being footprint area of the electrode, since the

applications for this nanostructured electrode would be mainly 3D

microbatteries.

3. Result and discussions

Electroplating of Sn onto Cu nanopillars was achieved by pulsed

cathodic current technique. A stacked two electrodes cell using a tin

anode was used. Tin depositions were done at 25 ◦C on Cu pillars

by two different pulsed current step conditions:

Fig. 1. SEM image of an as-deposited copper nanostructure.

• Step 1: a cathodic current pulse of −25 mA cm−2 during 1 ms.
• Step 2: 9 ms of rest, i.e. open circuit.

The 2nd step of 9 ms rest is performed to decrease the con-

centration gradient from top to bottom parts of the nanopillars

due to species consumption during deposition. A systematic study

was conducted on Cu nanopillar substrates using different electro-

deposition times (3, 5, 10 and 15 min) to vary the amount of

deposited tin.

Fig. 1 shows scanning micrograph (JEOL SEM) of an as-Prepared

nano-architectured Cu current collector (cross-sectional view

(Fig. 1a)). As observed, highly homogenous copper deposit was

obtained. Cu pillars are perpendicular to the surface, 1800 nm

height and 150–200 nm of diameter. Moreover, the inter-pillar dis-

tance was measured to be 150 nm.

Fig. 2a and b show scanning electron micrographs of as-

deposited Sn–Cu nanopillar assemblies for two different deposition

times (5 and 10 min) in top view. The shortest deposition time

(5 min) shows a conformal covering Sn deposit on Cu nanopillar

whereas increasing deposition time (10 min) leads to fully filled

inter-pillar spaces. Fig. 2c shows TEM image of the 5 min deposited

tin layer on the copper pillar. The thickness of this layer was

measured between 20 and 50 nm, which is consistent with the

SEM picture. Moreover, Fourier Transform treatment of the image

indicates d spacing values of 3.75, 2.29 and 1.95 Å. According to

PDF 00-005-0390, these inter-planar distances correspond to pure

alpha tin ((1 1 1), (2 2 0), (3 1 1)).

Electrochemical tests were conducted, using the Cu nanopillars–

Sn deposited assembly as positive electrode and Li metal as nega-

tive electrode. All cells were cycled between 1.8 and 0.02 V. Fig. 3a

shows a typical potential versus capacity plots for the 3 and 5 min

tin deposit samples. Same behavior was observed for all of tested

samples, with the presence of several voltage plateaus over the first

discharge. At a discharge rate of C/10, these plateaus are character-

istics of the tin alloying with Li as previously described in various

studies [18–21] according to the reaction (1)

Sn + xLi + + xé � LixSnwith0 ≤ x ≤ 4.4 (1)

Fig. 3b shows 2nd to 4th cycles of the 5-min Sn deposit sam-

ple. It can be seen at the second discharge cycle a hump at about

1.6 V that disappears during the following two cycles. In their study

of a planar Cu electrode covered with electrochemical Sn deposit,

Dahn’s group attributed this hump to the decomposition of the elec-

trolyte during the early stage of the discharge (lithiation) catalyzed

by nano-sized tin particles produced during charge (de-lithiation)



Fig. 2. (a) SEM image of Sn-covered Cu nanostructure 5 min deposition (top view), (b) SEM image Sn-covered Cu nanostructure 10 min deposition (top view) and (c) TEM

picture of a single Sn-covered Cu nanopillar (5 min tin deposition).

when the voltage was increased above 1.6 V [21]. This decomposi-

tion led to a huge capacity decrease during the following cycle, due

to the deactivation of the surface of tin particles covered by elec-

trolyte decomposition by-products. In the present work, the cut-off

voltage was 2 V; that explains the presence of the 1.6 V plateau in

Fig. 3b.

Curves for cycles 3 and 4 give the same electrochemical signature

as the curves obtained by Dahn’s group in the case of pure Cu6Sn5

(figures 6 and 7 of ref. [21]). This identical electrochemical behavior,

also found in several references [22–24] led us to propose that the

plateau at 0.4 V during discharge can be assigned this to the forma-

tion of Li2CuSn from Cu6Sn5/Li alloys. According to this, we believe

that our electrode contains Cu6Sn5 formed during electrodeposi-

tion process. XRD experiments were conducted on the electrode to

try to confirm. However, the thinness of the electrode as well as

the particular geometry of the current collector made difficult the

identification of Cu6Sn5.

Fig. 4 compares the specific capacity (mAh cm−2) changes with

cycling number for two cells assembled with planar and nanos-

tructured electrodes covered by tin film, both obtained after 5 min

deposition time. Cycling rate is C/2.

The initial capacity is in the same range for both elec-

trodes, since the same deposition time was used for the

planar and the nano-architectured electrode. The slight difference

observed could be explained by the differences in the acces-

sibility in the nano-architectured electrode that may affect in

a small extend the coulombic efficiency at the bottom of the

pores.

The capacity behavior of the planar electrode follows a well-

known trend previously observed and described by many authors,

with a sharp and constant decrease associated with huge volume

expansion when moving from pure Sn to LixSn alloy [25–27]. The

capacity retention of the nanostructured Cu–Sn electrode behaves

differently. After an important decrease during first cycles, capacity

stabilizes near 0.02 mAh cm−2.

The capacity change with the cycle number highlights the merit

of the nanostructured electrode design over flat surface configu-

ration, overcoming the well-known cycling difficulties associated

to mechanical disintegration resulting from the extreme volume

change during Sn–Li alloying. This is explained by the nanostruc-

ture of the electrode. Keeping the tin amount constant, the high

surface area developed by this electrode as compared to planar

allows deposition of thinner Sn layer on the surface.

It is know that Sn–Cu can form alloy at room temperature [28].

Here, as previously shown in Fig. 3b, the electrochemical signature

of Cu6Sn5 alloy is clearly visible at 0.4 V with nanostructured sam-

ples. Accordingly, we can propose that Cu6Sn5 alloy is formed at

the high surface area Cu current collector/Sn interface. The pres-

ence of this Cu–Sn alloy conferred high capacity retention during

cycling, acting as a mechanical buffer to limit the volume expansion

during Li alloying into tin [21]. During the first cycle, the elec-

trolyte decomposition occurs onto the Sn nano-particles that have

not been alloyed with Cu; then, subsequent cycling mainly involves

Cu6Sn5 alloy thin film, explaining the outstanding capacity reten-

tion observed for self supported Sn/Cu architecture, with 500 cycles

with stable capacity of 0.02 mAh cm−2.



Fig. 3. (a) First discharge curve for 3 and 5 min deposition samples (cycling between

1.8 and 0.02 V, I = C/10); (b) cycles 2, 3 and 4 for 5 min deposition samples.

Fig. 5 presents a comparison of cycling behavior (specific

capacitance) for cells assembled with planar and nanostructured

electrodes.

Nanostructured electrode is obtained after a 5 min deposition

of Sn while planar electrode is covered only with a very thin film

of Sn (1 min deposition). These different deposition times should

lead to the same film thickness on both electrodes, because of their

different surface area.

Fig. 4. Cycling performance of 5 min tin-covered nanostructure and planar Cu elec-

trodes (5 min).

Fig. 5. Cycling performance of 5 min tin-covered nanostructure and planar (1 min).

Initial capacities indicate that the tin loading is much lower

for the planar electrode than for the nanostructured one. This is

consistent with the deposition time.

The thin-deposited planar electrode shows stability for 500

cycles with a very small capacitance of 4 �Ah cm−2. This stability

can be explained by the thinness of the tin layer, allowing better

accommodation of the volume change during cycling and faster

kinetics. However, this value is five times less than the one obtained

from the nanostructured electrode.

These results tend to confirm that the nano-architectured elec-

trode is covered with a very thin film of Cu6Sn5 alloy at the Cu

collector/Sn interface. Thanks to the thin alloy thickness, this elec-

trode does not suffer from important mechanical stress during

cycling and maintain its integrity. However, thanks to the large sur-

face area developed by the nano-architectured electrode, it can be

seen that reversible specific capacitance is five times higher. This

value is consistent with the projected surface developed by the

nanostructure (≈8 cm2/cm2). In other terms, cycling stability can be

achieved with nanostructured electrode containing an active mate-

rial loading five times superior to a stable planar electrode. This

demonstrates the usefulness of such nano-architectured design for

increasing the energy density while keeping high capacity retention

during cycling.

The 5 min deposited Sn nano-architectured electrode and a

1 min deposited Sn planar electrode were tested for rate capability

according to a protocol developed for lithium-ion battery technol-

ogy called “Signature plot” [29]. Signature curves were collected on

charge cycle, using cut-off voltage of 2 V for cells stopped after their

third discharge to 0 V at low current rate (1 Li+ in 5 h). As an exam-

ple, we discharged the cell down to 0 V and recharged up to 2.0 V

and discharged with same current rate. After two cycles of charge

and discharge, we used a charge current of j1 = 0.255 mA cm−2 (10 C)

to charge cut-off potential of 2.0 V versus Li+/Li. As soon as cell has

reached 2.0 V, the cell delivered the capacity Q1 and it was auto-

matically kept under open circuit potential for 30 s. Then, the same

charge was repeated, current being divided by 2: j2 = 0.120 mA cm−2

(≈6 C), leading to the value of Q2. Capacity Qn was calculated

by cumulating the measured capacity for each previous step:

Q6C = Q1 + Q2. Afterwards, the same strategy was used to calcu-

late capacities under 0.06 mA cm−2 (≈3 C), 0.030 mA cm−2 (≈1.5 C),

0.015 mA cm−2 (≈0.75 C), 0.008 mA cm−2 (≈C/2), 0.004 mA cm−2

(≈C/4), 0.002 mA cm−2 (≈C/8) and 0.001 mA cm−2 (≈C/16), respec-

tively.



Fig. 6. Power plot of (a) Sn-coated Cu nanopillars and (b) Sn planat thin layer. (c) SEM image of the electrode after cycling.

Fig. 6a shows the variation of the cell capacity as a function

of the applied rate expressed in terms of C, 1 C corresponds to

the complete discharge of the cell in 1 h. Good rate capacity is

observed for the nano-architectured electrode, giving a capacity

retention of 75% between C/16 and 6 C, thus indicating the merit

of the nano-architectured electrode design over flat surface. After

being “power” then “cycle life” tested (100 cycles at high rate), the

same nano-architectured electrode was observed using scanning

electron microscope. It was observed that the Sn-based active mate-

rial layer still stuck on the Cu nanopillar surface (Fig. 6b) and no

appreciable change in morphology could be noticed. Considering

the cycling stability (the signature of Cu6Sn5 is still visible after

hundreds of cycles), we can also consider that the Cu6Sn5 layer

maintained its integrity.

4. Conclusions

The significance of these results is a demonstration that out-

standing power capability and capacity retention can be obtained

from Sn–Li alloy-based nano-architectured negative electrode for

lithium-ion battery. The observed cycle life (more than 500 cycles)

and the power rate performances (75% of the capacity retained from

C/16 and 6C) are both impressive. This is also another proof of the

advantage of the nanorods shape for Li-ion anode. This brush-like

morphology was proved to be an efficient way to accommodate

mechanical strain during cycling in addition to display a large and

accessible surface area. This nanostructured design makes possi-

ble the assembly of new 3D microbatteries, with enhanced energy

density compared to 2D design.
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