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Silicon is very attractive as active material for Li-ion battery
anodes due to its high theoretical capacity, but proper
nanostructuring is nceded to accommodate the large volume
cxpansion/shrinkage upon reversible cycling. This  would
overcome the destructuration induced by the lithiation/delithiation
processes, often resulting in poor long-term performance. Hereby,
novel mesoporous silicon nanostructures are grown at room
temperaturc by Pulsed Lascr Deposition (PLD) directly on top of
the Cu current collector surface, and their promising
clectrochemical behaviour demonstrated in lab-scale lithium cells.
Depending on the porosity, casily tunable by PLD, initial specific
capacitics approaching 300 uAh cm™ arc obtained with a quasi-
stable reversible cycling. Engincering voids at the nanoscale, by
direct introduction of specific porosity during growth, opens up the
route for the cffective use of silicon as lithium battery anode
without the nced for any binder or conductive additive which
would lower the overall energy density.

Introduction

In the last decade. we are dealing with the rapid development of high perfonming portable
clectronic devices, such as smart phones and notebook computers which are becoming
more and more greedy in terms of cnergy requirements. This continuously leads to a
strong demand for high capacity and high cnergy density sources of power, and Li-ion
batteries (L1B) are recognized as the system of choice. Today’s L1Bs partially satisfy the
present demands. but there is still room for further improvements .

As far as the anode material is concerned, commercial graphite shows excellent capacity
retention during battery cycling; nevertheless, despite its good cycling stability and low
cost, the low theoretical capacity of 372 mAh g ' is clearly insufficient for the huge



demands of the next generation of high energy density electronic devices as well as
clectric vehicles . To meet the requirements, several elements that can reversibly alloy
with lithium were investigated, including Si. Sn, Al, Ge as well as mixed compounds
thercof %, Because of its exceptional theoretical capacity (>4200 mAh g™'), silicon is
one of the most promising candidates among these elements to be used as anode material
and has recently attracted very much attention. The main limitations to the wide
spreading of its application are related to the extremely high volume change ( ~300 % M
that occurs during lithium insertion and extraction, leading to mechanical fragmentation
and active matcrial particle pulverization. Nanostructuration, introduction of voids and
addition of other active materials having lower capacity (e.g., carbon) arc the main routcs
currently being explored to bypass this problem. The advantages of nanostructuration
I(]avc been evidenced in recent works *'° which demonstrated the existence of a threshold
imension 1n silicon particles that prevents trom crack propagation upon lithiation.

The introduction of pores in the silicon anodes is another well-known strategy to face the
detrimental effects of volume variation ''™P: indeed, . depending on their size and
distribution, vongs can accommodate the expansion during Ilt]'natlon, mitigate internal
stresses and possibly prevent from fragmentation and detachment trom the current
collector. Porous Si films arc gencrally prc‘Parcd via clectrochemical etching using
hydrofluoric acid "*'* or by electrodeposition '*'*.

In this work, we explore the possibility of growing mesoporous hierarchical amorphous
silicon nanostructurcs by simple and rapid Pulsed laser Deposition (PLD). As it allows to
casily tailor the film morphology at the nanoscale, both in terms of nanostructure and
introduction of voids, PLD enables a straightforward engincering of the anode material
properties. In our silicon anodes we introduce a controlled porosity to buffer the volume
cxpansion: morcovcer, the preferential growth in the direction perpendicular to the
substrate heads to favouring the clectronic and ionic transport within the anode. Different
films were fabricated having different morphology and degree of porosity and the effect
of increasing porosity was studied at ambient temperature by clectrochemical testing in
lithium cell configuration with liquid clectrolyte. The best performing samples allowed
for good initial capacity approaching 300 pA cm™? and improved stability over the initial
30 galvanostatic discharge/charge cycles.

Methods

Material preparation

Silicon films were grown at room temperature by the Pulsed Laser Deposition (PLD)
technique. A rotating and translating Si crystalline wafer was ablated by a KrF pulsed
laser (248 nm, ~ 5 J cm ™2, 20 Hz. target-to-substrate distance S0mm) under controlled
atmosphere (mixture of < 3 % vol. Ha in Ar as background gas) in a vacuum chamber,
previously cvacuated at 3x 10° Pa. In order 10 grow films having different morphotogy
and porosity. samples were produced under various background pressures of 40, 60 and
100 Pa, respectively. By increasing the background gas pressure, higher porosity can be
introduced in the tilm by means of inducing the formation of bigger clusters during tlight
with a lower kinetic energy and, hence, a less-packed film on the substrate. Details on the
rclationship between process parameters and morphology of the Si tilms are reported in a
previous work 'Y



After native oxide removal by means of citric acid, copper discs were used as a
substrate for Si deposition. so to act as the current collector for the active anode material
in lithium cell.

Matcrial characterization

In order to characterize their morphology and thickness, the cross-sections of the
mesoporous Si films were imaged by a Supra 40 Zeiss Field Emission Scanning Electron
Microscope (FESEM, accelerating voltage 3-5 kV).

Spccific surface arca (SSA) was dctermined on a Quadrasorb cvo'™ (Quantachrome
Instruments) using the Brunauver, Emmett, Teller (BET) method. Prior to adsorption.
approximatcly 100.0 mg of solid wcre placed in the ccll and cvacuated at about S0 °C for
2 h and, successively, at 200 °C tor 3h.

The clectrochemical response in liquid clectrolyte of the samples was tested in
polypropylcnc three-clectrode T-cells assembled as follows: a Si film disk (arca 0.785
cm) as the working electrode, a 1.0 M lithium hexafluorophosphate (LiPFq, Solvionic,
France, battery grade) in a 1:1 w/w mixture of ethylenc carbonate (EC) and dimethyl
carbonate (DMC) eclectrolyte solution soaked on a Whatman® GF/A separator and a
lithium metal foil (high purity lithium foils, Chemetall Foote Corporaticn) as the counter
electrode. For cyclic voltammetry (CV). a sccond lithium foil was added at the third hole
of the ccll, in direct contact with the clectrolyte, acting as the reference clectrode.

Galvanostatic discharge/charge cycling (cut off potentials: 0.02 - 1.5V vs. Li’/Li) and
CVs (between 0.02 and 1.5 V vs. Li‘/Li, at 0.1 mV s ' scan rate) were carried out at
ambient temperature on an Arbin Instrument Testing System model BT-2000. Clean
electrodes and fresh samples were used for each test. Procedures of cell assembly were
performed in the inert atmosphere of a dry glove box (MBraun Labstar, Q> and H20
content < 1 ppm) filled with extra pure Ar 6.0.

Experimental

Structural and momhological characterization

In the present work, a very simple single-step process allowed to obtain vertically
oriented thin ftilms of mesoporous nanostructured silicon, as evidenced by FESEM
analysis for morphological characterisation. The length of the columnar nanostructures
was found to bc approximately | pm., as shown in images (a), (¢) and (¢) of Figure |
wherc the low magnitfication cross-sectional views of the different amorphous silicon
films are depicted.

The fabrication method was chosen and tuned so as to grow hierarchical films featured
by aggregation of clusters in a columnar mesoporous algae-like structure (sce images b, d,
" in Figure 1). This was meant, on the one hand, to introduce some degree of porosity,
thus accounting for volume expansion of lithiated silicon and, on the other hand. to
address the need for overall mechanical integrity. In addition, the anisotropic, aligned
columnar structure could in principle be favourable for promoting fast kinetics and a
more cffective electronic transport throughout the whole electrode thickness as well as
hinder the segregation of particles during clectrochemical opcration.



Figure | FESEM cross-sectional images showing the different morphology of the
mesoporous silicon nanostructured films grown at increasing background gas pressure: (a,
b) 40Pa, (¢, d) 60Pa, (e, ) 100Pa.

An cstimate of the densities of these films is provided in a previous work'®, with a
value of 0.36 g cm™ for the sample 100 Pa, 0.92 g cm™’ for 60 Pa and 1.66 & cm™ for 40
Pa, which, if compared to the density of 2.33 g cm™ of bulk silicon, result in an estimated
porosity of about 85, 60 and 29 %, respectively.

Accuratc determination of specific surface area (SSA) in porous Si is usually
performed through BET technique that analyses the adsorption/desorption isotherms of
gascs at low tcmperature 2 Nitrogen gas sorption isotherms are shown in Figure 2 (a-¢).
BET method reveals high surface areas for all of the films and noticeable ditferences in
the position of the hysteresis in isothcrm curves, which accounts for different pore size
distribution. Exploiting the BET theory, the tollowing values of spccific surface arca
were obtained for each sample prepared varying the deposition pressures: 68 m’ g for
sample 40 Pa, 109 m? g”' for sample 60 Paand 189 m? g™' for sample 100 Pa.



As expected, surface area values increase almost linearly with the increase in the

applicd deposition pressurc from 40 to 100 Pa, in good agrecment with previous literature

on porous films prepared by PLD both for silicon or other materials 2",
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Figurc 2 Isothermal profiles of samplcs prepared at increasingly higher applied deposition
pressures: (a) 40Pa, (b) 60Pa, (c) 100Pa.

Electrochemical cell test

The ambient temperature electrochemical behaviour was evaluated in laboratory scale
lithium test cells and carried out by means of cyclic voltammetry and galvanostatic
discharge/charge cycling at various current regimes. Results arc shown in the plots of
Figurc 3 (a-c). Notc that the clectrodes were used as-grown on the Cu current collector,
without any addition of binders and/or conducting additives.



The typical cyclic voltammetric response of the porous silicon nanostructures preparcd
by PLD. in particular of sample 40 Pa representative of all of the samples prepared. is
shown in Figure 3 (a) in its initial 10 cycles. It was performed at the scan rate of 0.1 mV
s' between 0.02 and 1.5 V vs. Li*/Li. The cyclic voltammograms (CV) show the
characteristic  behaviour of silicon clectrodes upon reversible alloying/dcalloying
reactions with lithium ions %%, resuiting in two main couples of anodic and cathodic
pcaks. In details, in the initial scan towards lower potential values. it shows two cathodic
pcaks at below 0.2 V vs. Li'/Li (i.e.. around 0.15 V as the dominant. and around 0.05 V).
characteristics of the lithiation step into amorphous silicon. Thesc are reflected in the
following anodic scan, whcre the two corresponding broad anodic pcaks, centred at about
0.3 V and 0.47 V vs. Li"/Li, indicate a two-step lithium extraction process trom the Li-Si
alloy back to amorphous Si.
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FFigure 3 Room temperature electrochemical behaviour in lithium test cells of as-grown
mesvporvus silicon nanostiuctures: (a) cyclic voltannnetry (Cycles 1-10) i the putental
range of 0.02-1.5 V vs. Li"/Li at a scan ratc of 0.1 mV s, (b) galvanostatic
discharge/charge potential vs. specitfic capacity profiles, {(c) specific capacity vs. cycle
number.

in the second cathodic scan. the broad cathodic peaks slightly shift towards higher
potential values (c.g.. the dominant centred at ca. 0.18 V). It is supposcd to come from a
slightly different kinctics in the alloying process due to the formation of slightly diffcrent
metastable amorphous Li,Si phases according to the previous literature = Regarding the



formation of the solid electrolyte interphase (SEI) layer, it appears in the first cathodic
scan as a broad faint signal between 0.6 V and 0.4 vs. Li'/Li.

The discharge (lithiation) and charge (dclithiation) potential vs. time profiles for
sample 40 Pa, representative for all the samples prepared, are plotted in Figure 3 (b). The
charge/discharge current rate used for cach sample was 0.1 mA, corrcsponding to about
130 uA cm . Profiles show the typical features of amorphous silicon clectrodes, with an
initial discharge cycle being rather different from the following ones duc to the formation
of the SEI layer and to the presence of a high oxygen content at the surface of the
clectrode, as usual for amorphous silicon nanoparticles. This causes the relatively large
irreversible capacity loss which results in low initial Coulombic cfficiency for these kind
of electrode materials.

The cycling performance of porous silicon nanostructures as a lithium battery anode is
reported in Figure 3 (¢).

The tirst 30 galvanostatic cycles show a good initial capacity higher than 200 pAh
cm™” for all of the three porous films. with a capacity loss of around 40 % for sample 40
Pa and 50 % for both 60 Pa and 100 Pa upon initial lithiation; this is a rcasonably low
value for losses if compared to similar high-surfacc-area silicon nanostructures reported
in the literature *. Based on the kind of synthesis adopted in the present work, the sample
having lower surface area available for reaction with the clectrolyte, i.c. the one prepared
at a pressure of 40 Pa, show in fact lower capacity loss during first lithiation. This reflects
also in the overall clectrochemical behaviour, which is superior both in terms of higher
specific capacity values and stability upon reversible cycling, and results in the highest
valuc of capacity retention (around 77 %) after 30 discharge/charge cycles in lithium cell.

Conclusions

Mesoporous silicon anode nanostructures were tabricated by fast and reliable pulsed
laser deposition technique, characterised and clectrochemically tested in lithium test cells.

Different deposition pressures were applied in order to evaluate the influence of this
process paramecter on the morphological/clectrochemical characteristics of the resulting
nanostructures. The sample prepared at lower deposition pressure, having porosity
featured by larger average dimension and lower surface arca, show good initial capacity
approaching 300 pA cm™ and improved stability over the initial 30 galvanostatic
discharge/charge cycles.

We believe that the improved stability in the samples with larger pores can be related
to their lower surface arca. On the contrary, the higher surface arca of the samples with
smaller pore dimension (samples 60 Pa and 100 Pa) is likely to be responsible for their
increascd capacity fade; more surface area is involved, in fact, in the side reactions with
the clectrolyte and, hence, more capacity is lost in forming the interphasc layer.

Summarizing, the focus of this work was to explore the feasibility of using PLD. a
facile onc-step technique working at ambient conditions, to finely tunc the mesoporous
nanostructure of silicon anodes. Once this first investigation has been carried out on how
the mesoporosity impacts the electrochemical behaviour of our silicon anodes. our future
strategies has to address to the improvement of the specific capacity as well as the cycling
stability to reach long-term operation.
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