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Abstract

Silicon has been highlighted as a promising anode material in lithium-ion batteries
due to its step change in capacity verses conventional graphite. The cycling of silicon
anodes within a lithium-ion battery (LIB) leads to degradation and capacity fade due
to the 280% volume change of silicon. Many avenues of silicon synthesis have been

explored to produce nanostructures which can withstand this change in volume.

Magnesiothermic Reduction (MgTR) of silica to silicon shows significant promise over
other syntheses in scalability, economic and environmental aspects for producing
porous silicon nanostructures. The problem with MgTR is a lack of understanding
regarding the pore evolution of porous silicon based on reduction parameters and
precursor material, which in turn limits predictive design for desired applications. Here
we show for the first time that the pore structure of porous silicon is strongly related
to the interconnectivity of silicon crystallites. We show that the MgTR is a
thermodynamically driven equilibria which determines the purity of the silicon product.
Higher temperatures also cause sintering of silicon nanocrystallites. We show that it
is the interconnectivity of these crystallites determine the pore size and distribution
within porous silicon. These findings apply to a wide variety of porous silica
precursors and we show this mechanism is true for the introduction of pores into
nonporous quartz after MgTR. Further, we show that by exploiting this mechanism,
mesoporous silicon can be produced which has excellent promise for LIB applications

with a capacity of 2170 mAh/g after 100 cycles.

As a second section of the thesis, we focused on the use of silica directly in LIBs.
The use of silica has potential advantages over other silicon based active materials,
upon reduction with lithium silicon is produced and contained within a supporting
structure of inactive material. However, there is no detailed understanding of how the
lithium-silica reduction reaction progresses and the chemical nature of the products.
Here we develop a new method to effectively monitor the rate of electrochemical
reduction of silica and propose a mechanistic understanding of this process. In
addition, and for the first time, we characterise the existence of elemental silicon in
the reduced structures. Our proposed mechanism is based upon the initial insulating
nature of the silica active material and how electronic conduction pathways are

formed in the reduced material. We apply the principles of this mechanism to reduce

Xiv



the length of the electrochemical reduction reaction to 13 hour compared with 400

hour reduction times reported in the literature.

The findings herein provide a significant step change and hence can be taken forward
to design optimal materials for LIB applications. These results strongly support the
potential for reduction in silicon costs for LIB in both economic and environmental
terms as well as for a reverse engineering approach to design specific porous silicon

and silica for desired applications.
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Background

Rechargeable batteries play an important role in portable electronics and are

increasingly being incorporated in electric transportation. Development of lithium-ion
batteries (LIB) with higher energy density, improved safety and lower cost are highly

desirable.

The cell of a battery stores electrical energy as chemical energy in two electrodes.
The anode and cathode (reductant and oxidant) respectively are separated by an
insulating separator and wetted by an ionically conducting electrolyte. When
connected through an external circuit, electrons will flow from cathode to anode and
lithium ions will travel across the separator to balance charge. Secondary
(rechargeable) batteries can have this process reversed by applying an opposing
bias across the electrodes reversing electron and ion transfer from anode-cathode.

These processes can be visualised through the schematic in Figure 1. [

The LIB has the best performance of secondary batteries in regard to high specific
and volumetric capacity, high power charging and discharging, and long cycle life.
The most common anode material in the LIB is graphite, and cathode materials
typically consist of layered metal oxides. The electrode active materials operate via
an intercalation mechanism, where the lithium ions move into the interstitial sites
between atoms. The ability of a material to reversibly store lithium-ions governs the
amount of charge which a material can store. Therefore, a strive in research of new

LIB active materials is focused on increasing the reversible lithium storage capacity.
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Figure 1. Schematic of a lithium-ion battery with graphite anode and lithium
cobalt oxide cathode. Image taken from!*

A significant research effort has been devoted to finding higher capacity electrode
materials. For the anode, alloy type materials primarily silicon have received huge
research investment due to the its charge storage capabilities which are an order of
magnitude greater than commercial graphite materials. Silicon incorporation is the
forefront of current commercial advances providing high energy density lithium-ion
cells and the further development of silicon-based anodes will increase the cell

capacity of future generations of LIBs.

The work presented in this thesis develops novel understanding and synthesis routes
for two classes of silicon-based anode materials. The theme throughout is the
development of economically and environmentally friendly synthesis routes, abiding
to the principles of green chemistry.?! We use the feedstock of silica (SiO,) owing to
its high natural abundance, wide variety of morphologies and well understood

chemistry.
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Chapter 1:

Introduction and Literature
Review

1.1 Understanding Silicon Lithiation

In most commercial LIBs, active materials rely on intercalation mechanism where
lithium atoms reside in the interstitial sites of the host lattice and the
extraction/insertion of the lithium only results in small strains and minimal irreversible
structural changes. Such active materials include graphite the commercial standard
for negative electrodes (anodes), there is more variety of cathode materials based on
metal oxides and phosphates, LiCoO; LiMnO; LiFePO, and LiNixMnyCo0,0, (NMC). !
Group iv elements such as Si, Ge and Sn can be utilised as negative electrode
materials as they reversibly alloy with lithium, which involves the formation and
destruction of chemical bonds. ! As the atomic framework of the active material is no
longer the constraint of the reaction, alloy materials can have much higher capacities
and form multiple bonds to alloying lithium. The alloying process can cause significant
strain on the materials by expansion in the alloy state. The large volumetric changed
can lead to decay in capacity with cycling. The capacity and volume change of group
iv elements along with their associated volume change with lithiation are compared

to graphite in Table 1.1.

Table 1.1 Theoretical gravimetric capacities of Group IV elements and graphite
and associated volume change upon lithiation. Values taken from@IEI4

Active Material Theoretical capacity | Volume  change on
(mAh/g) lithiation (+%)

Graphite 372 10%

Silicon (Li1sSis) 3600 280%

Germanium (Lis2Ge) | 1623 370%

Tin (Sn) 994 -
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Within the constrained environment of a composite electrode volume expansion of
silicon becomes an issue for three main reasons as depicted in Figure 1.1.5! Firstly,
considering Figure 1.1 (a), stresses within individual particles lead to fracturing and
eventually pulverisation. Figure 1.1 (b), shows the impingement of expanding material
in the electrode can lead to fragmentation on a larger scale, disconnecting sections
of electrode. In each case, active material becomes electrically isolated and no longer
contributes to the electrodes capacity. Figure 1.1 (c), illustrates the case when
constant expansion and contraction leads to cracking of the Solid Electrolyte
Interphase (SEI) layer, exposing fresh active material and causing further breakdown
of electrolyte. Thickening of the SEI can increase the internal resistance of the cell

and consumes lithium from the electrolyte.!

ithiati Many Cycles
(a) Lithiation

(b) @
@

()

® siticon particles [l Lithlated silicon SEI I Current Collector

Figure 1.1 Electrode failure mechanisms for silicon active material: (a) Material
cracking and pulverization. (b) electrode expansion and impingement leading
to isolation. (c) Continual SEI formation.®

Another challenge is the relatively low lithium diffusion rates within silicon, 10-1°-10-
cm?/s, ©71 compared with the range 10°-10'! cm?s reported for graphite

electrodes. BP0l
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1.1.1 Electrochemical Lithiation of Silicon

Crystalline silicon is lithiated during the initial discharge of a LIB, this lithiation occurs
via a two-phase mechanism between crystalline silicon and amorphous LixSi alloy
which are separated by a short reaction front of a few nm. The amorphous LixSi phase
is found to crystallise to Li;sSis around and below 60mV vs Li/Li* and a number of
studies have detailed how limiting cut off voltages and formation of Li;sSis can effect
cycle life 1 (expanded on below Table 1.2). There is a large activation energy
required to break Si-Si bonds within the crystalline silicon matrix therefore a high
concentration of lithium-ions is required to weaken the Si-Si bonds, leading to
favourable lithiation kinetics of the two-phased behaviour.®! This results in a
galvanostatic voltage profile with a flat voltage plateau around 0.1V vs Li/Li*, shown
in Figure 1.2. When the electrode potential falls below 50mV vs Li/Li+ the amorphous
LixSi crystallises to form metastable LiisSis (Figure 1.3(a)). The dotted line Figure 1.2
shows a coulometric titration at 415 °C, the stepped voltage profile is in accordance
to the sequential formation of Lii2Siz, LizSis, Li13Sis, Li2sSis, during ambient
temperature electrochemical lithiation no such clear phase transitions are observed.?l
Literature consensus is that the LiisSis is the final phase formed upon electrochemical
lithiation below 85 °C. If held at OV vs Li/Li+ for substantial time (>24 hours) X-ray
Diffraction (XRD) has shown formation of higher lithiated states such as the

thermodynamically stable LiSis ™!

1.0 T T T T
0.8} -
3
Sy
+
4 O.GS i
%)
2 Room Temp. Delithiation
©
204 s -
9 ...........................................
o .................
o
0.2 s
Room Temp. Lithiation

OO 1 1
0 1 -y
xin Li,Si

Figure 1.2. coulometric titration curve for a Li-Si system at 450 °C (dotted line).
Galvanostatic charge/discharge of a crystalline silicon powder electrode at
room temperature (solid line).F!
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During the first delithiation another two phase system occurs in reverse eventually
yielding amorphous Si. Large discharge capacities and low columbic efficiencies (CE)
measured during the first lithiation can be attributed to: electrolyte degradation and

irreversible lithium insertion into the solid electrolyte interphase (SEI).

After this first cycle behaviour, in the second cycle no two-phase region occurs and
sloping voltage profiles are observed.*? The changes to crystalline silicon through
lithiation over the initial cycles were studied through in-situ XRD as summarised in
Figure 1.3.1*% Figure 1.3 (a) demonstrates the voltage profiles during the first cycles
of crystalline silicon, it shows the amorphisation of all crystalline silicon after lithiation,
and the formation of crystalline LiisSis in the lithiated state. In-situ Transmission
electron microscopy (TEM) has also been used to study these phase changes.F! The
sloping voltage profile on lithiation of amorphous Si (Figure 1.3(c)) evidences the

difference in reaction between amorphous Si and crystalline Si (Figure 1.3(a)-(c)).
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Figure 1.3. In-situ XRD during galvanostatic cycling. In(a-c) the line plots (top)
show the intensity of Bragg peaks, (bottom) potential profile as a function of
capacity during cycling at C/100. (a) during the first discharge, (b) during the
first charge, and (c) during the second discharge. (d) Phase diagram summary
as a function of specific capacity between 0.005-0.9V. Taken from 13!

A differential capacity voltage (dQ/dV) plot is straightforward to calculate from
standard cell galvanostatic cycling data. They can show the appearance or
disappearance of different phases or reactions and provide quantitative results of
phase changes.™! Upon first discharge crystalline Si conversion to amorphous a-
LixSi (x~3.5) will dominate the dQ/dV plot with a cathodic peak around 100mV. dQ/dV
plots can also be useful in determining SEI layer formation which occurs in the first
cycle. After the first cycle, lithiation will occur into amorphous silicon the typical
cathodic peaks for amorphous silicon lithiation start at 0.3 V (a-Si — a-Li»0Si), and a
strong peak at 0.1 V (a-Li»0Si — a-Liz 5Si) are all from the stepwise lithiation of silicon
forming amorphous a-LixSi phases. As the discharge voltage approaches 50 mV and
below the crystallisation of amorphous a-Liz7sSi — c-Liz7sSi can be observed, note

some report lower potentials (30 mV) are needed for Liz7sSi crystallisation in smaller

5
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nanoparticle electrodes °1. The first cycle charge will typically show an anodic peak
at 0.43V indicating (c-Lis7sSi — a-Li11Si), if the silicon is not fully converted to
crystalline c-Lis7sSi on discharge then anodic peaks at 0.28V (a-Liz.75Si — a-Liz.0Si)
can be observed. The relative intensity of the 0.43 V and 0.28 V peaks can give a
ratio of amorphous and crystalline LixSi phases at the end of lithiation. Peak shifts to
lower voltage on the lithiation (cathoidic) curve and higher peak shifting on the
delithiation (anodic) curves result with increased cell impedance causing polarisation
during charging.*8! Shoulders and anodic peaks at 0.5 V (a-Li».0Si — a-Si) and slightly
above are also indicative of no crystallisation of c-Liz7sSi on discharge. 17151161

These phase transitions are summarised in Table 1.2.

The lithiation process finishes when the lithium-rich c-Lis 7sSi is formed at the surface
of the silicon electrode, similarly the delithiation finishes when the lithium-ions are
extracted from the very outer surface layer. This arises as the potential of the cell is
determined by the chemical potential difference of lithium-ions between the two
electrodes. If the potential drops below the operational voltage window, then
regardless of whether inner silicon has participated in lithiation/delithiation the
process will stop. In general, this mechanism is responsible for the theoretical
capacity not being reached, as at conventional charging rates the transfer of lithium-
ions between the electrolyte and silicon interface and diffusion of lithium-ions inside
the silicon are limiting factors. To improve silicon anode performance at more
conventional (higher) current rates a large surface area for electrolyte access and

thin silicon substructures for short lithium diffusion lengths are both desirable.
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Table 1.2 summarising the potentials at which significant phase changes occur
during the lithiation of silicon. 28119

Silicon Lithiation Process Typical reduction
voltage (V)
First cycle discharge
c-Si —a-LixSi 0.1 (<0.17%)
—C-Li3.75Si can be dependent on

crystallite sizel*4

Subsequent Charges

a-LissSi —a-Li2.0Si 0.28
c-Liz.75Si — a-Li1.1Si 0.43
a-Li20Si — a-Si 0.50

Subsequent Discharges

a-Si — a-Li2.0Si 0.30
a-Li2.0Si — a-LizsSi 0.10
a-LizsSi — c-Liz75Si 0.05
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1.1.2 Volume expansion of Si

Crystalline and amorphous silicon undergo different mechanisms of lithiation, as
introduced above. Crystalline Silicon is known to show anisotropic expansion upon
lithiation, with large ~200% elongation along the <011> family of directions 021151,
Volume change has been studied in amorphous silicon thin films with AFM and shown
to be linear with Li content 2, There is no observed anisotropic expansion event with
amorphous Si as there is no crystallographic effects. X-ray data has shown the
density of the Liz 75Si phase to be 1.179 g/cm3 meaning this fully lithiated phase under

goes a volume expansion of 280%.[2%

There are in situ Transmission electron microscopy (TEM) observations for both
crystalline and amorphous silicon indicating a critical size for nanoparticles, beyond
which they could crack, 150 nm for crystalline silicon and 870 nm for amorphous. 2422
For porous crystalline silicon particles, the critical size can exceed 1500 nm as the
pores of the material offer a buffer space for expansion. Additionally, porous
structures usually consist of smaller domains which effects the extent of lithiation and
shown to reduce lithiation stresses. ?°l These TEM studies took place in a constraint

free environment which is not the case for real electrodes.

As introduced above the volume expansion during lithiation of silicon has shown a
strong linear trend. Obrovac et al.?”! show that this is the case for many lithium alloy
type anode materials and that the amount of space occupied by a lithium atom is
independent of the lithium content. They therefore suggesting a general Equation
(1.1). Where v, is the unlithiated molar volume (ml/mol), k is the molar volume
(ml/mol) of lithium in the metal alloy and x is mole fraction of lithium in metal (LixSi).
Using this equation leads to a theoretical capacity of lithiated Lis7sSi equal to 2240
mAh/ml. This value is in good accordance with the volumetric capacity calculated
using density data obtained by XRD of 2190 mAh/ml.1*]

(x) = vy + kx Equation (1.1)
Sivg = 10.96 ml/mol
Si k =9.0 ml/mol
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1.1.3 Solid Electrolyte Interphase Formation

The organic electrolyte is typically unstable at the operating potential of the negative
electrode during charging. This causes an irreversible decomposition of electrolyte at
the anode surface which competes with the desired Faradic half-cell reaction. The
decomposition products form a solid layer on the surface of the active anode material,
referred to as the Solid electrolyte interphase (SEI). Typically, the SEl is electrically
insulating, preventing further decomposition of electrolyte on the surface once
formed, yet ionically conducting, allowing lithium ions to migrate and patrticipate in

Faradic reaction.

A stable SEI formation is critical for sustainable cycle life of lithium-ion batteries. The
continuous SEI crack formation after the first charge-discharge cycle for silicon
anodes exposes new surfaces to the electrolyte promoting SEI growth throughout
cycling. The continuous SEI growth increases the internal impedance of the cell and
consumes lithium from the electrolyte. The SEI formed in silicon anodes can be one
of the dominant parameters influencing kinetics of lithiation/delithiation during

repeated cycling.?8!

Residual water present in electrodes is known to catalytically react with PFs and
lithium carbonate according to equations 1.2 and 1.3 below, propagating LiF salt

formation.¥ It is therefore key to fully dry electrodes before cell preparation.

PFs + H,0 - PF;0 + 2HF Equation (1.3)

Li,CO5 + 2HF — CO, + 2LiF + H,0 Equation (1.4)

Carbonate electrolytes being the industrial standard for LIBs have received a high
degree of attention in characterising SEI formation on silicon. Exploring carbonate
additives has historically improved SEI formation in graphite, with a number of
additives explored flouroethylene carbonate (FEC) and vinylene carbonate (VC)
being adopted as standard electrolyte additives for improved SEI formation.BF% S,
Zhang et al. recent review of electrolytes and additives for silicon anodes in LIB
covers the range of routes being explored for more stable SEI formation.B®” FEC and
VC both improve the stability of SEI in silicon anodes.B% #1132 FEC incorporation 10-
15 wt% in conventional organic electrolyte appears to give improved cycle life, higher

specific capacity and lower SEI impedance when compared to VC.[5]
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1.1.4 Binders in silicon anodes

Silicon has received considerable attention towards the importance of binder
selection, primarily because choice of binder has been shown to significantly affect
electrochemical performance. Polyvinylidene fluoride (PVDF) has conventionally
been used as a binder for both composite cathodes and anodes. However, the more
demanding requirements for silicon composite electrodes of expansion/contraction,
low conductivity and unstable SEI formation quickly proved PVDF an inferior binder
for this use. This can be attributed to a number of factors: PVDF can only interact
with silicon particles via comparatively weak van der Waals forces. PVDF swells up
to 20% in carbonate solvent, |, Luzinov and G, Yushin found that upon swelling PVDF
has small resistance to plastic and elastic deformations, making unsuitable for

volume change electrodes.!

As a replacement for PVDF the aqueous soluble Carboxymethly cellulose (CMC) has
been explored with a significant literature presence. Historically CMC has been paired
with the plasticiser styrene butadiene rubber (SBR) to increase elasticity and
accommodate swelling in silicon anodes B4E% However, purely CMC as a binder
was discovered to give increased electrochemical performance compared to SBR-
CMC combination and PVDF. It was shown that this purely CMC binder favours a
more homogeneous distribution of carbon conductive additive and facilitates a more
efficient networking process between the silicon and carbon particles. This was
explained as due to CMCs extended conformation in solution and adsorption to Si
and carbon particle surfaces, this enables the formation of bridges between particles.
Upon drying this 3-D interconnected network can better withstand repeated
expansion/contraction due to reversible hydrogen bonding between CMC carboxylic
acid groups and particle surfaces displaying ‘self-healing’ like properties 8571 The
discovery of covalent linkage between binder carboxylic acid groups and silicon
surface lead to studying the effect lowering the pH of slurry solution below the
isoelectric point of silicon particles (3.5) and the pka of CMC (3.5) favouring

esterification upon drying which greatly increased cycle life 13839

Until recently CMC was considered the state-of-the-art binder for silicon electrodes
and a wide range of studies have investigated its various properties. For more
information the reader is directed to D. Mazouzi et al, review paper B, With a better
understanding of the role of binders in silicon anodes for lithium-ion batteries binders

with similar characteristics to CMC were explored. B340

10
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1.2 A Review of magnesiothermic reduction of
silica to porous silicon for lithium-ion battery
applications and beyond.

Much of the discussion and experimental data from this section can be found
in the publication J. Entwistle, A. Rennie, S. Patwardhan, J. Mater. Chem. A
2018, 6, 18344’

1.2.1 The role of porous Silicon

Porous morphologies can potentially address the challenges of volumetric expansion
and slow lithium diffusion. Porous silicon can expand into its own pore volume, thus
limiting stresses on the material. Stress generation upon lithiation has been modelled
for lithium insertion materialsi“*#2l which in turn have been applied to models of
lithiation in porous silicon structures.““221 A comparison of hollow and solid
amorphous silicon nanospheres of the same silicon volume modelled by Yao et al
showed the maximum tensile stresses experienced by a hollow sphere is significantly
lower vs lithiation time, 83.5 vs 449.7 MPa respectively (Figure 1.4(A)).* M. Ge et al
simulated the effect of pore size and porosity in the range of initial pore sizes 1-9nm,
showing lower porosities lead to higher induced stress and smaller pore sizes result
in higher maximum hoop stresses around the pore (Figure 1.4(B)).*®! X.Li et al have
also show a linear decrease in porous particle volume change by increasing the void
volume fraction for materials containing 10 and 25nm radius ordered pores. Figure
1.4(C) shows that increasing the void fraction to 60% should keep overall particle

expansion within the narrower volumetric expansion range of 75 to 150%. 24

11
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Figure 1.4. (A)Yao et al. stress evolution during lithiation in a hollow sphere vs
a solid sphere with the same volume of silicon. Positive stress values are
tensile stress, while negative are compressive. ¥4 (B) Schematic of porous
structure modeled by M. Ge et al with cross section analysis of stress
generation under lithiation.*3 (C) X.Li et al expansion rates of mesoporous
particle along radial direction (k), axial direction ({) and pore radius after
lithiation (r2). Particle volume expansion versus void fraction (Vs).[21 (8]

Porous silicon with high surface area can increase accessibility of electrolyte to silicon
surfaces, shortening lithium diffusion lengths and increasing available capacity at
higher rates. Porous structures with thin walls and silicon substructures can shorten
the diffusion length of lithium within silicon. Polycrystalline porous structures with
small silicon domains are hypothesised to have a higher resistance to fracture during
lithiation similar to the observed strong size dependence of fracture of silicon
nanoparticles 24, In situ TEM observation has shown that the critical particle diameter
for fracture in porous particles reaches 1520nm.?% Additionally, in-situ TEM and
dynamic simulation of lithiation behaviour of porous silicon particles found that the
smaller domains of porous particles disfavour crystalline c-LiisSis phase upon full
lithiation, providing a more favourable stress evolution on expansion (Figure 1.5).128
Additionally, it was shown that these porous particles lithiated in an end-to-end
fashion (Figure 1.5(e-h)), opposed to larger nanoparticles which lithiated in a surface-

to-centre manner (Figure 1.5(a-d)).12®

12
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Figure 1.5 Schematic for the lithiation of ball-milled silicon and porous silicon
nanoparticles. (a-d) Surface-to-center lithiation of ball milled silicon. (e-h) end-
end lithiation manner of porous silicon particle.?8

High surface area of porous silicon structures will however generate a larger SEI
simply because of the increased electrode area in contact with electrolyte. This could
be a significant drawback when coupled with the volume expansion of silicon and

relative instability of the SEI.

13
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1.2.1.1 Synthesis/Fabrication of Silicon

Worldwide annual production of silicon metal amounted to 8100 tons in 2015.14%
Industrial scale synthesis of metallurgical grade silicon is typically achieved by
reduction of silica with carbon in electric arc furnaces at temperatures over 2000
°C.l847T A common industrial method of refining metallurgical grade silicon is
chemical vapour decomposition (CVD) Figure 1.6(b). CVD methods usually require
reaction temperatures of 1100 °C in the presence of hydrogen gas. Producing the
volatile silicon precursors needed also requires reaction with hydrochloric acid at 350
°C.l%1 The other major refinement methods rely on crystallisation of molten silicon
again requiring high temperatures >1414 °C to achieve molten silicon, Figure 4(a).
The development of environmentally friendly, low cost and scalable production

processes for high performance silicon anodes is essential.

There has been great progress developing silicon anodes with a wide range of nano
structuring  techniques being employed and extensively reviewed
elsewhere.Bl16L49E0 High capacities and good cyclability have been demonstrated
using nanoscale silicon anode structuring.B#6.5% Porous silicon structures have also
been reviewed by Ge et al.*®) However, nanoscale engineering often requires a high
degree of precision synthesis and can involve aggressive reaction conditions. Using
energy intensive synthesis techniques will likely lead to high cost of materials and the

inability to produce materials on an industrial scale.®!

Magnesiothermic reduction can offer a facile method of bulk synthesis for porous
silicon with varying degrees of structural control.5 Figure 1.6 highlights the benefits
of this single step reduction method from silica to silicon in comparison to existing
technologies.® This review collates available literature concerning the influence of
reaction conditions on the magnesiothermic reduction reaction as well as highlighting
gaps in current understanding. The use of porous silicon produced through
magnesiothermic reduction as an active material for anodes in LIBs is the focus of
this review, but potential applications may be much further ranging with impact in
fields such as photoluminescence,® solar power,®! photocatalysis,®® drug

delivery®"158l and catalysis support./>

14



Chapter 1

Precursor

Low purity SiO; from
plants, food, and rock

Crushing, Calcination + Acid leaching

PhD Thesis Jake Entwistle

Pure Silica —_— Metallurgical Si
Carbothermal Reduction 2000°C
(a) (b) ()
\ Clx(g)
Nk HCl (g)
| B .
R S SiCly
=] 8 <
¢ |4 g
(s} o
E: o = . .
§ g 8 Silane SiHg l Alcohalysis
E| 5 o
= @ w
2 _-g’ 5 TEOS
© & Tetraethyl orthosilicate
cvD
Hydrolysis
Magnesiothermic reduction I ydrolys
Silicon Wafer —_— Silicon — Silica Si0»

Figure 1.6. Flow chart of existing bulk silicon synthesis routes including
magnesium reduction. 18

15



Chapter 1 PhD Thesis Jake Entwistle

1.2.2 Magnesiothermic Reduction

Magnesiothermic reduction of silica has the potential to produce porous silicon
materials at lower temperatures than conventional silica reduction methods. % As the
melting point of silicon is 1414 °C carbothermal reduction at 2000 °C is not suitable
for maintaining silica template structure to give silicon pseudo morph analogues.
Magnesiothermic reduction has been demonstrated to produce silicon structures
from silica in the temperature range of 500-950 °C, permitting template assisted
design on silicon structures. This method has shown the ability to preserve intricate
features in the silicon produced as small as 15 nm."®Y The high diversity and robust
understanding of silica chemistry allows for the possibility of creating a wide range of
silica template structures with tailored geometries. This reduction entails the reaction
of magnesium with silica resulting in an interwoven composite product of magnesia
(MgO) and silicon (Equation (1.5)).

Si0, +2Mg — Si+2Mg0 Equation 1.5

Magnesia is easily removed with HCI, leaving a silicon replica behind that possesses
a higher surface area then the starting template. Figure 1.7 summarises the two step
reduction-etching process. The interwoven nature of this morphology is crucial to
allow the removal of magnesia in this way. The formation of the interwoven aggregate
morphology of product Si and MgO is thought to relate to the stability of the reaction

interface and flux of reactants across the product phases.®?

Mg
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Figure 1.7. illustration of the Magnesiothermic reduction process to produce
porous silicon from silica.[5
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The Gibbs energy of magnesiothermic reduction is negative for the entire
temperature range 0-1000 °C this indicates that the reaction is exergonic. 6465 The
enthalpy of Equation (1.5) is exothermic and has significant ramifications discussed
below.[% The melting point of magnesium is 650 °C, and the vapour pressure of Mg
at 428 °C is 1Pa. This enables solid the magnesium and silica to be placed separately
in the reaction vessel and the magnesium gas to either diffuse to reduce the silica

and/or liquid magnesium to flow over the silica.[6%6¢l

It is important to note the side reaction which can reduce the yield of silicon through
the formation of magnesium silicide (Mg.Si) (Equation (1.6)). A number of studies
when placing the magnesium and silica separately and relying on the gas-solid type
reaction, report the silica close to the source being reduced to Mg.Si, a middle region
forming Si, with further displaced sample showing no reduction and remaining as
Si0,.[601641[66167] Mg, Si formation reduces the yield of the reaction and affects product
morphology upon removal which occurs simultaneously to MgO removal in the HCI
wash. Mg.Si is not thermodynamically stable in the presence of SiO. therefore its
formation is due to kinetic limitations.%® Silanes are produced by the reaction of

magnesium silicide with acid. These react spontaneously with air.

Si(s) +2Mg(g) » Mg,Si (s) Equation 1.6

Figure 6 displays key reaction variables with respect to the stages of reaction. Below
we aim to summarise and evaluate critically the literature findings (Supporting

Information Table S1 displays in detail the key parameters identified in the literature).

A number of challenges remain in the development of a controllable magnesiothermic
reduction method for porous silicon production. Primarily the preservation of silica
template morphology in the silicon analogue, which underpins the rationale of the
method. Another challenge is control over the extent of reaction to fully reduce the
silica avoiding the need for the undesirable process of HF etching, while

simultaneously maintaining silicon yield by avoiding over reduction to form Mg2Si.

In order to design the porous silicon product that is desirable for anode applications,
the feedstock and the process parameters governing the magnesiothermic reduction
process and their effects on the properties and performance of silicon should be
understood. In Chapter 3 we investigate these key features and their effects on the

product silicon.
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As evident from the foregoing, a truly comparative literature review is difficult as most
studies reduce just one specific silica material under a set reaction condition and
report a limited number of variables. Magnesiothermic reduction reaction conditions
are not all comparable from one study to another. As a result, the silicon product

morphology can vary for the same silica templates between studies.
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1.2.3 Reduction conditions

The key control parameters for the reduction reaction are; reaction time, temperature
and temperature ramp rate, reactant proximity and morphology, and molar ratio of
reactants. Conventionally the magnesiothermic reduction is carried out under a
flowing 95% Argon or a nitrogen atmosphere, although some studies have performed
the reduction under vacuum to promote a higher vapour pressure of
magnesium. 07 Another source of magnesium gas can also be achieved from
volitasation of Mg,Si.l"273] All these parameters have significant effects on the silicon
product. However, a comprehensive study on the effect of reaction conditions on the
product properties is lacking from the literature. In the section below we aim to
highlight key studies where quantitative conclusions can be drawn between reaction

conditions and product silicon properties.

1.2.3.1. Ramp Rate

It has been shown the heating rate can strongly affect the silicon product morphology.
This is due to the large negative enthalpies of the reduction reactions resulting in a
large amount of heat being released in local areas. The faster ramp rate does not
allow sufficient time for heat to dissipate through the sample, thus local temperature
increases can accelerate nearby reactions. The high temperatures associated with
fast ramping can cause fusion of silicon products and the loss of small pores.
Additionally, the silicon formed can coat and fuse around MgO phases with two
significant effects: it leaves some MgO in the final product that cannot be etched as
itis fully coated by silicon and the MgO which can be etched, creating a macro porous
silicon network in its place (typically 200-300 nm porous structure). Therefore, slower
heating rates are typically employed. For lager batch sizes more heat energy is

produced and heat transfer issues can be more pronounced.

Liu et al %% studied the effect of temperature ramp rate up to 650 °C and in a closed
type reactor of Mg powder and rice husk derived silica ( Specific Surface Area, SSA
289 m?/g, and Specific Pore Volume, SPV 0.45 cm?®/g). They compared the difference
between 50C/min and 40 °C/min heating rate on the morphology of the silicon
produced from magnesiothermic reduction. The higher ramp rates of 40 °C/min
produced mainly macroporous silicon particles with SSA of 54 m?/g and negligible
pores below 20nm. While the material produced at 5 °C/min gave partially
interconnected mesoporous silicon nanoparticles with SSA 245 m?/g. The 5 °C/min
sample had significant porosity around 10nm width similar to the template, and pores

in the 20-30 nm range which contributed to the increase pore volume to 0.74 cm?/g.
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Liu et al validated this study with Thermal Gravimetric Analysis (TGA) and Differential
Thermal Analysis (DTA) showing a strongly exothermic reaction occurring at 400-450
°C. As no significant reaction occurs below 400 °C, quick ramping can be used to
reach this point. Further decreasing heating rate below 5 °C/min does not decrease
particle size or crystallinity of obtained particles. Upon scaling reaction volume up to

5 g, 1 °C/min heating rate was used.

Consistently the study of Shi et all’¥ investigates the effect of heating rate on silica
derived from rice husks at 5, 3 and 1 °C/min for a 4 g reaction volume where
substantial effect on morphology was observed. The higher rates were observed fuse
silicon particles together and remove micropores, in turn decreasing pore volume and
surface area. Only the sample product at 1 °C/min was slow enough to prevent
significant changes in the morphology. An XRD study on the heating rate effect also
confirmed the formation of larger crystallite sizes for MgO and Si at faster ramping
rates.[61"4 Higher ramping rate also increase the presence of Mg,Si as discussed in
section 1.2.3.2.

Shi et all"¥ also found that faster ramping rates and the associated heat accumulation
lead to increased Mg.SiO, formation, in this case the runaway kinetics of the faster
ramping rates could have caused local mismatches at the SiO./Mg interface leading

to more M@,SiO, formation, further discussed in section 1.2.3.4.

1.2.3.2. Temperature

The exothermic nature of the reaction means that true reaction temperature can be
higher than the set experimental value. If the reaction temperature approaches the
melting point of silica =1700 °C or silicon 1414 °C, then significant effects on
morphology can be expected. The large quantity of heat released from the exothermic
reaction can collapse the architectures of the silica precursors or silicon products

causing agglomeration of the silicon domains into larger crystals.
Si0, + Mg,Si - 2Si+ 2Mg0O Equation 1.7

Barati et al"*%5] report that between 750 °C and 950 °C, temperature has little effect
on Si yield. However, they reported that when Mg stoichiometric ratio is increased
above 2:1 then higher temperatures yield more silicon. It is shown that at 750 °C
significantly more Mg.Si was produced than 950 °C (discussed below section 2.2.4).
This affect is attributed to higher temperatures accelerating the kinetics of the solid
state reduction of SiO, by Mg.Si, as described in equation (1.7). This solid state
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reduction is diffusion controlled so longer times and higher temperatures favour

equation (1.7) and increase silicon yield.®

In addition, Xie et al” show that Mg.SiO4 formation can be reduced by increasing
reaction temperature from 700 °C to 900 °C. Increasing reaction temperature
increases Mg vapour pressure and hence concertation at SiO,/Mg interface favouring

MgO formation over Mg,SiOa.

Recent study has shown that the surface area and pore volume decrease as reaction
temperature is increased between 500 °C and 800 °C an increase in average
mesopore diameter is observed. This effected is determined to be from a higher

degree of structural damage of the template at higher temperatures.’®

1.2.3.3. Reaction Time

Reaction time for reduction varies between studies with durations reported from 30
minutes® up to 12 hours.[™®!""1 The appropriate reaction time is dependent on many
variables and should be deduced based on the effect towards product morphology
and yield. For a particular experimental setup the silicon yield as a function of reaction
time has been shown to plateau for longer times above 2 hours, indicating the
reaction reaches completion. Sufficient time to reach completion should be

determined for maximum silicon yield.®®

A study into reaction temperature and time by Lui et al® was conducted on a
nonporous silica of bundled nanowires. They report intuitively that higher
temperatures lead to silicon at lower reaction times. Interestingly, by initiating the
reaction at 600 °C then reducing to 400 °C crystalline silicon formed, whereas at 400
°C reaction temperature no silicon was observed even with ‘overnight’ reaction times.
The onset of the reduction reaction has been reported between 400-540 °C

(depending on silica source)®8551 explaining the need for this initiation temperature.

The study by H. Wu et al" found reaction times of 2 and 5 hours had little effect on
morphology of product silicon and more so the state of magnesium, gaseous or liquid,
during reaction. Promotion of the gaseous state of Mg is achieved by applying a
vacuum to the reaction."® This could however further indicate the reaction reaching

an equilibrium state in under 2 hours.
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1.2.3.4. Molar ratios

Increasing the relative molar ratio of Mg:Si above the stoichiometric level of 2:1
decreases the silicon yield by increasing the formation of Mg.Si. XRD quantitatively
showed that an excess of magnesium of 5 wt% (2.1:1 Mg:SiO- stoichiometry) gave

the maximum vyield of silicon."X5%]

Magnesium silicate Mg.SiO4 has been detected in a number of XRD studies, Mg2SiO4
is not easily removed with HCI, therefore it will affect the silicon product properties.
Insufficient Mg at the SiO»/Mg reaction interface also favours Mg,SiO,4 formation.S
This is supported by Chen et al”® where increasing the Mg molar ratio reduced the

formation of Mg.SiO4 even at relatively low temperatures.

1.2.3.5. Mixing and Thermal Moderators

Although ‘mixing’ is a rather ambiguous term, homogenous distribution of reactants
ensuring minimal diffusion lengths for reaction is advantageous for magnesium
reaction with silica. In two studies using rice husk derived silica, operating at 650 °C,
the dispersion and mixing of reactants showed dramatic effects on Si yield.[674 No
remaining silica was observed with the yield of 64 %. This indicated a significant
amount of Mg.Si was formed when grinding was used to reduce sizes and mix the
reactants. When the reactants were used without any mixing, overall yield was low
at 4.2 wt% suggesting a significant portion of the SiO, remained un reacted. It is noted
that the study with ‘grinding’ used 2 h reaction vs 7 h of non-grinding. Still resulting in
higher yield. These results arise from the poor distribution of reactants highlighting
the need for thorough mixing. Increasing the magnesium grain size from fine powder
(-325 Mesh), chips (4-30 Mesh) and foil have shown to decrease the reduction rate,

caused by improper mixing of the reactants.["®l

Mixing of the reactants in a ball milling process can provide enough kinetic energy to
reach the reaction ignition point, and has been used to perform the magnesium
reduction. This method has also been scaled up to a 5 litre scale in an attrition mill.[®!
Care should therefore be taken if using milling to mix reactants pre reduction reaction.
Ball milling reduction has also been applied to Aluminothermic reduction process

which is discussed further below.8%

The heat released during reaction requires lower ramping rates for larger batch sizes
as there is more heat accumulation in these reactors.%®! Batchelor et all®!

demonstrated the production of mesoporous silicon from biosilica sources on a 30 g
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reaction scale. The key to this larger batch size was the use of thermal moderator,
sodium chloride (NaCl), which prevents silicon particles sintering together. Luo et also
report the use of NaCl as a heat scavenger in the reduction reaction which showed
the ability to better maintain diatom biosilica structure in the reduced form. Crystallite
size was also reduced as a result of reducing reaction temperature.®” More recently
Miao et al. have shown that other salts such as KCI may provide better heat

scavenging properties over the traditionally used NacCl.[®2

As reaction temperature begins to rise above the set temperature, NaCl melts at 801
°C, consuming the excess heat due to its high enthalpy of formation. Luo et al"
ground Mg and SiO; together, reacting in a sealed vessel for a batch size of 1.9 g,
typical of many reported synthesis routes. Without thermal mediators they reported
true reaction temperatures above 1300 °C, and with their mediators the temperature
was kept between 840-1100 °C. Greatly increasing the ratio of NaCl was unable to
keep the reaction temperature below 801 °C as the method is limited by the degree
of mixing between NaCl and silica. Others have shown more elaborate NaCl surface
coating of silica to be beneficial.’®"’/l The addition of NaCl has also been reported to

reduce the presence of Mg,Si in the product silicon. !

1.2.3.6. Crystallite Size

The crystallite size (coherent scattering domain size) can be determined from XRD
patterns using the Scherrer equation and or by TEM.® For LIB anode applications it
is thought reduction in the crystallite size will reduce lithium diffusion lengths
potentially increasing the charge/discharge rate capabilities. The strongest driver for
increasing crystallite size is an increase in reduction temperature and then reaction
time. Higher temperatures and longer reaction times provide more energy input

resulting in sintering of silicon crystallites.”!

Interestingly Xing et al®® report smaller crystallite sizes (19.9 nm) when the silica
template contained more porosity and higher surface area. This is attributed to the
hindering of mass transport during heat treatment retarding the coarsening of the
silicon crystallites. Silica feature size affects the crystallite size formation with smaller
features leading to smaller silicon crystallites. A lower limit of ~13 nm has been
suggested for crystallite size relating to the critical nucleation size for silicon under
typical reduction conditions (675 °C 2 h).®Y However, for smaller template features

the smallest crystallites sizes of 4 nm have been reported.
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Magnesia removal is attributed to the increase in pore volume upon HCI etching.
Conclusions have been drawn from MgO crystallite size before etching and the
introduction of pore volume in an attempt to correlate MgO crystallite size and pore

diameter. However a direct correlation has not been found. 8788l

1.2.3.7. Non-conventional Reduction routes

The study by Liang, et al ! demonstrates a novel ‘Deep Reduction and Partial
Oxidation’ two-step pathway to produce mesoporous silicon structures, shown in
Figure 1.9. The study relies on the deliberate production of Mg.Si and MgO then

partial oxidation described in (4-5).

Deep
- Reduction
—p
H0; Mg,Si/MgO Si@si0,/Mg0 mesoporous Si@Si0,

Figure 1.9. Schematic illustration of the deep reduction and partial oxidation
process Reprinted with permission from.® Copyright (2016) American

Chemical Society.
4Mg(g) + Si0, » 2MgO0 + Mg,Si Equation (1.8)
Mg,Si+ 0, - 2MgO0 + Si Equation (1.9)

They further optimised the oxidation time and temperature in ref 9. Using
commercial silicon they produced a ‘nanoporous’ high surface area product with a
significant batch size (10 g of product) with a yield above 90 %. An excess of Mg to
Si at 500 °C for 10 hours, propagated the Mg,Si intermediate formation which in a
second step was oxidised in air. Bulk silicon oxidation was not significant below 800
°C, but a surface SiO: layer was produced. This reduction method, with high yield
and control on converting Mg»Si, could have a great potential for silica reduction. The
formation of surface oxide is partially credited with improved cycle life by potential of
improving the quality of SEI layer formed. This is consistent with similar literature

studies.[17}84]

A twostep synthesis used by Choi et al®® was demonstrated where first
aluminothermic reduction (Equation(1.10)) at 900 °C, then subsequent

magnesiothermic reduction at 700 °C of diatom silica produced porous silicon
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(Equation (1.11)). The two steps involved in this synthesis each have lower Gibbs
energies which avoided heat accumulation during reduction.!®s! By controlling the
stoichiometry in the magnesiothermic reduction, varying amounts of Al,O3 remained
in the product. Retaining Al.O3 in the final product reportedly improved cycle life of
the silicon materials aiding stable SEI formation and buffering volume expansion
similar to that reported by J. Liang, et al®® Since Al,O; does not contribute to the

capacity of the electrode, the specific capacity of the material was reduced.
35i0, + 4Al - 2Al,05 + 3Si Equation (1.10)
Al,03 +3Mg - 3MgO + 2Al Equation (1.11)

Expanding the field of metallothermic reduction, Lai et al '8! combined aluminothermic
and magnesiothermic reduction into a one-step syntheses route. A eutectic mixture
of 70 % Magnesium and 30% Aluminium is used as the reductant allowing for
reduction to proceed at 450 °C. Of potential importance for Lithium-ion battery

applications the silicon formed from this method is amorphous.?
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1.2.4 Precursor Silica

A wide range of biological and synthetic silica sources are available and have been
reduced via magnesiothermic reduction for LIBs. Both sources, as shown in
Supporting information Table S1, have the ability to produce porous silicons with a
variety of pore properties. It should be noted that biologically derived silica such as
rice husk and bamboo silk requires the removal of organic components and
commonly needs acid leaching of metal impurities. The synthetic silica sources can
be equally time consuming as well as resource and energy intensive to produce (see
Figure 4(c)). In the strive to produce battery materials in a more economical and

environmentally friendly way, the choice of silica template is also significant.

Table S1 summaries key parameters of silica before and silicon after reduction where
this data was available. In general, many of the reductions produce mesoporous
silicon with a range of surface areas between 24-350 m?/g and pore volumes 0.11-
1.1 cm®/g. Interestingly these mesoporous properties also appear in samples which
initially were non-porous such as sand®1®4 and silica spheres[’®I78I58 |n these cases
the nature of the silicon-magnesia interwoven aggregate introduces porosity to the
structure through the removal of the magnesia phase. The same effect is seen on
non-porous starting silica/silicon used in the ‘deep reduction partial oxidation’
method.*% 8 |t appears that when overall template morphology is maintained, and if
reaction temperatures can be controlled sufficiently below silicon melting point pores
in the mesopore region and overall pore volumes will increase irrespective of the
porosity of the precursors. This is somewhat expected as the magnesia phase
occupies ~65% of the volume in the product structure and oxygen is being removed

from the initial template."?

Rice husks have been reduced by magnesiothermic reduction in a number of
studies.[66174LB8LETLIST Taple S1 shows how initial rice husk precursors have similar
SSA and pore volumes, however the purity of the silica varies. Where reported, pore
volumes increase in all studies with surface areas remaining similar or lower than the
starting silica, with the exception to reference ! where surface area and pore volume
are dramatically decreased from 234 m?/g to 42 m?/g and 0.43 cm?/g to 0.31 cm?/g.
In this study the lower reaction temperature of 500 °C may contribute to these pore
properties not following the trend. Note this is below the onset temperature reported
at 540 °C by Larbi et al®®® who also reduced silica rice husk. This example highlights
the lack of understanding in the evolution of magnesiothermic reduction reactions.

Additionally, this shows how specific factors in each case can also contribute to
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significant variation in product properties, these factors include furnace design,

crucible design and packing and mixing of reactants.

Table S1 identifies a number of examples where the magnesiothermic reduction
conditions have had a much greater effect on silicon morphology than the template
used."9o8LO7 Kim et all®® utilised a change of morphology to give their desired
structure; when they reduced a vertically aligned mesoporous silica to give 10nm
silicon nanoparticles dispersed on graphene sheets. Similarly, S. Zhu and L. Wu
utilised magnesiothermic reduction to produce silicon nanoparticles on graphene
sheets 9190 Although not initially the function of this method it has proven to
produce novel materials with good properties for lithium-ion battery applications and
potentially beyond.
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1.2.5 Summary

In this review it has been clearly shown how individual reaction parameters can affect
the silicon product properties. In reality the interplay of reaction parameters with each
other may add more complexity to the relationship between reaction conditions and
product properties. However, the scientific understanding of the key parameters
collated above should be able to provide valuable insight the importance of reaction
conditions on product properties. Table 1.3 below summarises the key effects of ramp

rate, temperature, time and molar ratio.

Table 1.3.Summary of reaction variables and reported effects on
Magnesiothermic reduction reaction.

Experimental | Reported Reaction consequence
factor Range
Ramp Rate 1-40 °C/min | Magnesium reduction has severe heat accumulation

raising temperature above silicon melting point has
strong dependence on ramp rate and batch size.

Severe heat accumulation associated with faster ramp
rates and larger batch sizes has shown across studies to
produce a macroporous silicon product. This product
does not maintain silica template structure and typically
has lower surface area and pore volume compared to
silicon’s produced at lower ramp rate

Slower ramping rates mitigate heat accumulation and are
increasingly necessary for larger batches

Heat Scavengers such as NaCl have shown to be
beneficial at limiting heat accumulation allowing faster

ramp rates
Reaction 500-900 °C | Heat accumulation may lead to true reaction
temperature temperatures higher than set conditions.

The onset of reduction occurs between 400-540°C
Higher temps have been shown to decrease Mg.Si and
Mg2SiO4 formation increasing silicon yield

Higher temperatures and longer reaction times are the
drivers for increasing silicon crystallite size

Reduction 0.5-12 hours | Silicon yield has been shown to plateau beyond reaction
time times of 2 hours

Reduction time has scope for further optimisation as it
has been indicated the reaction can be initiated at higher
temperatures then greatly reduced until competition
Molar Ratio 1.5-3 If ratio of less than stoichiometric amount, 2:1 Mg:SiO>
silica remains in product

Slight excess Mg gives higher silicon yield

Further increasing magnesium molar ration decreases
Mg2SiO4 formation but increases in Mg2Si formation
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A wide variety of silica precursors have been studied through Magnesiothermic
reduction. By reviewing the relevant literature, under circumstances where the heat
accumulation has been mitigated the reduction of silica will introduce mesopores into
the silicon product and increase overall pore volume. This is observed for precursors
which initially have micropores, mesopores and even for non-porous precursors. A
strong indication that heat accumulation in the reaction has approached or exceeded
the melting point of silicon is a typical macroporous product with spherical pores
around 200 nm.["96] These two affects can be described by the nature of the
interwoven aggregate silicon/magnesia product phase. At lower temperatures
smaller magnesia phases (in the mesopore size range 2-50 nm) are formed
interwoven with silicon, with elevated temperatures causing the aggregation of

magnesia crystallites into larger grains (in the macropore range ~200 nm).
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1.2.6 Anode Performances

The studies using rice husks as a silica source presented in Table 1.4 are examples
of how varying magnesiothermic reduction conditions (Supporting information Table
S1) can greatly affect SSA and pore volumes of the silicon product. In general the
lower surface areas and pore volumes result in lower capacities and poorer capacity
retention. ©61E7188 The example of rice husk reduction from Lui et all®® shows the
benefits of porous silicon, with high stable capacity of 1750 mAh/g and reasonable
capacity retention over 300 cycles. Although factors such as electrode composite and
electrolyte additives also likely played a key role in performance parameters.
Interestingly the best performing rice husk derived silicon electrode were formed
using Polyvinylidene fluoride (PVDF) binder; which has previously been shown to be
inferior for silicon B30, The high porosity of these samples is likely to limit the
overall particle expansion, as discussed in section 1.2, negating the need for the more

flexible binders.

SBA-15 is a silica with mesopores, a biphasic system of ordered hexagonal arrays of
pores.'%? A number of studies have used a magnesiothermic reduction method with
SBA-15 to achieve ordered mesoporous silicon for anodes 7889 The SBA-15
used is either produced in house I or purchased from different suppliers [78HEL57]
introducing some discrepancies between studies. The best performing SBA-15
silicon analogue is reported by Jai et al®® especially when considering the fast
charging rates shown in Figure 1.10(c). The lower surface area and larger pore
diameters could perhaps be responsible for this success, as it favours less SEI
formation and larger pores experience smaller stresses on expansion. This material
performs well at 1500 mAh/g for 100 cycles with 94.4% capacity retention when using
a carbon coating (Figure 1.10 (b)). In this case the porous silicon is coated with a
4nm layer of amorphous carbon via chemical vapour deposition filling some pores
and decreasing surface area. With the carbon coating negating the negative effects
of increased silicon surface area causing excessive SEI formation, it can be seen that
this mesoporous material has very attractive properties for LIB applications. A
number of studies demonstrate the attractive properties of combining carbon coating

and porous silicon in this manner.[751{103}1104],[105],[106]
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Table 1.4. Various mesoporous silicon materials with SSA, pore size
distribution and pore volume data when available. Performance parameters of
silicon as an anode material. For further detail see Supporting information

Table S1. 8
Silica Silicon Properties Anode Performance
Source BET Surface area, Pore volume

Rice Husks [©8]

Rice Husks (8

Rice Husks (87

SBA-15[631

SBA-15

Diatom!89

Sand!®d

Aerogel 9

245 m?/g Mesoporosity 0.74 cm®/g

150 m?/g Mesoporous 0.60 cm?g

42 m?/g Mesoporous 0.31 cm®/g

74 m?/g Mesoporous 28nmAPD 0.56

cmd/g

103 m?/g Mesoporous Majority 4-16
nm

74 m?/g Mesoporous = 30 nm Average
pore diameter (APD)

23.9 m?/g Mesoporous =30 nm APD

239 m?/g Mesoporous 4 nm pores

1750mAh/g @2.1 A/g 300cycles 86%
capacity retention

1600mAh/g @1.0 A/g 100cycles 76%
capacity retention

1400mAh/g @0.08 A/g 50 cycles 65%
capacity retention

2727 mAh/g @4.2 A/g 100cycles 53%
capacity retention

=1300 mAh/g @0.36 A/g 100 cycles 77%
capacity retention

~1400mAh/g 0.36 A/g 100 cycles
71%capacity retention

=1782mAh/g @0.36 A/g 100 cycles 82%
capacity retention

1782 mAh/g @0.36 A/g 100 cycles 82%
capacity retention
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Figure 1.10 (a) voltage profile of mesoporous silicon particles with carbon
coating (mp-Si@C). (b) cycling performance of mesopaorous silicon (mp-Si),
mp-Si@C and silicon nanoparticles (nano-Si). (c) Reversible capacities of mp-
Si@C cycled at different current rates. (d) voltage profiles of mp-Si, nano-Si
and graphite. [63118

The study of Liang et al® using ‘deep reduction and partial oxidation’ is an example
for the comparison of the effects of various porous silicon structures on anode
performance. The properties and performance of the four materials are summarised
in Table 1.4. The two best performing materials are the reduced aerogel and sand.
These two materials have the highest and lowest surface area of the four materials
and the smallest and largest of the pore diameters respectively. This stands as an
important example showing SSA and pore properties are not the only key parameters
determining porous silicon’s success as an anode material. Liang et al® report that
the morphology of the SBA-15 and Diatom, which is an aggregation of isolated
particles, adversely influence cycle life. The route created a 3nm passivation layer of
silica over the surface of the porous silicon. The aggregation of particles is therefore
not beneficial as ion and electronic conduction is hindered through silica layers. Post
cycling TEM study of the Diatom, SBA-15 and sand silicon appears somewhat
different to that studied by Shen et al?®! and Liu et al®®®l. Further indicating that upon

cycling these samples, with passivated silica layers, perform differently.
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1.2.7 Challenges and Opportunities

It is clear that surface area and porosity do not completely govern the success of
silicon for LIB anodes. For this reason, it is imperative that researchers publish
detailed characterisations of material properties such as surface areas, pore

volumes, pore size distributions, crystalline properties and particle morphology.

The evolution of pore structure in porous silicon during lithiation has not been studied
in great detail. With the ability to see which pore structures are beneficial to improved
performance, an in-situ or ex-situ method of evaluating pore structure vs cycle life
would significantly improve understanding in this area. Such insight would give
researchers the information necessary to use the versatile magnesiothermic

reduction to provide these porous material properties on a bulk scale.

Cycling parameters and other testing variables such as electrolyte additives™® and
binders'®UB7 are well known to improve capacity and cycle life of silicon anodes.
Testing criteria for the fabrication of electrodes and cells should be reported in detail.
Equally as these variables have shown significant improvements in non-porous

materials their effect on porous materials is still to be quantified.

Like for like comparison between reports may never be possible due to experimental
inconsistencies. However, for better comparison in future, researchers should strive

to publish porous silicon performance vs a silicon standard material.
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1.3 Conclusion

Silicon has outstanding features as an anode material in LIBs, primarily it's high
specific and volumetric energy density. The major drawback is hinged upon the large
volume change associated with lithiation causing the reversible cycling capacity to be
poor. The properties of porous silicon have been shown to be advantageous in
increasing the capacity and extending cycling life. If performed effectively
magnesiothermic reduction offers a relatively facile bulk synthesis route to porous

silicon materials with morphological control over the silicon product.

Synthesis via magnesiothermic reduction has been shown to offer the possibility of
using templated silicon analogues from the vast catalogue of synthetic and natural
sources. This method provides an instrument to study the varying effect of porous
silicon morphology on anode performance. The reduction is a highly exothermic
reaction and efforts must be taken to avoid excessive rises in reaction temperature.
A number of studies have shown slower ramping rates and thermal moderators can
overcome excessive heat accumulation. Additionally, two step synthesis with lower
enthalpies have been shown not only to avoid template destruction but provide oxide
layers linked to improved cycling performance. The exothermic nature of the reaction
means the true reaction temperature can be well above the set conditions, and
reported in excess of 1300 °C. It can therefore be difficult to strictly control and study
the effect of temperature on the reaction. The reports of initiating the reaction at
higher temperatures then lowering the reaction temperature is interesting from both

a control and efficiency aspect.

The magnesiothermic reduction template assisted method leads to a mainly
mesoporous silicon product with a similar shape to the initial template, although
mesopores can be introduced into samples even if the templating structure is non
porous. To better understand the processes occurring under magnesiothermic
reduction conditions studies should report in detail all the reaction criteria
recommended above. Additionally, complete characterisation of both the reactant
and product structures is needed to see how reaction conditions may affect different

templates.

Key to assessing the effectiveness of porous silicon as an anode is understanding
the evolution of porous structure during lithiation. Methods such as TEM have started
to reveal these behaviours.[?6189166.11071 More analysis of porous silicon would be a

valuable addition to understand how pore structure evolves under cycling.

35



Chapter 1 PhD Thesis Jake Entwistle

The high surface areas and pore volumes along with the nanocrystallite properties of
magnesiothermically reduced silicon are advantageous for a number of additional
applications. Fields such as photoluminescence,® solar power,®® photocatalysis,®®
drug delivery,®” and catalysis support.’® Understanding the magnesiothermic
reduction mechanism of producing porous silicon is crucial for the expansion of this
technique. A clear design pathway should be identifiable form feed stock silica and

to desired silicon properties.
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Chapter 2:

Experimental Procedures and
Techniques

2.1. Magnesiothermic Reduction

2.1.1 Introduction

The magnesiothermic reduction process has been reviewed in detail in Chapter 1. As
is stated magnesiothermic reduction can be performed with the magnesium and silica
mixed together i.e. in direct contact or with the two reactants separated. This is due
to the low vapour pressure and melting point of magnesium, which means
magnesium can be mobile during the reduction reaction. In this study all
magnesiothermic reductions were performed with reactants mixed together as

powders, this allows for better contact between reactants and higher reaction yields.

2.1.2 Procedure

In an argon glove box (MBraun), magnesium powder -325 mesh (Sigma Aldrich) was
weighed into a pestle, the chosen silica powder was weighed into the pestle with a
desired stochiometric ratio with Magnesium. The two powders were ground
thoroughly and evenly together. The reactants were transferred to the reactor (Figure
2.1) and evenly distributed within before transferring the reactor to a tube furnace
(Carbolite). The tube furnace was purged with argon at a flow rate suitable to replace
the atmosphere in the furnace 5 times (typically 30 minutes). Under Argon the furnace
was ramped at 5 °C/min to 400 °C then 1 °C/min to the desired temperature for a set
time. Once cooled overnight in argon the powder was extracted from the furnace.
Carefully the sample was added to 1M HCI (Sigma Aldrich). NB this step can produce
sparking dependant on the amount of Mg.Si produced in the reaction. The solution
was left mixing with a stirrer bar for 48 hours with an aluminium foil cover to prevent
evaporation and dust contamination. The remaining silicon powder was filtered
through a Buckner funnel with a 450 nm cellulose filter paper and washed with

deionised water. The silicon was dried and stored in a 120 °C vacuum oven.
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N.B. Preparation of the reactants was achieved by mortar and pestle grinding of
stoichiometric amounts of silica and magnesium powders. Thorough mixing in this
way achieved a homogenous distribution of magnesium and BIS. The respective
sizes of the magnesium and BIS particles are, <44 um mesh and 300nm respectively.
The smaller silica particles are therefore aggregated and spread evenly between the
larger magnesium particles. The low vapour pressure and melting point of
magnesium allow the magnesium to become mobile during the reduction and react

with BIS particles that are not in direct contact.!*!
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Figure 2.1. (top) steel through/ half pipe reactor used for MgTR. (Middle) Carbolite tube
furnace with flowing Argon atmosphere, used for all MgTR in this study. (bottom right)
Washing process of Silicon plus reduction products in 1 M HCI.
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2.2. Cell assembly and testing

2.2.1 Introduction

Academic researchers need to be able to produce electrodes for lithium-ion batteries
that are comparable to those used in industry.? Electrodes must adhere well to the
current collector and prevent particle detachment during cycling. To achieve this
active materials and conductive additives must be mixed homogeneously with a
polymeric binder to form and ink/slurry. These inks are then spread onto current
collecting foil from which electrodes can be cut. Once sufficiently dry these electrodes
can be incorporated into coin cell cases to make full or half cells for electrochemical
testing. Figure 2.2 shows a simplified schematic representation of these steps at a

lab scale.

Dry overnight in a
vacuum oven at 100 °C

Coat anode material on a copper foil

Mix the active material with
binder and carbon black

4

Create anodes . U

with a puncher ..

Top cap

Anode (SiO, on copper foil)

LP30 electrolyte

Glass fibre separator

Cathode
Spacer

Figure 2.2(above) Simplified schematic of electrode material mixing, coating, drying
and cutting steps. (below) individual components of a coin cell assembly before
crimping. Bl
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2.2.2 Procedure

A 2.5 w% solution of carboxymethyl cellulose (Sigma) binder and deionised water
was prepared. The desired solid amount of binder 20 wt% in electrode was added to
a Thinky mixer 10ml pot. The conductive additive C-65 (MTI) 20 wt% of electrode
was added to the Thinky. The mixer was sealed and mixed at 1500 rpm for 5 minutes.
The silicon was added to the mixer and mixed together for a further 10 minutes to
give a viscous ink. The ink was transferred to a 10 ml Perspex ball mill vial and milled
in a Spex M8000 Mill with a stainless-steel baring for 10 minutes. This ink was then
applied to a carbon coated copper foil (MTI) using a vacuum table (MTI)and doctor
blade with thickness 300 um. The coating was air dried for 1-2 hours then placed in
an 80 °C vacuum for a minimum of 6 hours. Once dry 12 mm diameter electrodes are
punched from the foil, weighed, and used for cell preparation. Electrochemical
experiments were performed using MIT2016-type coin cells with a Whatman glass
fibre separator and lithium foil (Sigma Aldrich) as the counter electrode. The
electrolyte was 1M LiPF¢ in a 1:1 solution of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (Sigma Aldrich) with added 5w% fluoroethylene carbonate (FEC)
(VWR). The composition of working electrodes was: 60 wt% silicon active material,
20 wt% conductive additive C-65 , 20 wt% carboxymethyl cellulose. The commercial
silicon nano-patrticle size was <100nm from IOLiTech. The cells where assembled in

an Argon filled glove box (MBraun) with oxygen and water contents less than 0.1ppm.

The electrochemical performances were tested on a Maccor 4000M Battery and Cell
test system in a 25°C temperature chamber. The cut off voltage was 0.01V versus
Li/Li* for discharge (lithium insertion) and 1.2 V versus Li/Li* for charging (Li
extraction). The specific capacity was calculated on the basis of active material mass.
The charging rate was calculated from the fraction of active material in the electrode
and based on silicon theoretical capacity at 25 °C of 3600 mAh/g. Electrochemical

data presented in this thesis are data collected from an experiment on a single cell.
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2.3. Silica Synthesis

2.3.1 Introduction

Biomineralisation is the process where biological organisms produce minerals. The
function of such biominerals spans commonly identifiable applications such as bones
(calcium phosphates) and shells (calcium carbonates) to less well known but
spectacular applications such as sensory magnetic iron oxide nanoparticles.!
Additives play an important role in mineralisation. Additive control of synthesis
already produces materials for a wide range of applications in the chemical,

pharmaceutical and food industries.®

Silica is produced by biological organisms through biomineralisation of silicic acid
(Figure 2.3) naturally silica is produced on a scale orders of magnitude larger than
man made silica production, all at mild reaction conditions. Biomimetic and
bioinspired in vitro synthesis routes to silica offer mild reaction conditions and control
to produce an important industrial material. This approach centres around the
identification of silica-depositing proteins and other biomolecules in organisms such
as diatoms and sponges which naturally produce silica structures. A series of
biomolecules; proteins (silaffins and cingulins) and poly peptides, polysaccharides

and polypropyl amines are proposed to be crucial for silica deposition in vivo.[#l

OH

N

HO OH
OH

Figure 2.3. Orthosilicic acid. weakly acidic pKA =9.8

Orthosilicic acid (Figure 2.3) is weak acid however the small number of ionized
molecules at neutral pH will readily condense to form small oligomers. These
oligomers are the initial seeds for the formation of stable particles. As the
concentration of Orthosilicic silicic acid molecules decreases below the solubility limit
smaller particles and oligomers dissolve and redeposit onto larger particles in the
process known as Oswald ripening. As silica particles start growing, they will remain
isolated due to repulsion as at pH-7 as they carry a negative surface charge.

Manipulation of the growth process using other charged species can cause
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aggregation though charge neutralisation and bridging of individual particles as

shown in Figure 2.4.

«\“\9\0 “53\\0“ Hydrolysis of monosilicic acid
e L A& Monomer
. aC Precursor - TEOS
l Also affects particle aggregation stage
) Dimer
cd
a\a\‘i l

Cyclic

|

N
o oep‘.»
o )
@ ad™  Particle
200-nm to 3-um o \wooég 3
L <@ &
hollow silica particles ° 2

Figure 2.4. The pathways to silica formation from orthosilicic acid through
oligomers to particle and aggregate structures.?!

Due to the prevalence of amine functionality in proteins responsible for biosilicifaction
in nature, the possibility of using cheaper synthetic analogues to produce silica
products has been explored. Polyamines have been shown to rapidly precipitate
nanosized silica particles in-vitro.l01112 varying the degree of polymerisation and
extent of methylation effects the activity of the polyamines and subsequently the silica

material produced.™

Using cheap synthetic analogues of biological additives (such as pentaethylene
hexamine ‘PEHA’) porous silica materials can be produced in water, at room
temperature, referred to now as ‘Bioinspired silica’ (BIS). Additional benefits of green
silica are scalable synthesis and tailorable properties by varying additive used.

Procedure

Sodium metasilicate (Sigma Aldrich) 31.8210 g (0.15 moles) was dissolved into 4650
ml of deionised water, inside of a 5000 ml Radley’s lab reactor. The solution is brought
up to a mixing speed of 450 rpm (identified as the critical mixing speed).
Pentaethylene hexamine (PEHA) (Sigma Aldrich) 5.8093 g (0.025 moles) was
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transferred to the 4650 ml solution. A pH probe was used to measure the pH of the
reaction mixture in-situ. Hydrochloric acid 1M (HCI) (Sigma Aldrich) 350 ml (87.5
moles) was quickly added to the reaction mixture. The pH was monitored. Using a
micro pipette addition HCI is added so the pH comes to rest at 7.00+0.05 within 2
minutes. The solution was allowed to react for 5 minutes. The product solution was
collected from the bottom of the reactor. Vacuum filtration was used to removed
unreacted species and separate out the silica. A minimum of 2 washes with deionised
water was performed. Oven drying at 120 °C for 24 h followed by drying under
vacuum at 120 °C for 24 h, completely dried the silica. The silica was calcined at 550
°C under air for 5 hours to remove all organic additives. The resulting calcined silica
was ball milled for 5 minutes to give a fine homogeneous powder ready for

Magnesiothermic Reduction or Electrode fabrication.

2.3.2 Commercial Silica

Other silica sources were sourced from commercially available materials.
Precipitated silica refers to Perkasil KS4080PD (Grace), Silica Gel refers to
‘mesoporous silica gel 13nm’ (Sigma), porous silica refers to microporous Syloid AL-
1FP (Grace), Quarts was obtained as ‘quartz white sand >99.995%’ (Sigma).

2.3.3 Stober silica

Glassware must be cleaned with HCI, then ethanol, then DI water. This was to remove
particulate matter which can provide any nucleation point for silica growth. TEOS
(15.5ml,) is added to absolute ethanol 99.99% (203.0 ml) and DI water (27.8 ml) to
make up a 0.07 mol solution of silicic acid. An aqueous solution of 34 wt% ammonium
hydroxide (NH4sOH) catalyses the condensation reaction of silicic acid to form silica
particles. The more NH4OH to larger the particles will be. NH4OH solution was added
(3.8 ml) which forms 200 nm Stéber particles. The vessel was closed and placed in
a sonic bath at 25 °C for 2 hours. The solid particles were then extracted from the

solution via centrifugation and calcined at 550 °C for 5 hours.
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2.4. Electrochemical Reduction

2.4.1 Introduction

All electrochemical reduction reactions of silica with lithium were performed in lithium-
silica half cells. These half cells were made using 2016 coin cells. Using coin cells
made sure that each test had the same electrode area, compression, electrolyte
volume and resistance. Cells consisted of a negative lithium metal electrode disk 10
mm diameter, and a positive silica based working electrode 12 mm diameter. The two
electrodes were separated by a Whatman glass fibre separator. The cell electrolyte
was 1M LiPFs in a 1:1 solution of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (Sigma Aldrich) with added 5w% fluoroethylene carbonate (FEC) (VWR).

2.4.2 Procedure

The electrochemical performances were tested on a Maccor 4000M Battery and Cell
test system in a temperature chamber. The cut off voltage was 0.01 V versus Li/Li*
for discharge (lithium insertion) and 1 V versus Li/Li* for charging (Li extraction). The
specific capacity was calculated on the basis of active material mass. The charging
rate was calculated from the fraction of active material in the electrode and based on
theoretical of 680 mAh/g.

Potentiostatic discharge (PSD) procedure for the electrochemical reduction of BIS
was as follows. Electrode was cycled galvanostatically for 5 cycles at C/10. Upon 5™
discharge to 0.01V the cell was subject to a potentiostatic step for 20 hours, holding
the cell at 0.002 V. This galvanostatic cycling followed by potentiostatic step was
repeated for 20 cycles. The voltage profile for the first galvanostatic cycling steps is
shown in Figure 2.5 followed by the PSD step for 20 hours, after this treatment step
the clear activation of the material can be seen for the voltage profile in the following

5 cycles.
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Figure 2.5. Typical Voltage profile vs Time for the first stepwise PSD of silica
electrode.

Short circuit reduction procedure was not performed by electrochemical testing
equipment. Upon construction the silica half cells were stored at the desired reduction
temperature for 8 hours of rest and equilibration. After 8 hours a crocodile clip was
used to electronically connect the positive and negative electrodes (Figure 2.6). The
cell was stored in an insulating plastic bag and placed in a temperature chamber for
the desired time period. Upon the desired short circuit step the cell was removed,

allowed to rest for 8 hours and then tested galvanostatically as described above.

Figure 2.6. Photo of the short circuiting method of lithium-silica coin half cells.

Constant load discharge (CLD) was an equivalent experiment to short circuit
reduction but using a Maccor 4000M Battery and Cell test system so voltage profile
could be monitored. Cells were cycled 5 times galvanostatically then subject to a
constant load discharge of 0.8 Q for the desired time duration. Cells could
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subsequently be cycled for capacity evaluation. This procedure was performed in a

temperature controlled environment.
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2.5. Characterisation Techniques

2.5.1 X-ray Diffraction
2.5.1.1 Theory4It9

The wavelength of X-rays is in the same order of magnitude as the distances between
planes of atoms in crystalline materials. Electrons within atoms coherently scatter
light. As X-rays are reflected off crystal planes within a lattice they can be detected.
As the incident angle of the incoming X-rays is varied, the distance parallel waves
are travel before being scattered off crystal planes is changed. If the extra distance
travelled is an integer value of the x-ray wavelength, then constructive interference
will increase the intensity of this reflection. The distance (d) between parallel planes
of atoms in a crystal unit cell can therefore be related to the wavelength of incoming

x rays and their incident angle, this relation is named Bragg’s law Equation 2.1.

Bragg's Law
nA = 2dsin6 Equation 2.1

Incident Reflection

angle

angle

Figure 2.7. Schematic representing constructive interference of X-rays satisfying the
Bragg conditions whilst scattering off crystal plans.

Consequently, a family of crystal planes produces a diffraction pattern which can be
conveniently plotted as Diffractogram of peak intensity vs Bragg angle (incidence
angle) in 26 degrees. The intensity of a given peak is related to the reflecting atoms
electron density and position within the plane. Resulting diffractograms can be used
to match phases of known crystalline materials in a fingerprinting manner to identify
phases presentin a sample. Properties such as unit cell parameters, crystal structure

and crystallite size (coherent scattering domain size) can also be determined.
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Diffraction data presented in this thesis was collected from a single powder diffraction

of each sample.
2.5.1.2 Scherrer Analysis

For very small crystals where the number of unit cells in a given direction is relatively
low a peak will appear broader, with smaller crystals leading to broader patterns. The
peak breadth can therefore be expressed in terms of crystallite size; hence a
measurement of peak breadth gives a simple method for determining crystallite sizes
in the size range up to 100 nm. The extent of crystallite broadening can be given by
the Scherrer Equation 2.2.

_ 092
" tcos6

Equation 2.2

t= diameter of crystal particle
0.9=Shape factor of sphere
A =wavelength of source
6 =Bragg angle (radians)

B=broadening of diffraction line measured (radians)

A key parameter in determining crystallite size is to distinguish the instrumental
broadening from the measured broadening. This is possible by running a standard
sample with crystallite size >1000nm which will give sharp peaks close to the angle
of measured peaks with no broadening from particle size. Broadening (B) is not
simply given by the difference of the measured broadening and the instrument
broadening due to the assumption that the diffraction line has the shape of an error

curve (with Gaussian shape). Broadening is determined with equation 2.3
BZ — Brzn — Bs? Equation 2.3

B=Broadening of diffraction line measured (radians)
Bs; = Broadening from the standard (radians)
B, = Measured Boradening of sample (radians)

For further derivation see Supplementary Chapter 9 Section 1.2
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2.5.1.3 Grazing Incidence XRD

GI-XRD is a method were the incident angle of incoming X-rays to a sample is set to
very small angles so that diffraction can be made surface sensitive. The penetration

of X-rays can such be limited so the study of surface layers can be performed.

2.5.1.4 Procedure

XRD patterns were collected using a STOE STADI IP diffractometer in transmission
mode unless stated otherwise. Cu kq1 radiation wavelength 1.5406A was selected for
diffraction collection and patterns were collected by an image plate detector. A total
of 5 patterns were collected over the 26 range of 10-80° for 5 minutes each.
Diffraction patterns were combined before analysis. Scherrer analysis was performed

in WinXPow software using integral breadths vs a polycrystalline silicon standard.

[15][17]

Grazing incidence XRD was performed on a Panalytical X’Pert 3 in reflection-
transmission configuration. Cu ke radiation wavelength 1.5406A was selected for

diffraction measurement between 20-76.5 ° with a step size of 0.1 °.

56



Chapter 2 PhD Thesis Jake Entwistle

2.5.2 Electrochemical Impedance Spectroscopy
2.5.2.1 Theory

Impedance can be described as the opposition to the flow of electrons during the
application of alternating current (AC) to a complex system. A complex electrical
system in a passive component comprises of both an energy dissipater (resistor) and
energy storage elements (inductors/capacitators). Materials containing composite
phases or heterogeneities commonly show a dielectric response between the
impedance (admittance) and the frequency of the applied AC field. Almost all
physical-chemical systems contain energy dissipation and storage properties,

impedance spectroscopy examines them.

E =17 Equation 2.4

Impedance extends ohms’ law to an alternating circuit where resistance is noted as
Z (impedance) (Equation 2.4). The measurement of impedance is made by applying
an oscillating voltage (E) and measuring the current response. The equation for the
oscillating voltage (2.5) includes the terms for |E| for voltage amplitude and w for
angular frequency (w=2trf). The current response to an alternating voltage signal can
be shifted in phase (8) from the form the applied signal. This shift is related to the
reactance of the circuit, the effect of inductive and capacitive elements which cause
lagging and leading phases respectively. The impedance with respect to time can is

expressed in equation (2.6).24

E = |E| sin(oot) Equation 2.5

7 = Ew _ |E|sin (wt) _ | | sin (wt) Equation 2.6
Ity  ||sin (wt+0) sin(wt+0)

Eulers formula can be used to rewrite the above equation 2.6 using complex numbers

(Equation 2.7). (j=v—1). The ratio of the oscillating voltage to an oscillating current is

the impedance with the magnitude of |Z| and a phase angle of 6.
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. jot
. jo _ |E|e
Z = |Z|€ — |I|ejwt+6
E=1]7 = Ilzleje Equation 2.7

The complex impedance can be split into the real and imaginary components
(Equation 2.8), this is commonly done to provide a Cartesian plane representation.
Z’ and Z” are the resistive and the reactive (capacitive + inductive) components of

impedance respectively.?4

7 = ZI + iZ” Equation 2.8

The graphical representation of any Z with respect to its Z° and Z” is termed an
Argand diagram. The Nyquist plot which is commonly used to represent impedance
data is a series of points, where each point is at a different frequency (Figure 2.8).
Characteristic shapes can appear within Nyquist plots and can be interpreted to

varying degrees visually.?4

The Nyquist plot contains no information of the frequency at which a data point is
acquired, however high frequencies are plotted from left to right to lower frequencies.
Semicircles are common in Nyquist plots and are usually associated with charge

transfer processes. %!
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Figure 2.8. Nyquist plot.

2.5.2.2 Resistance-Capacitance-Inductance

It is helpful to define the key passive components of electrical circuits, resistors,
capacitors and inductors. These passive components cannot electronically control

the flow of electrons.

- Resistance is a measure of how well a component resists the flow of
electric current in a circuit.

- Capacitance is the ability of a device to store a store energy as electrical
charge.

- Inductance is the ability of a component to store energy as a magnetic
field.

2.5.2.3 Equivalent Circuit models

Charge transfer processes, as shown above are common in EIS and give semi-
circular patterns. In a charge transfer two parallel processes are occurring, firstly the
transfer of charge across a medium, secondly the build-up of the double layer
capacitance. A charge transfer process can therefore be represented by a parallel
electrical circuit of a resistor and capacitor, (Figure 2.9). In parallel the reciprocals of

the impedances are additive, so the equation 2.9 can be written and simplified.
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AN~

— -

Figure 2.9. Resistor and capacitor in parallel.

1 1 . Equation 2.9
—=—+jwC

Z R
. R Equation 2.10
" 1+jwRC

Equation 2.9 can be used to visualise the semi-circular pattern of a charge transfer:
at high frequency w tends to infinity i.e. the denominator tends to infinity and
impedance to zero (circuit behaves like a capacitor). At low frequency w tends to 0

the denominator tends to 1 so Z=R (circuit behaves like a resistor).

Electrochemical processes often do not behave as idea circuit components. Constant
phase elements (CPE) are commonly used to describe capacitance as it appears in
real electrochemical systems where non uniform surfaces and distribution of reaction
sites effects behaviour. The mathematic definition is presented in equation 2.11,
where p is the constant chase (-90 x p)° and p is a number between 0-1, the case

for p=0 is an ideal resistor and p=1 describes an ideal capacitor.

7 _ 1 Equation 2.11
CPE ™ Qo(jw)P
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One physical explanation for CPE behaviour is electrode roughness caused by fractal

surfaces and inherent porosity.[24 [26]

2.5.2.4 Procedure

The electrochemical impedance spectroscopy (EIS) was performed by a Solartron
Modulab XM MTS. The procedure for EIS measurements was an analysis of
frequency response between 0.01-100'000 Hz. Prior to impedance measurement
cells were held at OCV for 3 hours to allow for sufficient voltage stabilisation before

frequency response analysis. Fitting of Nyquist plots was performed in ZView.
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2.5.3 BET and BJH Theory of Nitrogen Absorption
2.5.3.1 Theory

The absorption of gasses onto solid samples is described with isotherms, the amount
of adsorbent as a function of its pressure at a constant temperature. Normalisation of
the amount of adsorbent is done with respect to the samples mass to allow for
comparison between samples. Nitrogen is the most common adsorbate used to
analyse surfaces primarily due to its inert nature which leads to physisorption onto
surfaces. Surface analysis requires the complete absorption and desorption of the
adsorbate onto the surface therefore absorption analysis must take place at the
boiling point of liquid nitrogen (77 K), such that at a partial pressure of 1 all pores
contain liquid nitrogen. The importance of complete adsorption (liquid N2) onto

surfaces is explained below in ‘stages’ of pore filling.

2.5.3.2 Classification of isotherms!8l
e The types of isotherm can be broken into specific classifications as defined

by IUPAC, displayed in Figure 2.10.

e Type | isotherm seen in microporous solids with small external surface areas.
(a) are given by micropores with narrow micropore <1nm and (b) found with
pores up to 2 nm.

e Type Il are given by the physisorption of gasses on nonporous or
macroporous absorbents, monolayers and subsequent multilayer absorption.
A sharp knee at point B corresponds to complete monolayer coverage where
more gradual curvature indicated an overlap between monolayer coverage
and multilayer adsorption.

e Type lll no knee therefor no identifiable monolayer formation. If interaction
between adsorbate and adsorbent the adsorbate molecules will cluster
around the most favourable sites on the surface of a non-porous /
macroporous solid.

e Type IV are seen in mesoporous material, discussed further below. Type a
hysteresis occurs when pore width exceeds critical r.. for small mesopores
and/or cylindrical and conical shape type IV b is observed.

e Type V may form in similar circumstances to Il when adsorbate and
adsorbent interaction is weak and the clustering step is followed by
micro/mesopore filling.

o Type VI stepwise layer by layer absorption on a uniform nonporous surface.

The step high represents the capacity of each layer.
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Figure 2.10. Types of Isotherm as classified by IUPAC!1E]

2.5.3.2 The stages of pore filling

A pore is deemed filled when it contains liquid nitrogen. Due to capillary action it is
more favourable for nitrogen gas to condense within the pores of a material than exist
as a gas. The propensity of the gas to condense within pores is related to the relative

pressure of the gas and the diameter of the pore.

The stages of pore filling are defined 1-4 in Figure 2.11: Stage 1. Continuous
micropore volume filling at low relative pressures. Stage 2 BET multilayer absorption,
multiple layers of adsorbate build up on the surface of the substrate. This region is

used to determine BET surface area (discussed below).

Stage 3 mesopore filling. At a critical radii rc, N2 will condense in the pore leading to
a large uptake of N, at a given partial pressure, filling the mesopore. The P/P, this
occurs at depends on the radius of pore and number of multilayers needed before
condensation. The critical radium for nitrogen is known and it is therefore possible to
use the condensation at P/P, to determine the size of pores within a sample. With
regard to calculating thickness of the absorbed film at the critical radius, (and hence
the pore size) the numerical integration method of Barrett, Joyner, and Hallenda

(BJH). This method is considered the most popular method for determining mesopore
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size, volume and distribution.*® NB BJH can underestimate mesopore sizes by 25%

when under 10nm, this should be taken into account. 2%

At Stage 4 a plateau arises as macro surfaces build more multilayers after all pores
are filled. If stage 4 doesn’t plateau it can indicate pores are filling until very end of

the absorption process (macropores), and/or interconnected particles.
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Figure 2.11. Typical Type iv isotherm of mesoporous material. Position 3 has been
highlighted to demonstrate how the critical radium (r¢) is reached at different partial
pressures dependant on pore size.
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2.5.3.3 Assessment of Surface Arealt821

The most widely used method for assessment of surface area is the Brunaur-Emmett-
Teller (BET) method. The resulting BET equation is shown in Equation 2.12 where
the terms are as follows. p is the equilibrium pressure, p,is the saturation pressure,
v, 1S the monolayer adsorbed gas quantity, v is the adsorbed gas quantity and c is
the BET constant. It is necessary to transform the physisorption isotherm data into a
‘BET plot’ (to derive a value of monolayer capacity of the sample. The surface area
is then calculated from the monolayer capacity and the molecular cross-sectional

area of the adsorbent (0.162 nm? for liquid nitrogen).

L _clpy, bt |
v[(%)_l] vy, (po) + v c Equation 2.12

N.B The C parameter in BET theory is exponentially related to the energy of the
interactions of absorbent molecules and the surface. A value of >80 for C indicates
the knee is well defined at the point of monolayer completion. If C <50 the monolayer
coverage cannot be identified as a single point on the isotherm as there is an overlap

of monolayer and multilayer adsorption. If C < 2 BET is not applicable
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2.5.3.4 Procedure

Samples for N2 absorption/desorption were degassed at 120°C under vacuum for
minimum 12 hours before measurement. Analysis gas was N2 with free space being
measured with Ar using a Micromeritics 3Flex. The sample analysis ran from relative
pressures of 0.01 to 0.998. Isotherms were fitted with the BET model for surface area
and BJH on the desorption branch for mesopores volume using Micromeritics
software. 8231 N, isotherm data presented in this thesis was collected from an

experiment on a single powder sample.
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2.5.4 Ultra Small Angle X-ray Scattering (USAXS)
2.5.4.1 Theory

USAXS and SAXS are scattering technigues where differences in sample density can
be quantified. In this way particle size distributions, particle size and shape, pore
sizes and characteristics can be determined. The advantage of USAXS over XRD is

that amorphous samples can be characterised.

USAXS and SAXS measures X-ray intensities scattered elastically from a sample at
very small angles (<5 degrees). With decreasing scattering angle, increasingly larger
structural features are being probed. USAXS is particularly suited for the structural

investigation of partially ordered materials which have features from ~1 nm-10 um.

The analysis of USAXS and SAXS data is reliant on mathematical models which
describe the behaviour of scattering X-rays off sample features. In these works, a
unified exponential/power-law approach has been used to fit USXAS data.
Developed by Beaucage, this approach describes scattering from complex systems

that contain multiple levels of related structural features.?”!

A general breakdown of USAXS data fitting it provided below of the IRENA package
of IGOR Pro for data fitting with the unified fit model.l?”

1. Data is imported to the Unified modeling input panel and plotted as Intensity
vs Q on a log-log scale plot.

2. With unified fit you must begin your model with the finest particles of your
system moving to the largest.

3. The range for level 1 particles should be identified form a Q*vs Q plot. These
datapoints are highlighted for the fitting.

4. The Guinier area for level 1 is fitted first by setting the G and Rg components
to variable. Once fit is good these parameters are fixed and the power slope
is fitted.

5. The data cursors should be moved to the power law slope area, selecting the
relevant data points.

6. The level 1 particles due to their small size are assumed to have smooth
surfaces and hence fitted with a power law of exactly 4. Therefore P is fixed
and B is allowed to be variable to achieve good fit.

7. A flat background subtraction at the highest q is made by moving the data

point cursors to the flat data points at highest g.
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10.

11.

12.

13.

14.

15.

Finally selecting the fit with background option and sleeving all data points
withing level 1 allowing G, Rg and B to be variable a complete fit of level 1
can be performed. Residual errors are plotted for the standard error between
the fitted line and the real data. In all data fits these should be minimized.
Level 1 should have achieved a good fit.

Moving onto level 2 with the ‘number of levels’ option the same process from
points 3-8 are iterated. In the case of the system studied in this work the larger
level two aggregates did not have smooth surfaces so the P in power law
slope can be variable. In addition, a further background subtraction is not
needed.

Tip: an initial increase in G and Rg by 2 orders of magnitude brings the initial
start point of the fit closer to the normal range of level two particles and
reduced fitting time.

With a good fit for the data points in the level 2 region the whole range of the
data from highest g to the lowest g in level to can be fitted. To do this use the
data cursors and select the relevant data and use the fit button.

The low Q power law slope requires prior knowledge of the material. Often it
represents large powders and particle agglomerates of level 2. Within this
system it was assumed that this region denoted as level 3 was particle
agglomerates.

Select the data for the level 3 power law data. There is no Guinier area for
this region therefore G is set to 0. This data is then fitted with the power law
variables B and P.

Note: it is common for aggregates to have fractal surfaces.

Finally all data points can now be selected and using the unified fit tool can
be fitted. The normalized residuals should be reasonably small by this step
<5 (-5). See Figure 2. 12

To analyze the results select the ‘analyze results’ option this will present the
results as a text file for all 3 levels of the system. Alternatively select results

to graph as shown below.

This Figure 2. 12 represents a good fit of representative data from reduced silicon

samples used in this study. See the unified fit calculated intensity overlaid on the

experimental results.
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Figure 2. 12. Example data set of unified fit applied to porous silicon powder reduced
by MgTR. Includes background subtraction and fitted Guinier areas and power slopes
of 3 distinct levels.

Again | would thank Jan llavsky for his useful video tutorials and direct further

information to his page. https://www.youtube.com/watch?v=Sy5f5Im1Lz4

2.5.4.2 Procedure

USAXS studies were carried out at beamline 9 ID-C at the Advanced Photon Source,
a U.S. Department of Energy (DOE) Office of Science User Facility by Argonne
National Laboratory. This instrument is operated and maintained by Jan llavsky and
his team.?®12°! Data reduction was performed using NIKA and IRENA packages in
IGOR Pro.BYRY Sauter Mean diameter was taken as level 1 particle size and the
radius of gyration (Rg) as an indication of level 2 particle size.
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2.5.5 X-ray Pair Distribution Function (XPDF)
2.5.5.1 Theory!32!

XPDF or ‘total scattering’ is an analytical technique that can provide structural
information from disordered (amorphous) materials. This techniqgue measures the
Bragg scattering and underlying diffuse scattering, this diffuse scattering is used to
determine structural information of the disordered phases. The atomic structure can
be quantitatively determined from this diffuse scattering; this structure is described

by the atomic pair distribution function.

The reduction of X-ray data from the diffractograms produces the so called structure
function, following a Fourier transform the radial pair distribution function is
calculated.®® This pair distribution function describes the probability of finding two
atoms separated by a certain distance within the material. Each unique atom is
placed at the origin and larger and larger concentric circles are drawn radiating from
the origin. A histogram for the probability of an atom being located at a given radius

is the produced. This process is visualised in Figure 2.13. [
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Figure 2.13. A schematic of the short range structure within a material and resulting
PDF.[3
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2.5.5.2 Procedure

XPDF data were collected on the 115-1 beamline at the Diamond Light Source, UK
using an X-ray wavelength A=0.161669 A (76.69 keV). Electrode material samples
were compacted into borosilicate glass capillaries of 1.17 mm (inner) diameter. Data
from the samples, empty instrument, and empty capillary were collected, and
integrated to 1D using DAWN.B4 Corrections for background, multiple scattering,
container scattering, and attenuation were made using the GudrunX software.®

XPDF data presented in this thesis are data collected from a single experiment.
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2.5.6 X-ray Photo Electron Spectroscopy (XPS)
2.5.6.1 Theory!®

XPS can be used to measure the elemental composition of a materials surface (<20
nm). Further information can be quantified such as the chemical and electronic states
of the elements. To allow for precise measurement of emitted electrons XPS must be
performed in an ultra-high vacuum as the electron detectors are some distance (up
to 1m) from the sample. Figure 2.14 schematically represents of X-rays irradiate a

surface and how emitted electrons are subsequently detected.

X-ray photoelectron spectroscopy

X-ray source
Al Mg
\ Deteclor
e .
hv 5 , /@
4

. e
e

Figure 2.14. Schematic of how XPS measurements at performed.

The XPS technique works by irradiating a material with a beam of X-rays and
measuring the kinetic energy of electrons that escape. As the emitted electrons
kinetic energy can be measured, the binding energy of that particular electron can be
determine. Data from an XPS spectrum is presented as an intensity vs the binding
energy of the electrons. The characteristic peaks give information of the orbitals from

which electrons have been emitted.

2.5.6.1 Procedure

XPS measurements were performed at the Harwell campus by Mark Issacs. The
measurement was made in a front-loaded N filled glovebox at 300 K. The
measurement was performed on a Kratos Axis Supra instrument at < 108 Torr
pressure. The area for analysis was 300 x 700 um. X-ray power was 225W with X-
ray energies of 1486.7 eV. Spectra were run with 100ms dwell times and a step size

of 0.1eV. Data analysis was performed in CASAXPS software.
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2.5.7 Raman Spectroscopy
2.5.7.1 Theory®9

Raman Spectroscopy is based on the interaction of light with the chemical bonds of
a sample. Raman relies on the inelastic scattering of photons, the wavelengths of
emitted Raman scattered photons vary in energy dependant on the rotational and
vibrational energy levels of a system. These rovibrational emissions can provide a

structural fingerprint for the identification of molecules.

2.5.7.1 Procedure

Raman spectroscopy was performed with a Renishaw invia microscope using a green
argon laser (wavelength 514.5 nm). Powder samples were prepared by compression
between two glass slides. Spectra were collected on a CCD detector between 0 and
3500 (cm?). XPS data presented in this thesis are data collected from a single

experiment.
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2.5.8 Silicon Purity Determination
2.5.8.1 Theory

The determination of purity in samples containing Silicon and Silica is possible by
thermogravimetric analysis. During a heating step to 1000 °C (with a long dwell time)
all silicon within a species will be oxidised to form silica (Equation 2.13), while the
silica component will remain chemically unchanged. By measuring the weight change
of the sample it is possible to determine the mass of oxygen added to the sample
weight, from this a molar amount of oxygen can be determined. By using the initial
sample mass and the molar amount of oxygen gained a simple stoichiometric

calculation can be performed to determine the weight % of silicon in the initial sample.

Sl(s) + 02(9) - Sloz(s) Equation 2.13

In the development of this technique a number of important experimental factors were
established. Firstly, it was found that minimum reduction times of 24 hours were
needed to completely oxidise silicon within a sample. The complete removal of
crystalline silicon was determined by XRD, in addition, excessive heating times (72
hours) were used to determine no significant mass gain occurred beyond 24 hours.
The complete removal of moisture from samples before and after weighing was found
to be a significant source of error. Therefore, samples must be thoroughly dried in a
vacuum oven before measurement. In all measurements a minimum of triplicates of
each sample were measured. In addition, a balance sensitive to 10 ug must be used

for improved accuracy.

2.5.8.2 Procedure

Silicon content was determined by thermo-gravimetric analysis performed in Air in a
muffle furnace (MTI). The full oxidation of silicon to silica in air was achieved under
heating to 1000°C for 24 hours. Full oxidation of silicon results in 114% weight gain,
any deviation from this value allows evaluation of the initial silica concentration. To
determine silicon concentration a minimum of 3 samples were oxidised (typically 3-
5), the mean average result is plotted with appropriate errors bars representing 1

standard deviation between measurements.
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2.5.9 Scanning Electron Microscopy (SEM)
2.5.9.1 Theoryl®"

SEM is a type of microscopy where a focused beam of electrons is scanned over a
surface to produce an image. Electrons are emitted from an electron gun and focused
using magnetic lenses (as displayed in Figure 2. 15). As the focused electron beam
is rastered across a surface the position of the beam is combined with the intensity
of the backscattered electrons to produce an image. Conventionally SEM is
performed under high vacuum to reduce scattering of the electron beam and

backscattered electrons.

electron gun

electron beam

\

anode

magnetic lens <

backscattered
electron detector

secondary
electron detector

specimen stage

© 2012 Encyclopeedia Britannica, Inc.
Figure 2. 15. Schematic illustration of an SEM set up.F8
2.5.9.1 Procedure
SEM images were taken on a FEI Inspect F50 scanning electron microscope.
Samples were dispersed into dilute solutions of ethanol with sonication, then pipetted

onto the carbon tabs and allowed to dry before analysis. Images were taken with 5-

20kV accelerating voltage with SE detector, typical spot sizes of 3 were used.
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Chapter 3:

A Mechanistic Understanding of

Magnesiothermic Reduction of

Silica

Much of the discussion and experimental data from this section can be
found in the publication J. E. Entwistle, G. Beaucage, S. Patwardhan, J.
Mater. Chem. A 2020

3.1 Introduction

Porous silicon morphologies can address both volumetric expansion and slow lithium
diffusion rates of silicon. Stress generation upon lithiation has been modelled for
lithium insertion materials®!? which in turn have been applied to models of lithiation
in porous silicon structures.BH4Bl The maximum stresses experienced in porous
silicon during lithiation is lower than solid silicon.! Additionally it has been shown that
higher void fractions lead to lower induced stresses and larger pores have lower hoop
stresses than smaller pores.B! Ultimately porous silicon can expand into its own pore
volume, thereby limiting stresses on the material. The innate high surface area of
porous silicon increases accessibility of electrolyte to silicon surfaces, shortening

lithium diffusion lengths and aiding higher rate capabilities.

Porous silicon can be produced via a number of synthetic routes, such as electroless
and electrochemical etching, chemical vapour deposition and ball milling, to name a
few.[' However, to make an impact on a commercial scale, any synthesis route
needs to be scalable, economical and desirably environmentally friendly.
MagnesioThermic Reduction (MgTR) has previously been highlighted not only for
scalability and potential low cost, but it can offer additional advantages, such as
relatively low reaction temperatures, benign reactants and products, and a wide

variety of silicon product properties.®
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MgTR is a two-step synthesis route where a silica template is reduced by magnesium
according to Equation (3.1), secondly magnesium oxide is removed from the products
with hydrochloric acid. This process is schematically shown in Figure 3.1 (top) The
first reduction step is typically performed in the temperature range of 550 — 950 °C
under an argon atmosphere. Due to the reduction temperature being lower than the
melting point of silica and silicon, the correct conditions can produce silicon

analogues of silica templates.
Si0, + 2Mg — Si+2MgO0 Equation (3.1)
Si+2Mg - Mg,Si Equation (3.2)

The porosity of silicon produced through MgTR is a key parameter in the justification
for studying these materials for LIB applications as discussed above. However
complete characterisation of pore properties in silica precursors and silicon products
is often lacking. It has been highlighted in literature that magnesiothermic reduction
conditions can have a much greater effect on the silicon properties than the silica
template used.®! Understanding of MgTR conditions and their effect on the pore

properties of silicon is critical to the utilisation of these materials in LIBs.

It is known that pore properties of the silica template are not the only factor governing
pore properties in the silicon analogue. This is to be expected, as the silicon analogue
generally adopts the morphology of the templating silica, however, oxygen atoms are
being removed from the host, thus inevitably causing structural changes. Additionally,
the product phases of magnesium oxide and silicon are interwoven with each other,
this morphology is crucial to allow the complete removal of magnesia during the HCI

washing.®!
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MgO +Si + Mg,Si

Mg @550 - 950°C HCl 1M
Ar ATM
s
78

MgO +Mg,Si

« Silica sources
» Scalability, availability & cost

» Properties of feedstock
Feedstock

Figure 3.1. (Top) A schematic representation of the Magnesiothermic reduction
reaction. (Bottom) A schematic showing the interconnectivity between the
feedstock, the reduction process, the resultant silicon produced and its
performancein LIB. The red arrow shows desired reverse engineering required
to select feedstock and process for a given performance. T and t are
temperature and duration of MgTR. Cisiica : Cwmg is the stoichiometric ration of
precursors and dT/dt is the heating rate.l*?

As well as pore properties, the purity of the silicon formed is critical for LIB
applications. Often MgTR does not fully reduce the silica to silicon. Typically, the
remaining silica has been selectively removed with toxic HF to optimise battery
performance, more often than not the yield of the reduction is not stated in these
cases.®! The use of HF will add economic and environmental burden to any future
development of MgTR. Recent studies have shown that small amounts of silica after

reduction may be beneficial bringing into question the need for HF.!

Despite the scattered investigations, currently a detailed understanding of the
evolution of pore properties during the MgTR reaction is lacking. For example studies

may report reaction times above 2 hours have no effect on increasing the silicon yield,
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(2213 phyt the specific effect on pore properties and surface area evolution have not
been studied.®! Likewise a variety of molar ratios have been studied however the
effect of stoichiometric ratio on the pore properties and surface area of porous silicon
has not been investigated.® The effects of feedstock (silica) properties and the MgTR
process on the properties and the performance of porous silica produced are
unknown (see the red arrow in, Figure 3.1 (bottom)). This stops a predictive design
of a method to produce mesoporous silicon structures for lithium-ion battery anodes.
In this study, we aim to address this gap in our knowledge by systematically
investigating the effect of reaction conditions (time, temperature and stoichiometry)
and the silica precursors on product pore properties and purity. The anode
performance of silicon thus produced will be assessed in order to understand the
interconnections between feedstock, MgTR process, product and performance as
shown in Figure 3.1 (bottom). Specifically, herein we systematically study the MgTR
reaction conditions and for the first time provide an in-depth analysis of how key
reaction parameters affect the pore properties of the MgTR products, which in turn
affect the electrochemical performance. A key expected outcome is the
understanding of pore evolution in silicon, which can help design MgTR process for

desired product attributes.
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3.2 Experimental

This section details specific experimental procedures needed for understanding this
work. The general experimental section concerning experiments not specified here

can be read in Experimental Chapter 2.

USAXS studies were carried out at beamline 9 ID-C at the Advanced Photon Source,
a U.S. Department of Energy (DOE) Office of Science User Facility by Argonne
National Laboratory. This instrument is operated and maintained by Jan llavsky and
his team.[*4I15 Data reduction and interpretation was performed by myself using NIKA
and IRENA packages in IGOR Pro.¢l17] Sauter Mean diameter was taken as level 1

particle size and the radius of gyration (Rg) as an indication of level 2 particle size.

Aside from BIS, which was synthesised in house according to experimental (chapter
2), other silica sources were sourced from commercially available materials.
Precipitated silica refers to Perkasil KS4080PD (Grace), Silica Gel refers to
‘mesoporous silica gel 13nm’ (Sigma), porous silica refers to microporous Syloid AL-
1FP (Grace), Quarts was obtained as ‘quartz white sand >99.995%’ (Sigma).
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3.3 Reduction of BIS Parametric Study

3.3.1 Bioinspired Silica

The silica used for this study is produced in house via a well-established bioinspired
synthesis route. 8 The choice of silica precursor will have an important effect on the
economic and environmental impact for development of this technique at an industrial
scale. Bioinspired silica is synthesised in water and at room temperature in minutes,
it has shown promising scalability and economic feasibility.l*?1?% Additionally the
properties of the silica can be modified by changing the catalytic additive and by
post/pre-treatment of supernatant.’®! A variety of other naturally occurring and
synthetic silica is also studied. The bioinspired silica produced in this study (from now
on referred to as BIS, see Experimental section for details) is fully characterised in
Figure 3.2 and summarised in Table 3.1. The BIS is comprised of secondary particles
with an average diameter of ~330nm, it has been shown previously these secondary
particles are comprised of smaller primary particles of smaller diameter.?!! The BIS
has micro and small mesoporosity which arises from the interstitial space between

these primary particles.??

Table 3. 1. Materials properties of BIS. PV= Pore volume

BET BJH PV | USAXS Particle
SSA | (cm®/g) | Size

(m?/g) Levell | level 2
(nm) (nm)
Bioinspired PEHA 301 0.16 26 370
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Figure 3.2. Characterisation of BIS, (a) N2 absorption Isotherm, (b) BJH pore
size distribution, (c) SEM image, (d)USAXS data obtained for BIS along with
unified fit. 10
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3.3.2 Reduction of BIS

Before systematically studying MgTR process by exploring the effects of the reaction
time, temperature and the stoichiometry of the reactants, we present results from a
typical MgTR experiment. Figure 3.3 presents the characterisation of typical BIS
porous silicon after MgTR. Figure 3.3(a) shows a Type IV isotherm indicative of a
mesoporous material. Desorption branch fitting with the Barrett-Joyner-Hallenda
(BJH) model provides the pore size distribution (Figure 3.3(b)), confirming mesopores
with average pore size of 13 nm. The formation of crystalline silicon from MgTR was
observed using XRD Figure 3.3(c)), which also confirmed that magnesia and
magnesium silicide are present after the reduction and shows that both species are
completely removed during the acid washing. It has been shown previously that
potential side reactions may also lead to the formation of magnesium silicates,
however, no magnesium silicates were observed throughout this study. We note that
this is the first report of mesoporous silicon production using BIS and it has it has
technological advantages due to scalable, economical and sustainable nature of
BIS.2% Although this is the first MgTR of BIS the pore volume 0.48 cm?/g, SSA 221
m?/g and pore size distributions are very similar to other silica precursors which have
been studied. Specifically, the properties of this sample in Figure 3.3 are similar to
the silica precursors of Nanorods®?4, SBA-16[?° and rice husks % (reader directed to
Sl Table S1. This was a promising indicator that like these other materials silicon
derived from BIS will be a promising candidate for anode applications.
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(c) XRD of reaction products before and after HCI washing.
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3.3.3 Study of reduction time

The effect of reduction time was investigated, as discussed above within the literature
reduction times from 30 minutes?” up to 12 hours.?82% gre reported and the total
reduction time is dependant on the samples being reduced. For this reason a range
of 1 hour to 10 hours was studied to encompass almost the whole range of potential

reduction times required.

Figure 3.4 shows that 1-hour reaction time had produced mesoporous silicon and
average pore diameters around 10 nm. For longer reduction times, the porosity (pore
sizes, pore volumes, specific surface areas) and the silicon crystallite sizes (obtained
from Scherrer analysis of the diffractograms) did not change between 1-10 hours
(Figure 3.4 and Table 3.2). Consistent with previous studies it was found that reaction
time between 1 and 10 hours did not affect the silicon yield with all products
comprising of 57-65% silicon. We determine that reduction times longer than 1 hour
do not affect the silicon/silica composites produced, in terms of purity, pore properties

and crystallite size.

Table 3.2 Summary of Figure 3.4 for the kinetic study of, 2.5:1 Mg:SiO2
stoichiometry reacted between 1 and 10 hours at 650 °C. APD=Average Pore
Diameter. Scherrer analysis was calculated from diffraction patterns in Figure
3.4(d).

Reaction | BET | BJH PV | APD | wt% | Sicry Size
Time (h) | SSA | (cm®/g) (nm) | Si (nm)
(m?/g)
232 0.50 10 65 12
3 181 0.46 13 57 11
6 221 0.48 13 57 10
10 186 0.49 14 60 12

84



Chapter 3 PhD Thesis Jake Entwistle

@) ~ (b) ©
Q- 400, —o— 1Hour T -o— 1Hour
D 3501 3Hour - 816‘ 3Hour
> ] —o— 6Hour o141 —o- 6Hour
o= 300
—+— 10Hour €1.21 — 10Hour
© 250
© 1.0
D 200 08
2 1501 S
8 8 0.6
© 100 ~0.41
< e 3 n-
> 501 ; 50.21
= } o : >
C — T T T T T % 0.0 Ay
g 0.0 0.2 04 06 08 1.0 S 1 _10 100
(o] Relative Pressure (p/p°) o Pore Diameter (nm)
—— 1Hour
(© 3Hours (d) ) — 1Hour
] — 6Hours 3Hours
" —— 10Hours ] — 6Hours
1 Si —— 10Hours
2 ] ® MgO 2 ,..-.Jk ‘\ A Si
< v Mg,Si < ® MgO
2 1 2 ...._J\ - v Mg,Si
c c
0 A v 4
L 2
£ IS
A“‘J‘\——A-/‘-A-J\___*_J\___M i v ovVe
1 Vv eve v e vene
20 40 60 80 20 40 60 80
Bragg Angle 260 Bragg Angle 260
(e)
100+
— 80_
S,
c Q
60 o]
.8 @) Q
N 40-
=
e}
S 20
0 . . . . .

0 2 4 6 8 10
Reaction Time [Hours]

Figure 3.4. Characterisation of silicon produced during kinetic study of, 2.5:1
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3.3.4 Study of reduction temperature

As the MgTR temperature is a key parameter, controlling the reaction pore evolution,
it was investigated next. The onset of reduction reaction is known to take between
400 and 540 °C depending on the silica source used.?82% Therefore a lower limit of
550 °C was selected for this study into reduction temperature. We show below that
above 950 °C product nano structural properties are lost so this was the upper
temperature investigated. BY1E% The reduction temperature had an important effect
on all aspects of product silicon morphology as presented in Table 3.3 and Figure
3.5. Table 3.3 shows a decrease in surface area from 400 to 65 m?/g over the
temperature range. The overall pore volume remained unchanged between 550 °C
and 750 °C at 0.50 cm®/g, which decreased to 0.35 and 0.10 cm?/g respectively for
reaction temperature of 850 and 950 °C. The trend in surface area is related to the
pore sizes. Smaller pores contribute a higher surface area for the same overall pore
volume. Therefore, the increase in pore diameter and decrease in pore volume lead
to the lower surface areas observed for the samples reduced at higher temperatures.
This evolution of porosity with MgTR temperature is of great importance and it is
discussed in detail below (Figure 3.5(e)). The purity of silicon product linearly
increased from 29-87 wt% from 550 — 850°C (Figure 3.5 (e)) and then between 850-
950 °C it begins to plateau. A clear correlation was observed between the reduction
temperature and the increase in pore diameters of silicon from 4 nm at 550 °C to 34
nm at 850 °C (Figure 3.5 (b)).

Si0, + Mg,Si —» 2Si+2MgO0 Equation (3.3)

The yield of pure silicon increased with the temperature. At high temperatures (>850
°C), any magnesium silicide formed, gets converted to silicon via Equation (3.3). This
can be seen in Figure 3.5 (c) where the relative intensity ratio of the Mg,Si peak gets
reduced at higher temperature, and is consistent with the literature.° Temperatures
<850 °C are not sufficient enough to fully convert the silicide and hence they can be
observed in the XRD results (before acid etching). After acid etching it can be seen

that all crystalline components are removed apart from silicon, Figure 3.5 (d).

The average crystallite size increased from 5 nm to 48 nm across the temperature
range (Table 3.3), mainly due to sintering® at higher temperatures. Although this

produced purer silicon at higher temperatures, sintering resulted in the loss of
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porosity. This suggests that MgTR temperature between 750 and 850 °C can provide
an optimum between high porosity and high purity. *

Table 3.3. Summary of Figure 3.5 for the thermodynamic study of, 2.5:1 Mg:SiO:
stoichiometry reacted 6 hours at temperatures between 550 and 950 °C. USAXS
data presented in Figure S 3.2. 10

Reaction Temp | BET | BJH PV| APD | wt% | Sicry Size | USAXS Particle Size
(°C) SSA | (cm®/g) | (nm) | Si (nm) Level 1 Level 2
(m?/g) (nm) (nm)
550 402 0.48 4 290 |5 25 413
650 230 0.48 12 57.3 |10 40 208
750 185 0.54 13 | 66.0 |13 17 333
850 110 0.35 34 87.0 21 24 323
950 65 0.10 - 89.3 | 48 71 645

! Sintering herein: Describes the heating of one or more silicon crystallites which leads to the fusing
to form larger crystallites.
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Figure 3.5. Characterisation of silicon produced during thermodynamic study
of 2.5:1 M@:SiO:2 stoichiometry reacted for 6 hours between temperatures of
550-950 °C. (a) N2 absorption Isotherm, (b) BJH pore size distribution, (c) XRD
of reaction products before washing with HCI, (d) XRD of reduction products
after washing with HCI, (e) purity of silicon sample. 20
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3.3.5 Study of reduction stoichiometry

The MgTR of silica has a stoichiometric ratio of 2:1 Mg:SiO-, if the reaction progresses
without any side reactions (see Equation (3.1)). However, side reaction and the
formation of magnesium silicide usually decreases the silicon yield and perhaps
affects the porosity. We desired to study the effect of Mg:SiO2, much more deeply than
has previously been reported. Previous studies have neglected to systematically
investigate the stoichiometry and the effect on reduction yield and product properties
is not understood.®! Bariati et al*”2l have shown that a slight molar excess 2.05:1
Mg:SiO- therefore the range in this study was selected to investigate stoichiometry
around this ratio. In order to study this effect, the Mg:SiO; ratio was varied from 1.5
to 3.5 and the results are shown in Figure 3.6 and Table 3.4. Increasing the
stoichiometric ratio from 1.5 — 2.5:1 increased the pore sizes from 4 nm to 13nm, but
maintained the size distribution profile. Increasing the stoichiometric ratio to 3:1
resulted in a bimodal distribution of mesopores. The pores cantered around 13 nm
decreased with a increase in larger mesopores (>10 nm). Increasing the
stoichiometric ratio further to 3.5:1 resulted in even broader distribution of pores
between 10-100 nm. Throughout this broadening of mesopore size distribution, pore
volumes and surface areas did not show any dramatic changes unlike those seen
when the MgTR temperature was varied Figure 3.6 (c). Figure 3.6(d) shows clearly
that all crystalline components were removed after the acid etching. The yield of the
silicon formed increased between 1.5 and 2.25:1 stoichiometry from 24 to 69 wt%.
Increasing the stoichiometry further decreased the yield of the silicon back to 23 wt%
for the 3.5:1 ratio (Figure 3.6 (e)). As excess magnesium is available (>2.25:1), the
side reactions of the formation of magnesium silicide reduces the yield of silicon
(Figure 3.6 (e)).

Table 3. 4. Summary of Figure 3.6 for the stoichiometric study of, Mg:SiO2
stoichiometry between 1.5-3.5:1 Mg:SiO: reacted 6 hours at 650 °C

Stoichiometric BET |BJHPV | APD | wt% | Sicy Size
Ratio (Mg:SiOz) | SSA | (cm®/g) | (nm) | Si (nm)
(m?/g)

151 340 0.50 4 24 11

2.01 315 0.55 6 68 6

2.25:1 217 0.56 12 69 10

251 230 0.48 13 57 10

3.0:1 206 0.43 12* | 48 9
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3.511 271 0.57 28* | 23 15

*Bimodal distribution so representative of pore size distribution, see Figure 3.6(b)
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Figure 3.6. Characterisation of silicon produced during stoichiometric study for
stoichiometries between 1.5-3.5:1 Mg:SiO: reacted for 6 hours at 650 °C. (a) N2
absorption Isotherms, (b) BJH pore size distributions, (c) XRD of reaction
products before washing with HCL, (d) XRD of reduction products after
washing with HCI, (e) purity of silicon samples. (1%
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3.3.6 Summary

In summary the temperature affects the purity and silicon crystal sizes via sintering,
which in turn affects the porosity. Stoichiometry of the reduction also has an effect on
the formation magnesium silicide by-product, which affects the purity and the pore
network of silicon formed. Figure 3.7 summarises the two key parameters of reduction
temperature and stoichiometry and their effects on product properties. It is clear that
the reaction chemistry and the processing conditions affect the properties of silicon,
where the porosity and purity are interlinked with the crystallite size and the by-
products formed.

In the next section, we aim reveal these interdependencies by providing a
mechanistic understanding.
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Figure 3.7. Effect of reduction temperature performed at a 2.5:1 Mg:SiO:
stoichiometry (a, b) and feedstock stoichiometry at reduction temperature of
650 °C (c, d). On (a, c) BET specific surface area (SSA), BJH pore volume (Vpore)
and average pore diameter (dpore) and (b, d) silicon purity and crystallite size. *
Represents bimodal distribution of pore diameters for samples reduced at 3:1
and 3.5:1 Mg:SiO: (see Figure 3.6 (b) for pore size distribution).
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3.4 Understanding Magnesiothermic reduction

Our results show that the two key factors affecting the porosity, the purity and the
morphology of silicon produced from MgTR are the silicon crystal size and the amount
of magnesium silicide (Mg2Si) by-produced produced. We propose a mechanistic
view that connects the MgTR process conditions to the physicochemical properties
of silicon via the silicon crystal sizes and Mg.Si formation (see Figure 3.8). Below we
explain this mechanism by discussing the roles of both the silicon crystal size and
Mg2Si in porous silicon formation.

Reheat

1 Si0, + Mg,Si
(D) - 25i+2Mgo ()

silicon nanocrystallites into
larger particles
(C”)

———

Excess Mg decreases purity and
broadens pore size distribution

Figure 3.8. A schematic showing the formation and evolution of silicon crystals
(C, C’ and C”) from precursor BIS silica and the effect of temperature and
stoichiometry on pore evolution. White particles with black outlines show
primary silica particles. The dark black outline indicates a secondary particle.
Orange colour denotes pure silicon nanocrystals. Other products (MgO, Mg2Si
and their mixture) are shown in shades of blue corresponding to the colour bar
shown in the bottom left — darkest blue represents pure Mg.Si and the lightest
MgO (any colour in between represents a mixture of these two products).

92



Chapter 3 PhD Thesis Jake Entwistle

3.4.1 The role of Si crystal size in controlling porosity

Characterisation of BIS using SEM and USAXS reveal that it is a hierarchically
structured material with primary particles of ~26 nm, which aggregate to form
secondary particles ~330 nm (Figure 3.2 (a-d) and Table 3.1). These features are
depicted in Figure 3.8 (A). As observed from the results above, the same starting
materials (BIS in this case, Figure 3.8 (A)) produces widely varying porous silicon as
shown in Figures 3.5-7. We propose that this transformation of primary silica particles
within the secondary particles occurs from the surface to the core (see the core-shell
particles shown in Figure 3.8B)). The temperature of MgTR controls the extent of this
conversion, while the removal of oxygen (via MgO) from silica creates mesoporosity
(Figure 3.8 (C)). Higher temperatures of MgTR (>750 °C) induce sintering of silicon
nanocrystals (Figure 3.8 (D)), while also increasing the purity of silicon. The sintering
leads to large crystals and concomitant reduction in porosity (Figure 3.8 (C’)). This is
a key finding, especially because it can enable monitoring/controlling MgTR by
measuring silicon crystallite size as a suitable measure of product quality. This
mechanism is explained below by focusing on the morphology and the crystallite

sizes.

For MgTR temperatures up to 750 °C, the spherical morphology of the BIS secondary
particles appears to be maintained throughout the reduction (Figure 3.9 and Figure
S 3.1), while also showing ‘speckles’ on these particles. These speckles are likely to
correspond to the silicon crystallites and as the MgTR temperature is increased, more
silica is reduced to silicon, thereby increasing these features. The sample produced
at 750 °C shows that the parent ~330 nm spherical particles with constituent smaller
crystallites (Figure 3.9 (c-d)). This observation is supported by the Scherrer analysis,
which shows the silicon crystallites sizes systematically increase from 5 nm to 48 nm
(Figure 3.9(f)) as the MgTR temperature is increased. When these particles are large
enough (>10 nm), they are also visible via SEM (e.g. for MgTR temperature 2750 °C).
USAXS results also show that the primary particles between 17-71 nm are present
(Figure 3.9(f)). which represent the primary silica particles from BIS as well as the
silicon crystals. As USAXS cannot discriminate between silicon crystals and silica
primary particles, the measurement covers both components. As samples reduced
at 550 and 650 °C contain 40-70% of unreacted silica, USAXS measurements are
overshadowed by the combination of silicon crystallites and silica particles, hiding the
silicon crystals. For sample produced at 850 °C, although the silicon crystallites are

clearly visible by SEM (21 nm, see Figure 3.9 and Figure S3.1), the parent particles
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of ~330 nm begin to disappear (Figure S 3.1(d)). This is caused by higher conversion
of silica to silicon and of sintering of silicon crystals. As this sintering continues at 950
°C, the parent particles disappear almost completely and all we can see is the 48 nm
silicon crystals and fused (much larger) particles (Figure S3.1 (e)), leading to a loss
of porosity. These results explain the observed trends with porosity, purity and silicon

crystal sizes in the temperature study above shown in Figure 3.5 (b and e).
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Figure 3.9. SEM images of (a) unreacted feedstock BIS, and porous silicon
reduced at temperatures (b-c) 550 °C and (d-e) 750 °C. (f) A comparison of
primary particle size obtained from USAXS and crystallite size obtained from
XRD for mesoporous silicon samples reduced between 550-950 °C. See Figure
S 3.1 and Table 3.3 for full details. 19

95



Chapter 3 PhD Thesis Jake Entwistle

3.4.2 The effect of Mg,Si on pore evolution

The stoichiometry (Mg:SiO-) also controls the process by affecting the production of
Mg.Si by-product (Equation (3.2)). The purity of silicon can be maximised by using
an optimum stoichiometry thereby minimising the formation of Mg.Si, as discussed
above. However, as Mg,Si is removed by etching (acid washing), it also affects the
porosity as seen in Figure 3.6 where broader pore size distributions are observed at
higher Mg:SiO- ratios. In order to test the role of Mg2Si in the entire process additional
experiments were performed as follows. Mg:SiO, ratios were explored at MgTR
temperatures of 650 and 850 °C. As was shown above in section 3.3.4 at higher
reduction temperatures the purity of the samples is increased and the relative ratio of

Mg.Si is reduced due to the solid-state reaction in equation 3.3.
Si0, + Mg,Si —» 2Si+2MgO0 Equation (3.3)

As reported above in Figure 3.7 (and replotted in Figure 3.10(a)), for MgTR at 650
°C, the higher Mg:SiO, stoichiometry leads to loss in purity from the side reaction
producing Mg.Si by-product. This was further confirmed by the analysis of relative
intensities of Mg.Si and silicon peaks (Figure 3.10(b)). However, for the same
stoichiometries at 850 °C, the purity changes only slightly. This aligns with the slight
increase in the relative intensities of the Mg.Si and silicon peaks. These results
strongly support that the conversion of Mg,Si (Equation (3.3)) is responsible for
increasing silicon yield at higher temperature and that a temperature >650 °C drives

this conversion.

As the Mg: SiO; ratio was increased for MgTR at 850 °C, an increased amount of
Mg.Si was formed, which converted to silicon. This leads to large increases in the
silicon crystal size (from 10 nm at 2:1 to 30 nm at 3:1, see Figure 3.10(c) as well as
a broadening of pore size distribution (Figure 3.10(d)). The broadening of pore sizes
at higher ratios of magnesium is consistent with the findings at 650 °C (Figure 3.6).
These observations are consistent with the mechanism proposed in Figure 3.8 (see
the conversion of Ato D to C’ and A to E to C”).
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Figure 3.10. Silicon produced at stoichiometric ratios 2,2.5,3:1 for reduction
temperatures of 650 and 850 °C (a) purity of product (wt%). (b) ratio of Mg2Si to
Si peaks in pre acid washing XRD (c) crystallite size (d) BJH pore size
distribution. Full data set provided in Figure S 3.1 and Figure S 3.3. !9

In order to further verify this mechanism, two additional samples were produced as
follows. Firstly, a sample called 650-E-850 was prepared by performing MgTR at 650
°C for 6 hours and then cooling it to room temperature. The sample was then etched

with acid to obtain porous silicon; this silicon was then heated to 850 °C for 6 hours

and cooled to room temperature for analysis. Secondly, 650-850 was prepared
similar to 650-E-850, but without any acid etching (Figure 3.8 pathway B to D). The
results of this experiment are presented in Figure 3.11 and summarised in Table 3.5.

97



Chapter 3 PhD Thesis Jake Entwistle

Table 3.5. The effect of removal (or not) of Mg2Si intermediate. A stoichiometry
of 2.5:1 and reduction time of 6 hours in each step was used. ‘E’ denotes
etching via acid washing. Full results are shown in Figure 3.11.

Sample BET |BJHPV | APD | wt% | Sicy Size
SSA | (cm®/g) (nm) | Si (nm)
(m?/g)

650 230 0.48 12 57 10

850 110 0.35 34 87 21

650-E-850 | 155 0.42 14 59 11

650-850 107 0.24 38 79 25

The 650-E-850 sample appeared to be identical to the sample reduced at 650°C (see
no change in the purity, silicon crystal size, pore volume or the pore size distribution
in Figure 3.11 and Table 3.5), while very different to the sample prepared at 850 °C.
This clearly suggests that once the Mg.Si was removed, there was no further change
in the sample, even upon heating to higher temperature. This observation, along with
the increase in silicon yield for the 650-850 sample compared to the 650 sample,
means that at high MgTR temperatures, the predominant reaction occurring is the
reaction Equation 3.3 (the conversion of silicide to silicon). Further, the 650-850
sample appears to be similar to the sample prepared directly at 850 °C. Noting that
650-850 sample was reduced for 6 hours at each temperatures (12 hours in total),
while the sample prepared directly at 850°C was reduced only for six hour, it further
supports that the purity of the silicon produced via MgTR is thermodynamically and

not kinetically limited.
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Figure 3.11. Characterisation of samples used to understand the
thermodynamic evolution of the MgTR reaction, samples include silicon
reduced at 650 and 850°C, Silicon reduced at 650 °C washed in HCI acid then
heated to 850 °C under argon (650-E-850), and silicon reduced at 650 °C allowed
to cool then reheated to 850°C (650-850). (a)(c) N2 absorption Isotherms, (b)(d)
BJH pore size distributions, (e) purity of silicon samples. 1%
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In summary, in this section, it has been shown how the silicon crystal size and the
formation/conversion of Mg.Si control the critical quality attributes of silicon produced
(Figure 3.8), such as the purity and the porosity (surface area, pore volume and pore
size distribution). It was also shown how these features relate to the MgTR conditions;
by exploiting this knowledge, it was possible to produce porous silicon with widely
varying properties from a single feedstock (BIS in this case). In order to further
validate the utility of this mechanism, below, we present the results from using a range

of silica feedstocks for producing silicon via MgTR.
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3.5 Application to other precursors

The mechanism proposed in Figure 3.8 suggests that the arrangement of the primary
silicon nanocrystallites and their formation are the critical factors determining the pore
properties of the product. It has been shown that this is the case for one type of silica
(BIS), to test this mechanism this section studies reduction of alternative silica
precursors, in particular silica precursors which initially do not have a hierarchical
structure or are not porous. The following three commercial grade silicas (precipitated
silica, silica gel and porous silica) and quartz were selected. The porous properties
of these silica precursors are fully characterised in Figure 3.12. In the above literature
review it was highlighted that characterisation of silica precursors is often lacking,
and this characterisation of these properties is crucial to understand the formation of
porous silicon via MgTR. Note that these silicas are not known to exhibit hierarchical
structures that are seen for BIS and that quartz did not contain any porosity (Figure
3.12). These silica precursors with varying initial porosities were reduced at 650 and

850 °C to study the effect of silica precursor properties on the silicon purity porosity.
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Table 3.6 BET SSA, BJH pore volume, purity and crystallite size of silicon
reduced at 650 and 850 °C for different silica precursors. 27

Precursor Reduction BET |BJHPV | wt% | Sicy Size
Temperature | SSA | (cm?/g) Si (nm)
(°C) (m?/g)

Ppt. silica 156 0.56

Ppt. silica 650 220 0.63 56.3 9

Ppt. silica 850 108 0.40 60.9 19

Silica Gel 264 0.89

Silica Gel 650 275 0.73 50.7 6

Silica Gel 850 158 0.48 80.3 13

BIS 301 0.16

BIS 650 216 0.48 57.3 10

BIS 850 110 0.35 87.0 21

Porous SiO» 725 0.09

Porous SiO, 650 205 0.45 419 22

Porous SiO, 850 90 0.27 79.4 28

Quartz Non-porous

Quartz 650 310 0.36 31.1 17

Quartz 850 76 0.30 85.2 26

As shown in Figure 3.13 and Table 3.6 without exception, each precursor produced
mesoporous silicon, irrespective of the porosity (or not) of the precursors. These
results have been observed before, specifically for the reduction of Quartz % 33 and
mesoporous silica (SBA-15)B411B2 - however the nature of how new pores have
formed within these materials has not been investigated. This clearly highlights that
the porosity of the feedstock silica does not control the porosity of silicon produced
upon MgTR. The silicon crystal sizes, the porosity and purity of silicon produced from
these different silicas were examined, the trends observed with respect to the MgTR
temperature were in full agreement with those reported for BIS above and the
mechanism proposed in Figure 3.8. For example, the silicon crystal sizes were

always larger for MgTR performed at 850 °C compared to 650 °C.

Of particular interest is the reduction of the non-porous and crystalline quartz
precursor. Although quartz®31 and other non-porous precursors® have been
reduced to silicon via MgTR before, by thorough characterisation, we are able to

demonstrate a relation between the silicon nanocrystals and the porous nature of the
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reduction products. In the case of non-porous quartz, the pores in the product can
only be produced as a result of the MgTR, the formation of silicon nanocrystallites
and the removal of magnesium oxide from around these crystallites. This introduction
of mesoporosity (and some macroporosity) in a hon-porous qguartz sample supports
the pore formation mechanism proposed in Figure 3.8. In this quartz-derived
structure, all pores are a result of silicon nanocrystals forming during the MgTR
process and corresponding loss of oxygen atoms via MgO. We discover that,
independent of the pore structure of the precursor silica used, mesoporosity can be
induced in the product silicon during MgTR reaction, which is strongly related to the
silicon crystallite size. The pore structure is dependent on the interconnectivity of
nanocrystallites within silicon particles once magnesia and magnesium silicide are

removed.

The mesoporous precipitated silica is also of interest, as the yield for this sample did
not increase much between 650 and 850 °C as the other precursors, just +6%.
However, the crystallite size did increase from 8 to 19 nm respectively, as expected
from sintering of crystallites at higher temperatures. Due to the increase in crystallite
size the pore size distribution increased form a centre at 22 to 50 nm. This finding fits
with our presented hypothesis of the relation between crystallite size and pore size
distribution in this sample where despite only a small increase in purity, the pore size

changed due to the increasing silicon crystal size.

These experiments reinforce the key findings from the above study on BIS and
crucially that they apply to a wide variety of porous and non-porous silica sources:
Firstly, the overall purity of the silicon product, governed by the extent of the MgTR
reaction, is increased by increasing reduction temperature. Secondly, performing
MgTR at higher temperature causes sintering and increase in silicon nanocrystal size.
Finally, and linked with the findings above, the introduction of silicon nanocrystallites
leads to porosity within the product and the size of these mesopores is strongly
related to the silicon crystallite size as well as Mg».Si formation. The introduction of
mesopores into reduced quartz exemplifies that initial porosity within the template
silica structure is not necessary to produce a porous silicon product. Instead this
sample shows that the silicon nanocrystallites produced form a porous structure, and

the size and distribution of these crystallites determines the pore properties formed.
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3.6 Conclusions

Magnesiothermic reduction is a hard-templating synthesis method which can be used
to produce porous silicon from silica templates. The use of HF and poor
characterisation of silicon products has led to little understanding of how the MgTR

process produces porous silicon.®!

It has been shown here that although the macrostructure of the silica templates can
be maintained through MgTR, the pore structure of the porous silicon is determined
by the arrangement of free space between the silicon nanocrystallites formed. The
maximum temperature of the reduction is the driving factor of nanocrystallite
sintering, as these nanocrystllites sinter the average pore sizes increases. The
stoichiometry of the reactants is also a key factor determining the purity of the porous
silicon formed. The side reaction (Equation (3.2)) reduces the purity of samples via
the formation of Mg.Si, which is removed during acid washing. The formation and
removal of Mg»Si is shown to broaden pore size distribution in the silicon product. We
show that the reduction reaction reaches a thermodynamic equilibrium after 1 hour
of reaction and that by increasing the temperature the purity of the samples can be
increased. This purity increase is driven by the solid-state reduction of silica with
magnesium silicide (Equation (3.3)). The effect of larger silicon crystallites formed
leads to larger pores between crystallites and at higher temperatures >850 °C the

degradation of the BIS secondary particle structure.

Herein the formation of mesoporous silicon from previously non-porous quartz silica
was characterised. This sample consolidates our theory that the formation of
mesopores are between silicon nanocrystallites formed. The reduction of a variety of
silica precursors showed an increase in silicon purity and sintering of nanocrystallite
sizes at higher reduction temperatures, in turn this leads to an increase in pore size

across the study.

With the detailed reaction design pathway for MgTR we have outlined, particularly
the porous nature of these samples, future work can be more systematically applied
to produce silicon products with targeted porous properties. This ability is exactly
what has been missing from previous literature studies. Furthermore, the easily
obtained crystallite size can be used to provide a quality control indicator as to the

porous nature of the product.
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The anode performance of mesoporous silicon’s produced in this study will be

evaluated in Chapter 4.
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Chapter 4:

Electrochemical Testing and
Scale-up

4.1 Introduction

Porous silicon morphologies can address both volumetric expansion and slow lithium
diffusion rates of silicon. it has been shown that higher void fractions lead to lower
induced stresses and larger pores have lower hoop stresses than smaller pores. ™
Porous silicon can expand into its own pore volume, thereby limiting stresses on the
material. For this reason, a number of porous silicon has been produced and its

electrochemical performance will be tested in this chapter.

In Chapter 3 detailed characterisation of silicon produced from MgTR is detailed. The
mesopore properties, silicon purities and crystallinities are all produced. The above
has presented a detailed understanding of the nature of porous silicon structures
produced from the MgTR and below the anode performance of these porous silicon

is assessed.

The importance of inventing scalable synthesis methods for porous silicon is
reviewed in Chapter 1. For silicon material to make a positive impact into the LIB
market by increasing cell capacity, it must be economically feasible. Many synthesis
routes to porous silicon require intricate chemical reactions, large energy inputs and
specific reaction vessels. MgTR is promising due to its ability to provide a bulk
synthesis route to mesoporous silicon. However, the exothermic nature of the MgTR
is known to cause issues when scaling this synthesis to larger scales.? Therefore,
the scalability of MgTR for the reduction of BIS is explored.
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4.2 Experimental

A 2.5w% solution of carboxymethyl cellulose (Sigma) binder and deionised water was
prepared. The desired solid amount of binder 20 wt% in electrode was added to a
thinky mixer 10ml pot. The conductive additive C-65 (MTI) 20 wt% of electrode was
added to the thinky. The mixer was sealed and mixed at 1500 rpm for 5 minutes. The
silicon was added to the mixer and mixed together for a further 10 minutes to give a
viscous ink. The ink was transferred to a 10ml Perspex ball mill vial and milled in a
Spex M8000 Mill with a stainless steel baring for 10 minutes. This ink was then
applied to a carbon coated copper foil (MTI) using a vacuum table (MTl)and doctor
blade with thickness 300 um. The coating was air dried for 1-2 hours then placed in
an 80 °C vacuum for a minimum of 6 hours. Once dry 12 mm diameter electrodes are
punched from the foil, weighed, and used for cell preparation. Electrochemical
experiments were performed using MIT2016-type coin cells with a Whatman glass
fibre separator and lithium foil (Sigma Aldrich) as the counter electrode. The
electrolyte was 1M LiPF¢ in a 1:1 solution of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (Sigma Aldrich) with added 5w% fluoroethylene carbonate (FEC)
(VWR). The composition of working electrodes was: 60 wt% silicon active material,
20 wt% conductive additive C-65 , 20 wt% carboxymethyl cellulose. The commercial
silicon nano-particle size was <100nm from IOLiTech. The cells where assembled in

an Argon filled glove box (MBraun) with oxygen and water contents less than 0.1ppm.

The electrochemical performances were tested on a Maccor 4000M Battery and Cell
test system in a 25°C temperature chamber. The cut off voltage was 0.01V versus
Li/Li* for discharge (lithium insertion) and 1.2 V versus Li/Li* for charging (Li
extraction). The specific capacity was calculated on the basis of active material mass.
The charging rate was calculated from the fraction of active material in the electrode

and based on silicon theoretical capacity at 25 °C of 3600 mAh/g.

Scale up of Mg reduction

All previously presented MgTR results were at a total reactant mass of 1g, reactant
mass refers to the total mass of Mg and SiO; placed in the reactor. In this work total
‘reactant mass’ and ‘batch size’ are used interchangeably. NaCl was introduced as a
thermal moderator in the mortar and pestle grinding stage of reactants. NaCl was
introduced at predetermined mass ratios proportional to the total reactant mass, such
that a 5:1 NaCl:(reactant) ratio for a batch size of 1 gram contained 1 gram of Mg +

SiO; and 5 of NaCl. The grinding of the reactants together was the same as for other
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MgTR reactions, however, it was observed that the presence of coarse NaCl crystals
physically changed the consistency of the reactants during this step. Giving the

powder a ‘harder’ texture and increased flow properties.

All other equipment and subsequent stages were identical to the MgTR experimental

procedure described above.
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4.3 Anode performance of porous silicon

One striking feature of many reports on MgTR is the use of hydrofluoric acid (HF) in
the selective removal of silica from the porous silicon produced. The use of HF adds
a second synthesis step, a step with particular environmental and economical
drawbacks if MgTR is ever to be commercialised. We therefore choose to present the

anode performance of porous silicon produced from MgTR without the use of HF.

Silicon produced at temperatures ranging from 550-950 °C have a wide range of
purity and pore properties. The capacity of these porous silicon samples is displayed
in Figure 4.1(a). The low purity of 29 wt% Si produced at 550 °C had an initial capacity
of 830 mAh/g; after 100 cycles only 16% of this initial capacity is lost. Although this
capacity is the lowest of the study, the capacity is still more than twice the theoretical
capacity of graphite and retention over 100 cycles is excellent (compare this with the
-325mesh silicon, which showed 94% capacity fade to 150 mAh/g after 35 cycles
(Figure S4.1). The initial capacities of the 650 and 750 °C are 1770 and 2080 mAh/g
respectively. After 100 cycles the capacity of both samples faded 39% and 59%
respectively. The 850 °C reduced sample shows the highest initial capacity of 3270
mAh/g, and also shows good capacity retention of 2170 mAh/g after 100 cycles. The
950 °C sample has a high initial capacity of 2990 mAh/g due to its high purity of 89
wt%Si but shows a rapid capacity fade after 100 cycles of 75% reaching a final
capacity recorded for the 550 °C reduced sample. Without exception this silicon
shows greatly increased stability than commercially available -325mesh silicon
particles (Figure S4.1).
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Figure 4.1 Discharge capacity of porous silicon/silica composites reduced between
550-950 °C from (a) BIS and The rate capabilities of porous silicon reduced at (b) 550
°C and (c) 850 °C. (d) other silica precursors reduced at 850 °C. For full materials
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For the 550 °C sample, the good capacity retention is attributed to the inactive silica
component. This silica can act as a scaffold to buffer the volume expansion of silicon
between cycles. As the wt% of silicon in the samples increases, the initial capacity
increases, however the stability is affected by removing more silica. It is hypothesised
that as the amount of silica in the sample decreases, the scaffolding effect is reduced,
and the silica present hinders the capacity retention. A notworthy improvement on
the initial capacity and cycling of the sample produced at 850 °C is attributed to a
combination of a step change in both its purity (from 66% for 750 °C to 87%) and
nanocrystal size (from 13 nm at 750 °C to 21 nm), while retaining mesoporosity. The
larger diameter mesopores experience smaller hoop stresses around the surface of
a pore as it expands.! The larger mesopores of the 850 °C sample are therefore
better suited to buffer the stresses of Si volume expansion upon cycling. These
properties suggest an optimum in terms of electrochemical performance. The initial

fading of the capacity in first 20 cycles is from the destruction of 13% silica present.

The porous nature of the composites also plays an important role in the capacity and
cyclability of these materials. This is clearly shown in the difference between the 850
and 950 °C reduced samples. Both samples have similar purities of 87 and 89 wt%
silicon respectively, the 850 °C sample contains mesopores and small macro pores
whilst the 950 °C sample does not (Figure 3.2 (b)). The non-porous silicon has a rapid

and catastrophic capacity fade in the first 10 cycles.

The rate capabilities were tested for the 550 and 850 °C reduced samples (Figure
4.1(b-c)). The C-rates were calculated based on the active silicon content of the
material therefore are expressed in A g to allow easy comparison. Previous studies
have shown an upper limit for commercial graphite electrodes of 4C above which
substantial electrode breakdown occurs (for graphite 4C = 1.48 A g).”l The 550 °C
silicon had excellent rate performance and provided 215 mAh/g of capacity at the
upper limit used for conventional electrodes, the electrode shows excellent ability to
return to its initial capacity when charging rate is reduced (Figure 4.1( (b)). Due to the
higher silicon content in the 850 °C sample, higher charging rates were attempted.
This electrode showed poor ability to handle rates >0.48 A g* and maintain high
capacity. After subjecting the 850 °C electrode to extreme charging rates, the
electrode is still able to return to its original high and stable capacity showing the

materials robustness.

The electrochemical performance of porous silicon produced from the alternative

silica precursors was also assessed and presented in Figure 4.1( (d) (for samples
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reduced at 650 °C see Figure S4.2). The higher purity of the silicon produced at 850
°C resulted in higher capacity of electrodes for silicon obtained for all feedstocks used
herein. However, the initial capacities and the stability over 100 cycles for the BIS
silicon were much higher when compared to other silicon samples produced. This is
interesting because silicon samples produced from silicas other than BIS did contain
high purities (~80%) and mesoporosity (Figure 3.13) the primary difference between
these silica and the BIS being the secondary hierarchical particle structure. The
hierarchical structure of the BIS template and hence silicon analogues as described
in detail above is responsible for the better electrochemical performance of BIS. The
small <370nm size of the secondary particles coupled with their porous network
allows for shorter lithium diffusion pathways during cycling and an access to higher

capacity’s.
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Figure 4.2. Differential capacity plots of the 1st, 5th, 10th, 25th, 50th and 100th cycles
for silicon reduced between 550-950 °C

In order to further probe the electrochemical process, in particular lithiation and
delithiation of silicon during cycling, differential capacity plots are presented Figure
4.1. The differential capacity plots show similar characteristics across the sample
range. The disappearance of the sharp cathodic peak at 0.43 V in the first 10 cycles
corresponds to the delithiation of the silicon of the highest lithiated state (c-Liz75Si —
a-Lip1 Si) the disappearance of this peak during cycling suggests an increase in
electrode resistance as cycles progress.®! ¢l These high surface area, porous silicon
samples inherently lead to a larger formation of solid electrolyte interphase (SEI), this
is reflected in the low initial columbic efficiencies (CE), (see Figure 4.3(a)). The low

CE in the initial cycles of the electrodes indicate a large amount of SEI formation. In
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addition, the unstable CE over protracted cycles (Figure 4.3 (b)) is indicative of
continual SEI formation or isolation of active material in the electrode. The 750 and
950 °C reduced samples have volatile CE across the 100 cycles further highlighting
the instability of these active materials and indicating the breakdown from expansion
and contraction which exposes virgin silicon surfaces. The other samples have much
more stable trends towards high CE at 100 cycles (99.5%) suggesting minor damage
to the SEI and/or a thickening of the layer. The differential capacity plots (Figure 4.2)
show shifting of anodic peaks to lower voltages between 50 and 100 cycles and
cathodic peaks vis-versa, this is consistent with an increase in internal resistance of
the cells caused by a thickening of the SEI. The voltage profiles (Figure S4.3 show
the voltage plateau ~100 mV during the first lithiation of crystalline silicon, thereafter

each cycle shows the typical hysteresis of voltage profile during charge-discharge.[
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Figure 4.3. Columbic efficiencies (a) during the first 10 cycles, (b) for 100
cycles of silicon’s reduced at 550-950 °C!!

For the application of silicon in LIB anodes, nano-structuring of the active material is
often accompanied by other tools for improving capacity fade. Examples of this are
tailored binders, carbon coating of silicon and/or carbon silicon composite formation,
electrolyte additives for more stable SEI formation. In this study results present the
raw porous active material with carboxymethylcellulose binder and cycled with 10wt%
fluoroethylene carbonate electrolyte additive, both of which have been shown to
increase cyclability in silicon electrodes.®! Based on the capacity and capacity fade
highlighted above, two varieties of porous sample are of interest. Low purity samples
such as that reduced at 550 °C and high purity, such as 850 °C sample. It is envisaged
that future work on electrode/electrolyte formulation and carbon coating will only

increase the cyclability and initial CE of these materials.

These results demonstrate the complex nature of using porous silicon produced via

MgTR as an anode material. Our results suggest that silica removal from the silicon
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product is not necessary and that it can be beneficial for the stability of silicon
produced. The interplay of purity and pore properties in these samples is crucial.
Purity most importantly affects the capacity reached, high purities reach higher
capacities. Higher purities require porous structure to buffer silicon volume expansion
upon cycling, larger mesopores are better able to mitigate the stresses of volume

change.
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4.4 Scale up of Magnesiothermic Reduction

4.4.1 Scale up of BIS MgTR

As previously stated all MgTR reactions presented in this work were performed at a
1 g reactant mass, this typically yielded ~0.25g of silicon product. MgTR is touted for
its economic and environmental advantages over synthesis routes for silicon in LIB
applications.?! It also has the proposed advantage of being a bulk synthesis route,
this has potential benefits for the scalability of this synthesis route over the surface
based syntheses of competitive technologies.? As described in Chapter 1, the large
exothermic nature of the MgTR reaction can lead to self-heating. This is a known
problem for larger batch sizes and can lead to temperatures exceeding the melting
point of silicon (1414 °C) and loss of silicon microstructure. For this reason, the scale
up of MgTR will not be straight forward. The work below describes initial experiments

performed to increase the batch size of MgTR of BIS above 1 gram.

Experiments were performed to determine to optimum batch size in MgTR. Figure
4.4 presents the results for MgTR batch sizes of 1, 2 and 3 grams. N.B. for these
reactions an optimised 2.5:1 Mg:SiO; ratio was used, which is equivalent to a 24:25
mass ratio of reactants. In addition, slow ramping rates of 1 °C/min were used to

prevent localised hotspots.

The pore properties were greatly affected by the batch size in this study. When
increasing the batch size above 1 g an almost complete loss of mesoporosity of
observed along with reduced SSA and pore volume (See Table 4.1). From the
Scherrer analysis of data in Figure 4.4 (d), the silicon crystals displayed no nano-
crystallites for 2 g and 3 g batch sizes with crystal sizes being outside of Scherrer
analysis range (>100 nm). From SEM analysis (Figure 4.5) there was also a clear
change in the product morphology was observed when going from 1 to 2 g. The initial
hierarchical structure of the BIS template was destroyed and replaced with
macroscale melted particles (Figure 4.5 (below)), most likely fused together due to

the formation of hotspots at larger batch sizes.

It is apparent that for reducing BIS in batch sizes above 1 g, self-heating occurs. The
increasing of silicon crystallite sizes to macroscale suggests the reduction
temperature exceeded the melting point of silicon (1414 °C). The SEM images also
suggest a complete change in morphology occurred from melting, and the porosity

characterisation supported this view.
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Figure 4.4. Characterisation of silicon produced during scale up study of 1 - 3
g, 2.5:1 Mg:SiO2 stoichiometry reacted for 6 hours at 650 °C. (a) N2 absorption
Isotherm, (b) BJH pore size distribution, (c) XRD of reaction products before
washing with HCI, (d) XRD of reduction products after washing with HCI.

Table 4.1. Summary of Figure 4.4 for the scale up study of 1 — 3 gram, 2.5:1
Mg:SiO2 stoichiometry reacted for 6 hours at 650 °C.

Batch Size () | SSA | BJHPV | W% | Sicy Size
Mg+SiO, (m¥g) | (cmilg) |Si (nm)

1 230 0.48 57 10

2 112 0.18 50 >100

3 116 0.14 50 >100
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Figure 4.5. (Above) spherical morphology of a typical 1-gram batch size
reduction of BIS. (Below) the melted ‘sponge like’ structure from a 2-gram
batch size reduction of BIS.
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4.4.2 Sodium chloride as thermal moderator

The heat released during MgTR can lead to reactants heating excessively and react
uncontrollably. This issue has been overcome by using slow heating rates and
smaller batch sizes.[® Unreactive thermal moderators such as sodium chloride can
be used to limit the effects of self-heating in MgTR. Sodium chloride (NaCl) melts at
801 °C, therefore NaCl is commonly used during MgTR as the large endothermic

latent heat energy can moderate the MgTR temperature.i%

The above experiment for the scale up of BIS reduction to 3 g was repeated in the
presence of NaCl thermal moderator, the results are presented in Figure 4.6. All
samples display identical N2 isotherms and hence pore size distributions (Figure 4.6
(a-b) the surface areas and pore volumes are also very similar (Table 4.2). The pre-
etch XRD Figure 4.6 (c) was dominated by the strong diffraction signals from NacCl
present and hence details of MgTR products (MgO, Si, Mg.Si) cannot be identified.
However, after acid etching, it was clear that NaCl was removed along with other by-
products to leave crystalline silicon (Figure 4.6(d)). Further Scherrer analysis

confirms almost identical nanocrystallite sizes of 11-12 nm for each reduction.

The results presented in Figure 4.6 support the view that NaCl acts as a thermal
moderator in the MgTR to provide a nanocrystalline mesoporous silicon product. In
addition, the purity of silicon product in the presence of NaCl (62-71 wt%) was greater
than the equivalent purities when NaCl is not used (50-75 wt%) (Table 4.1 and Table
4.2). A potential reason behind this increase in purity is believed to be related to the
pestle and mortar mixing of the Mg, SiO, and NaCl. The course nature of NacCl
crystals is believed to increase the homogeneity of the grinding step. The increased
homogeneity of Mg and SiO, may lead to less isolated SiO; and hence increase the
overall purity in the reduced sample. This also implies that a systematic future study
of the effects of milling the precursors on the purity and properties of the silicon

produced is warranted.

Sodium chloride is a successful thermal moderator for the MgTR of BIS allowing scale
up of the reduction reaction to 3g. A large amount of NaCl 5:1 (NaCl:(Mg+SiO,)) was
used in this study. Although NaCl is a cheap commodity, it is desirable to optimise
the level of NaCl used. Additionally, it is important to understand the effect of NaCl

ratio with reactants and its effect on silicon product properties.
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Figure 4.6. Characterisation of silicon produced during scale up study of 1 -3
g, 2.5:1 Mg:SiO2 stoichiometry reacted for 6 hours at 650 °C, thermal moderator
NaCl 5:1 ratio. (a) N2 absorption Isotherm, (b) BJH pore size distribution, (c)
XRD of reaction products before washing with HCI, (d) XRD of reduction
products after washing with HCI,

Table 4.2. Summary of Figure 4.6 for the scale up study of 1 — 3 gram, 2.5:1
Mg:SiO2 stoichiometry reacted for 6 hours at 650 °C, thermal moderator NacCl
5:1 ratio.

Batch Size (g) SSA BJH PV | wt% Sicry Size (nm)
Mg+SiO, (m?/g) | (cm3/g) Si

1 162 0.43 65 12

2 182 0.46 71 12

3 184 0.45 62 11
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4.4.3 Sodium chloride ratio

The ratio of NaCl to reactant material (Mg+SiO;) was studied between 1:1 and 5:1
for a batch size of 3 g, results presented in Figure 4.7. Overall there was little
difference in reducing the NaCl ratio from 5:1 to 2:1: All samples had similar
mesopore distributions around 12 nm and nanocrystallite size of 11 or 12 nm.
However, the purity of these samples did vary between 56 - 73 wt % with no clear
correlation, it is likely that the grinding step was affecting product purity, which will be
discussed further below. For the reduction reaction performed with 1:1 NaCl:reactant
ratio, there was an increase in the crystallite size to 28 nm (Figure 4.7(c)) and
subsequent increase in pore size distribution, coupled with a reduction in pore
volume. It is therefore concluded that reducing the NaCl ratio below 2:1 will inhibit the
thermal moderation of the reduction reaction, the crystallite size to rise and mesopore

size to broaden.

The lithium-ion battery performance of silicon produced in this study is presented in
Figure 4.7(d). The silicon reduced at NaCl ratios of 2:1-5:1 showed similar cyclability
with initial capacities between 1250-1900 mAh/g based upon silicon purity. These
capacities reduced steadily with the 3:1 and 4:1 ratio having the most capacity fade.
The 1:1 ratio sample has the highest initial capacity of 2250 mAh/g and shows better
capacity retention over 80 cycles than the other samples. This is likely caused by the
larger pores and wide pore size distribution in this sample. As previously presented
by M. Ge et all¥l, larger pores have lower hoop stresses around their diameter which

limits the fracturing due to expansion.

These capacities and cycling stabilities are not dissimilar to silicon reduced at 650 °C
without NaCl moderator (Figure 4.1(a)). The increased capacity and cycling stability
of the 1:1 sample is likely to be related to the increase in pore size distribution which

is known to decrease the stresses of volume expansion in silicon.
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Figure 4.7. Characterisation of silicon produced during scale up study of 3
gram, 2.5:1 Mg:SiO: stoichiometry reacted for 6 hours at 650 °C, thermal
moderator NaCl ratio varied from 1-5:1. (a) N2 absorption Isotherm, (b) BJH pore
size distribution, (c) XRD of reaction products before washing with HCI, (d)
capacity and cycle life as anode in lithium half-cell.

Table 4.3. Summary of Figure 4.7 for the NaCl ratio study, 2.5:1 Mg:SiO2
stoichiometry reacted for 6 hours a 650 °C, thermal moderator NaCl ratio varied

from 1-5:1.

(SiO2+Mg):NaCl | Reduction Temperature| SSA | BJH PV | wt% | Sicry Size
Ratio (°C) (m?/g) | (cm®/g) | Si (nm)

1:1 650 157 0.28 69 28

1:2 650 197 0.43 73 11

1:3 650 231 0.43 56 12

1:4 650 225 0.49 66 11

1:5 650 162 0.39 63 11
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4.4 .4 Effect of Reduction Temperature in presence of Sodium
Chloride

In Chapter 3 it was shown that the upper temperature of MgTR effects the pore
properties, and hence the battery performance of product silicon. The effect of MgTR
temperature in conjunction with NaCl ratio is not known in the literature, above we
have showed the importance of reduction temperature on driving product purity and
porosity and therefore this was further explored. Figure 4.8 presents the results from
MgTR with NaCl thermal moderator in a 5:1 ratio with reactants at a batch size of 3
g. As can be seen in Figure 4.8 (a) and (b), the pore properties of the silicon product
were still driven by the upper MgTR temperature. This is consistent with the proposed
mechanism for pore formation driven by an increase in silicon crystallite size (Table
4.4). Crystallite size was calculated from Scherrer analysis of silicon diffractograms

presented in Figure 4.8(c).

The primary difference between the MgTR with NaCl thermal moderator and when
no NacCl is used (Chapter 3 Fig 3.5) is that porosity is lost between 750 — 850 °C.
Whereas when no NaCl is used 850 °C samples still contain large mesopore volume.
This can be explained by considering the melting point of NaCl (801 °C): at reduction
temperatures higher than 801 °C, molten NaCl will exist during the MgTR. After this
phase transition, NaCl will not moderate the self-heating of the reaction. It is likely
that molten NaCl can play some role in silicon formation, although this has not been

studied in the literature.

A reduction reaction was performed at 790 °C to avoid NaCl melting and create a
sample with high purity containing mesopores. This experime nt was partially
successful in producing high purity (82 wt%) and mesoporous silicon, although the
pore volume was low (0.12 cm®/g, Figure 4.8 (b)). Further work is required if a thermal
moderator is needed and the desired reduction temperature is close to or more than
801°C.

The performance of these silicon samples was evaluated as lithium-ion anode active
materials, Figure 4.8(d). As expected, the high purity but low porosity sample reduced
at 850 °C showed rapid capacity fade (97 % after 100 cycles) due to lack of pore
structure to absorb expansion stresses. The other mesoporous silicon reduced at
650, 750 and 790 °C all displayed similar capacity fade profiles: this suggests that
their porous structure is not ideal for containing the stresses of volume expansion

during cycling. This result was surprising and further experiment is needed to
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differentiate why these samples performed poorly compared to samples reduced with

no NaCl present.

Above in Figure 4.1(a) low purity silicon reduced at 550 °C showed excellent capacity
retention (830 mAh/g initial capacity with 18% capacity fade over 100 cycles). In this
study the addition of NaCl to a 550 °C reduction has increased the purity from 29 to
51 wt% with respect to the same parameters without NaCl moderator. As above this
observation is likely related to enhanced mixing when using NaCl. In addition, the
crystallite size and hence pore properties of this sample have remained similar as to
when no NaCl was used. It was therefore expected that this sample may display the
same stable capacity over cycling but would have a higher initial capacity due to the

increase in purity.

The high and stable capacity of this sample is displayed in Figure 4.8(d), the initial
capacity of 1300 mAh/g with 19 % capacity fade over 100 cycles. When compared to
previous promising results obtained at 550 °C (830 mAh/g initial capacity with 18%
capacity fade over 100 cycles), the increased purity as a result of NaCl addition has
increased the capacity of the material but not compromised the stable cycling

characteristic.
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Figure 4.8. Characterisation of silicon produced during scale up study of 3
gram, 2.5:1 Mg:SiO2 stoichiometry reacted for 6 hours between 550 — 850 °C,
thermal moderator NaCl ratio 5:1. (a) N2 absorption Isotherm, (b) BJH pore size
distribution, (c) XRD of reaction products before washing with HCI, (d) capacity
and cycle life as anode in lithium half-cell.

Table 4.4. Summary of Figure 4.8 for the NaCl ratio 5:1, 2.5:1 Mg:SiO2
stoichiometry reacted for 6 hours temperatures between 550 — 850 °C.

(SiO2+Mg):NaCl | Reduction SSA BJHPV | wt% | Sicry Size
Ratio Temperature (m2/g) | (cm®g) |Si (nm)
0
1.5 (55CC2 326 0.41 51 8
1.5 650 162 0.39 63 12
15 750 125 0.32 73 16
1.5 790 53 0.12 82 20
1:5 850 54 0.04 96 60
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4.4.5 Summary

The self-heating of MgTR is known to destroy templating structures. When scaling
the synthesis of MgTR of BIS above 1 g of total reactant mass, the self-heating effect
leads to loss of nano-crystallinity and porous structure. It has previously been
reported that the addition of NaCl can act as a thermal moderator of the MgTR. In the
presence of NaCl at ratios of 2-5:1, porous silicon structure could be produced at a 3
gram reactant mass scale. Below 2:1 ratio the NaCl was less able to moderate the
self-heating effect. Owed to the low melting point of NaCl (801 °C), it was unable to

act as a successful thermal moderator above 800 °C.

The addition of NacCl in the grinding step of reactants is hypothesised to have led to
an increase in yield for all reductions performed relative to their respective experiment
without NaCl.

The battery performance of the silicon reduced in the presence of NaCl was reduced
in terms of capacity and cyclability relative to the silicon produced with same
conditions in the absence of NaCl. However, the 3 g reaction batch reduced at 550
°C with NaCl present showed excellent cyclability and a 500 mAh/g increase in initial
capacity over it's respective counterpart reduced without NaCl. This is a promising
example of how future work may best be guided to provide scalable silicon synthesis
with high anode capacity and stable cycle life and potentially even lower reaction

temperatures of 550 °C.
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4.5 Conclusions

The anode performance of these porous silicon materials demonstrates the
multifaceted nature of using porous silicon produced via MgTR as an anode material.
The interplay of purity and pore properties in these samples is crucial. Higher purity,
high capacity samples require porous structure to buffer silicon volume expansion
upon cycling otherwise suffer from rapid capacity fade. All samples produced from
MgTR showed improved cyclability compared to commercial -325 mesh silicon

particles.

The cycling results of note are for the BIS reduced at 550 and 850 °C: The low purity
sample reduced at 550 °C has a capacity of 830 mAh/g this should be considered
verses the commercial standard of graphite with a theoretical capacity of 375 mAh/g.
This sample displays excellent stability over 100 cycles due the hypothesised
scaffolding nature of the remaining silica. If future work can focus on understanding
the scaffolding nature of the remaining silica then purities maybe increased yet
suitable silica scaffolding could be tailored. The high purity porous sample reduced
at 850 °C shows high capacity and good retention over 100 cycles. For this material
it is believed that future work involving electrode processing optimisation such as

binder, conductive carbon and electrolyte additives will further increase it's stability.

The scale up of MgTR is crucial for the future development of this technique in any
industrial application. The self-heating of MgTR is well known and hinders the
production of silicon in large batch sizes. The use of NaCl as a thermal moderator
has been employed in many literature studies. However, the exact role of NaCl has
not been investigated. This work has shown that NaCl is crucial for scaling up the
batch size during the MgTR of BIS. Preliminary investigations into the amount of NaCl
needed in the reactor suggest a mass ratio of >2:1 (NaCl:reactant) is needed to

prevent self-heating from modifying the silicon product.

The effect of reduction temperature was also studied in conjunction with NacCl
present. The same increase in crystallite size and hence pore size distribution was
observed when reduction temperature is increased. However, the use of NaCl as a
thermal moderator is limited by its melting point (801 °C), above which it can no longer

effectively moderate self-heating.
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A promising finding was that the introduction of NaCl increased the purity of MgTR
silicon relative to when no NaCl is present. This effect is thought to be related to the
enhanced mixing during reactant preparation which is achieved with NaCl present,
however this hypothesis needs further work. The increased purity caused by NaCl
addition allowed for a 51 wt% silicon sample to be produced at 550 °C, an increase
of 22 wt% relative to no NaCl present. The anode performance of this silicon was
excellent achieving 1300 mAh/g with 19% capacity fade over 100 cycles. The stable
cyclability and high capacity of this material make for a promising prospect for future
investigation, especially so due to the lower reduction temperature which will provide

further environmental and economical benefits.

With the detailed reaction design pathway for MgTR outlined in chapter 3, particularly
the porous nature of these samples, future work can be more systematically applied
to produce silicon products with targeted properties. If future work can focus on the
promising performance of the silicon samples reduced at low temperature and further
scale up this synthesis procedure then MgTR will become much closer to commercial

viability.
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Chapter 5:
Electrochemical Reduction of

Silica

5.1Introduction

It has long been believed that silica is electronically inactive towards lithium due to its
low lithium-ion diffusivity, and has been overlooked for battery applications due to its
electronically insulating nature.! However, it has recently been shown that silica can
react with lithium and that this reaction is at least partially reversible.? This discovery
has opened a field of investigation into utilising silica as an active material in lithium-
ion battery applications. Owing to its high natural abundance, low price and well
explored chemistry, silica is a promising candidate.®! As some silicon chemistries
currently in use today for LIBs contain varying amounts of silica within their structure,
whether as an impurity or a passivating layer, the understanding of silica behaviour
within a LIB may have ramifications for these materials beyond their use as active

materials.

Lepoivre et al recently studied the electrochemical reduction of silica particles (size
~200nm). They showed that an initial pre-treatment step was required before the
silica would react reversibly, this step involved a prolonged potentiostatic discharge
(PSD).? Potentiostatic discharge involved holding silica/lithium half cells at 0.02 mV
for long periods, which allows the electrochemical reduction of silica to occur. PSD
was shown to increase capacity with longer discharge times: 60 hours of PSD
creating an electrode with 200 mAh/g capacity and 250 hours PSD creating an
electrode with 400 mAh/g (Figure 5.1). This capacity is in the range of current graphite
based commercial active materials, yet silica is readily manufactured, and has high
natural abundance. The ability to incorporate silica particles into conventional

composite electrodes opens a wide range of materials for study.

Since the PSD treatment represents an additional processing step before silica
electrodes can be incorporated into LIBs it is desirable to assess new silica materials

based upon the rate at which they react during PSD and the upper capacity they can
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achieve. The work herein this chapter concerns the invention of a stepwise PSD
treatment where the kinetics of capacity increase within silica electrodes could be
studied. This new stepwise PSD allows for quantitative measurement of both these

parameters.

Stober silica previously explored by Lepoivre et al was assed with the new stepwise
PSD in order to provide a clear comparison. Various other silica sources were
investigated with many proving to be electrochemically inactive. However, when BIS
is explored and is shown to have important performance benefits over Stdber silica,

reaching upper capacities of >600 mAh/g.

The development of the stepwise PSD for evaluating new silica materials leads to a
further invention of stepwise short circuiting of silica to enable the electrochemical
reduction reaction. Short circuiting of silica/lithium half-cells is a simple method which
removed the need for potentiostats required for PSD, therefore representing an
advantage with regards to processing costs. Additional advantages of faster reaction

kinetics and higher capacities are also presented.

136



Chapter 5 PhD Thesis Jake Entwistle

5.2Literature Review of Silica (SiO2) active
material

5.3.1 Silica active material

Silica can be directly used as an anode active material. However due to the insulating
nature of silica and its low lithium-ion conductivity, small particle sizes are needed to
enhance the electrochemical activity. Early work has focused on silica nanopatrticles
between 7-400nm.”I®l |nitial investigations into silica nanoparticles have produced
capacities of up to 1100 mAh/g. However long-term cycling has revealed unstable
capacity and initial columbic efficiencies can be as low as 33% (conventional
commercial anodes require >90% initial columbic efficiency to prevent loss of lithium
inventory). Table 5.1 shows literature values for capacity and general stability of silica
anode materials. The initial columbic efficiencies were extremely low as can be seen.
It has been postulated that, at low potentials, silica is reduced by lithium to form
unknown species and theoretically silicon (although comprehensive proof of this is
lacking). The silicon formed is responsible for the reversible capacity of the active
material in subsequent cycles. The nature of the irreversibly formed species will be
discussed in detail within Chapter 7. The most commonly postulated reaction
equations responsible for silica reduction are reactions (5.1) and (5.2)€I7IEIEIL0N2111]
while the reaction (5.3) is responsible to the reversible lithiation capacity within these
reduced materials. Note that the exact nature of the species postulated by reaction
5.1 and 5.2 are unknown and will be discussed further in Chapter 6. It is the formation

of these irreversible species which cause the low columbic efficiency in the first

cycles.
Si0, + 2Li - Si+ 2Li,0 Equation (5.1)
28i0, + 4Li — Si+ Li,Si0, Equation (5.2)
Si+ 3.75Li & Liz;5Si Equation (5.3)
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Table 5.1. Material parameters and electrochemical performances for silica
active material in literature. NA=Not available.

Material Description Initial Initial Number of | Final Ref
CE capacity cycles capacity
(%) (mAh/g) (mAh/g)
150-200nm Stober silica | NA 400 200 400 2l

particles, 250h
potentiostatic treatment

Silica nanotubes 200nm | 43 1100 100 ~1250 (12
diameter, synthesized
through hard templating

7nm silica patrticles ~33 300 1 300 4

Amorphous silica gel ~33 400 50 350 (11]
produced from rice husk

The electrochemical reduction of silica during the first cycle was studied by Lepoivre
et al.? They show that the extent of the reduction reaction of silica can be driven
forward by a prolonged potentiostatic discharge, Figure 5.1. They reported capacities
of 400 mAh/g after 250 hours of potentiostatic discharge. Through stoichiometric
calculation, they speculated that this capacity was equivalent to a shell of reduced
material about 40-50nm thick around the 200nm particles, however no
characterisation of this proposed mechanism or products was provided. Another
investigation using larger, 500 nm patrticles reported a smaller capacity, which was
stoichiometrically equivalent to 45 nm thick shell. From Table 5.2 it can be seen that
the size of silica particles studied throughout the literature is small, between 7 — 500

nm.

$ 600 .a) ] 1tb) cycle 100
2 __250h
< 400 8, ettt etteny R ‘TA 0
S | 60 h . >
: 200 L__ ” S -
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Figure 5.1. (a) Capacity retention and (b) differential capacity plot of 200nm Stoéber
silica nanoparticles held at 2 mV PSD for 60 and 250 hours. Reproduced from Lepoivre
et al.
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Often very low charge rates such as 50 mA/g are used for cycling.3 Under such
conditions, electrodes remain at low potentials for extended periods, in which time
the silica reduction can occur.*® When utilising pure silica in a composite electrode,
besides the initial columbic efficiency little information is presented about the duration
and complexity of the first cycle. More information about the charging regimes such
as the duration of this first cycle would be useful. The very low columbic efficiencies
reported indicate substantial irreversible reactions during the first cycle, which

reinforces the current hypothesis that lithiated species are formed during lithiation.
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5.3.2 Carbon-Silica composites

Conductive carbon is added to composite electrodes to improve -electronic
conduction pathways.!¥ With silicon-carbon composites, higher capacities have
been achieved compared with the direct use of silica (Table 5.2) Given the
importance of conductive carbon, carbon-silica composites where the carbon and
silica are interconnected in a close manner are of specific interest. Studies from table
5.1 have all used conductive carbon additive during electrode fabrication; 10-30 wt%
conductive carbon additive is common. Note that this is much larger than commercial

anodes where <5 wt% conductive carbon is used.®!

Table 5.2. Material properties and electrochemical performances for silica-
carbon composite active materials in literature

Carbon | Material Description | Initial | Initial Number | Final Ref
(wt%) CE capacity | of capacity
(%) (mAh/g) | cycles | (mAh/g)

76 Silica particles ~60 | 630 15 630 (61
(<100nm) in hard
carbon composite,
synthesised via
hydrothermal
synthesis

50 7nm silica particles in | NA 620 50 580 (23]
carbonised sucrose
composite.

7.5 Amorphous silica ~60 | 500 100 600 (16]
carbon composite
from sol-gel route plus
mechanical milling and
post heat treatment.
41 10-50nm silica 52 400 80 450 (a7
particles in carbon
matrix synthesised
from carbonised rice

husk.

- Carbon coated silica ~50 600 95 500 8]
diatoms.

26 (50nm) Mesoporous 56.5 | 1055 150 1055 7l

silica around a
(200nm) carbon core
particle with (6nm)
carbon coating to
produce layered C-
SiO2-C material.

46 Mesoporous silica 42 1250 100 700 (18]
confined within
‘nitrogen doped
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carbon framework’,
complex synthesis
36.5 Hollow silica shells 74 780 150 900 (19l
350nm embedded
within mesoporous
carbon matrix.

6 Mesoporous silica 66 600 180 580 (201
spheres with carbon
coating. Synthesised
from polymer
templating

~ denotes value calculated from data available. NA = information not
available/reported. Within all the studies reported in Table 5.2 additional conductive

carbon has been incorporated in electrode formulation, (Apart from[).

Combining silica and carbon into one material has beneficial effects: Firstly, the high
electronic conductivity of carbon enhances both the rate capabilities and the
reduction process of silica by allowing the electrons access to reduction sites.
Secondly the requirement of small nanopatrticle silica, as described above, leads to
high specific surface area for electrodes. This high surface area leads to low columbic
efficiencies during the first cycle due to more SEI formation. Embedding these small
silica particles within a carbon matrix reduces the surface area in contact with
electrolyte, reducing the amount of SEI formation. Thirdly carbon materials with
graphitic and hard carbon phases are commonly used as active materials for lithium-
ion anodes and can reversibly intercalate and de-intercalate lithium stably over many

cycles. Therefore, the carbon materials can also provide capacity.

Table 5.2 summarises the material characteristics and performances of carbon-silica
composite materials reported in the literature. As one can see, the capacity of silica-
carbon composites presented in Table 5.2 tends to be higher than pure silica alone
(Table 5.1) Some reports 19 quantified the capacity arising from pure carbon within
the composite (in one case 200 mAh/g)1*, which revealed the contribution from silica
within their composite to be roughly 580 mAh/g of capacity. This is higher than the
average capacity reported for pure silica in Table 5.1. However, it is not clearly
understood why carbon-silica composites lead to an increased capacity from the

reduction of silica.

As well as higher capacity of carbon-silica composites, the average columbic
efficiencies were also higher (40-74 %). Low columbic efficiency is inherent to the
nature of the reduction reaction and its irreversible products. However, the higher

average columbic efficiencies for carbon-silica composites supports the hypothesis
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of more stable SEI formation within these materials. The highest capacities yet
reported for silica and carbon-silica based active materials were around 1100-1200
mAh/g.["21281 Dye to the lack of in depth characterisation of the reduction products
in the literature, it is not possible from literature sources to conclude why these
materials achieve a step change in capcity upon carbon doping. This is further

discussed in Chapter 7.

A detailed study into the nature of electrochemical reduction of silica within the first
cycles of silica anode materials is lacking within the literature. Such a study will
provide key information around the rate and extent of silica reduction at low potentials
and enable the use of silica as an active material. In view of this challenge, this

chapter focuses on the following key aims:

1. A new stepwise Potentiostatic Discharge (S-PSD) is developed to study the
extent of the electrochemical reduction of silica with respect to time. This
method shows how the capacity of a silica electrode increases with respect
to the total reduction time at low potentials. Using this method an optimum
reduction time can be determined.

2. Bioinspired Silica (BIS) is reduced with PSD and shown to have advantages
over previously explored Stober silica. BIS can be produced in an
environmentally friendly and scalable synthesis method (as discussed in
Chapter 2) which holds great promise for a future battery material. In
addition, we show the oligomers used in BIS can be advantageously turned
into a carbon coating within BIS.

3. Finally, a short-circuit reduction method is introduced, this method can be
performed at temperatures up to 50 °C where high capacities for BIS can
be reached with much shorter reduction times. The use of silica anodes in
full-cells will require a pretreatment step. This short-circuit method provides
dual benefits of decreasing the total reduction time, and removing the need

for potentiostats (needed for PSD).
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5.3 Experimental
5.3.1 Cell Preparation

Electrochemical experiments were performed using MIT2016-type coin cells with a
Whatman glass fibre separator and lithium foil (from Sigma Aldrich) as the counter
electrode. The electrolyte was 1M LiPFs in a 1:1 solution of ethylene carbonate (EC)
and dimethyl carbonate (DMC) from Sigma Aldrich with added 5w% fluoroethylene
carbonste (FEC). The composition of working electrodes was: 60w% PEHA-BIS
active material, 20w% conductive additive C-65, 20w% binder carboxymethyl
cellulose. The electrochemical performances were tested on a Maccor 4000M Battery
and Cell test system in a 25°C temperature chamber. The cut off voltage was 0.01 V
versus Li/Li* for discharge (lithium insertion) and 1 V versus Li/Li* for charging (Li
extraction). Cells where charged under a constant-current constant-voltage (CCCV)
regime: galvanostically at 0.1C, unless specifically stated otherwise, and held at
0.01V until current fell below 0.05C upon discharge. The specific capacity was
calculated based on active material mass. The charging rate was calculated from the
fraction of active material in the electrode and based on a theoretical capacity of 680

mAh/g for silica.

5.3.2 Potentiostatic discharge (PSD)

The PSD was performed on a MACCOR 4000M Battery and Cell test system. Cells
were discharged galvanostatically at 0.1C to 0.01V. The cell was then subjected to
0.002 V potentiostatic discharge for 20 hours. Following this, 5 CCCV cycles were
performed according to the above criteria. This procedure was looped in accordance
to the desired experiment, typically 20 loops, therefore 400 hours total time at 0.002
V and 100 cycles.

5.3.3 Short Circuit Reduction

Short circuit reduction involved the application of a crocodile clip (RS-components)
across the positive and negative electrodes of the 2016 coin cell providing a path for
current flow. The short circuit was applied to freshly made cells, unless stated
otherwise. The short-circuited cells were stored in a sealed glass vial and placed
within a temperature-controlled oven. The duration of short circuiting and temperature

of the oven were varied as specified.
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5.3.4 Carbon Coating of BIS

The carbon coating experiments were undertaken at Queen Mary University under
the supervision of Professor Magdalena Titirici. We would like to acknowledge their

valuable input and the funding the from Energy Storage CDT for the funding.

BIS was prepared and calcined as described in experimental Chapter 2. The
impregnation with carbon containing precursor Glucose (Glu) (Sigma Aldrich) or
mesophase pitch (MPP) was performed in their respective solvents, deionised water
and tetrahydrofuran (THF). The impregnation solutions were made up to contain 5 wt
% precursor and 95 wt% solvent. The 5 wt% solutions were dosed onto 0.5 g of BIS
such that 0.5 g of carbon precursor was transferred. The mixture of dissolved carbon
precursor and BIS were mixed with a spatula until BIS power was completely wetted,
then transferred to an 80 °C vacuum oven. Samples were dried under vacuum for 24
hours. The dry powder samples were transferred to a tube furnace (Carbolite) which
was purged under Argon. The furnace was ramped at 10 °C/min to 900 °C and held
there for 4 hours. Once cool the samples were removed and stored in an 80 °C
vacuum oven. All subsequent electrode and cell preparation stages were identical to

the standard experimental procedure, Chapter 2.
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5.4 Results and Discussion

5.4.1 Stepwise potentiostatic reduction

Previously Lepoivre et all? reported reduction times of 60 and 250 hours and that
higher capacities were reached at 250 h. However, the extent and the rate of
reduction are unknown. The necessity of electrochemical reduction of silica is an
added processing step for this active material. The long 250 h reaction times reported
by Lepoivre et al will increase production time and hence it is likely to inhibit the
commercialisation of these materials. It is therefore important to understand the
kinetics of the reaction to optimise this process, with the aim of reduction the duration
of the electrochemical reduction step. An experiment was designed to study the
kinetics of electrochemical reduction of silica, where the capacity increase of silica
electrodes at 20-hour intervals of PSD. The increase of capacity was measured by 5
galvanostatic cycles in-between every 20 hours of PSD.
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Figure 5.2. Capacity of Stober silica during 20 hour PSD steps at 2 mV. Insert
is a magnification of cycles 10-25 showing the increase in capacity after a 20
hour PSD step.

Figure 5.2 presents the results of stepwise PSD on 200 nm Stober silica particles.
One can now envisage the progress of the electrochemical reduction at a resolution

of 20 hours. Capacity increase within each step is related to the extent of the
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electrochemical reduction, as more silica is reduced (liberating more silicon), the
capacity of the electrode increases. The capacity in increased rapidly up to 250
mAh/g after 200 hours of PSD (50 cycle, Figure 5.2). After this point the capacity
increased slowly with each subsequent PSD step to a final capacity of 315 mAh/g
after 400 h total PSD. Fitting of the capacity profile with a simple exponent provides
a perfect fit with R?=0.9997. Using this model to determine the equilibrium capacity
(at infinite PSD time) was 379 mAh/g

The capacity reported by Lepoivre et al?! is 400 mAh/g with 250 hours of PSD. After
400 hours of stepwise PSD, the capacity in Figure 5.2 is 22% lower than those
reported by Lepoivre et al.?! As lepoivre et al, did not provide detailed characterisation
of their Stober silica it is not possible to provide a direct comparison with our results
in Figure 5.2. However, our results confirm that Stober silica can be electrochemically
reduced by PSD. We also show that the extent of the reduction reaction can be

studied by using a stepwise PSD method.

146



Chapter 5 PhD Thesis Jake Entwistle

5.4.2 Bioinspired Silica as Anode Material

Previous work of reduction of silica has focused on non-porous silica materials. The
reduction of silica within the electrode occurs at the interface between the silica
particle and lithium containing electrolyte. Increased surface area in contact with
electrolyte may increase the rate of lithium reduction. For this reason, porous silica
may provide better performance characteristics during electrochemical reduction.
Indeed, in the case for carbon-silica systems, when non-porous particles were used,
the initial capacities were between 400-600 mAh/g (see Table 5.2). However when
mesoporous silica was used instead, the capacities obtained were typically >1000
mAh/gl"t8 In this section the novel results of using porous silica directly as an anode

active material are explored.

Based on the above hypothesis a number of porous silica were investigated. Of these
silicas, only BIS was shown to be active during PSD (discussed in future work). BIS
has a number of competitive advantages over commercial silica: An economic
feasibility study of the biologically inspired precipitation of silica showed that the green
synthesis route may prove economically competitive to Stéber silica and mesoporous
silicas.?Y The bio-inspired method also provides the ability to produce a diverse range

of porous silica.??
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Figure 5.3. Schematic of bioinspired silica particle structure and theoretical
representation of carbon coating and calcination to produce final product.

In addition to porous properties bio-inspired synthesis provides another important
attribute which can potentially address the low electronic conductivity of silica. Post
synthesis, bio-inspired silica contains an organic additive used for the precipitation,
which is entrapped on the surface and within the silica structure. Figure 5.3 presents
a schematic of how the organic additive may be either calcined and completely

removed by heating in air or can be carbonised into soot particles by heating under
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an inert atmosphere. Carbon coating of bioinspired silica in this way may improve the
electronic conductivity of silica further highlighting the potential for BIS in this
application. BIS can provide the combination of increased silica porosity and a carbon
coating by a facile two step synthesis. The ability to electrochemically reduce BIS is

studied in detail below.

5.4.2.1 Characterisation of bio-inspired silica anode material

BIS was synthesised with the amine additive pentaethylene hexamine (PEHA). After
synthesis and drying PEHA additive is contained between the primary particles of the
silica structure and on the surface (Figure 5.3). Calcination oxidises the PEHA
allowing it to leave the silica as a gas, in turn this combustion leaves voids in the silica
structure creating micropores and small mesopores. Calcination causes a mass loss
of 20 wt% due to the removal of PEHA from the silica. Figure 5.4 presents the nitrogen
absorption isotherms and Table 5.3 summarises the BET surface areas and

mesopore volumes.

The carbonisation causes the formation of carbon containing soot particles from the
incomplete combustion of the PEHA additive. Gravimetric analysis confirmed the
amount of carbon remaining within the particles was 5 wt% (See Table S5.1). The
adsorption isotherm (Figure 5.4) shows the presence of micropores and some
macropores. The calcined BIS has the highest SSA and pore volume as expected.
The SSA and pore volume of the carbonised material lies between the calcined and

uncalcined-sample.
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Figure 5.4. N> isotherms of PEHA silica before calcination, after calcination and after

Table 5.3. BET surface area and BJH pore volume of PEHA bioinspired silica.

carbonisation.

BET Surface

BJH pore volume

Area (cmd/g)
(m?/g)
Uncalcined 355 0.01
Calcined 301 0.16
Carbonised 147 0.12

The pore properties of BIS are determined by the interconnectivity of the primary

particle, as previously established (Chapter 2). SEM images were used to determine

that no difference in secondary particle morphology was caused by the calcination

and carbonisation processes (Figure 5.5). It was therefore concluded that the lower

surface area and pore volume of the carbonised BIS was caused by carbon particles

in between primary silica particles - carbonisation had the desired effect of providing

a carbon network on the surface and within the BIS pore network.
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Figure 5.5 SEM images of (left) Fresh PEHA-BIS after drying (middle) calcined PEHA-
BIS and (right) Carbonised PEHA-BIS.

5.4.2.2 Potentiostatic Discharge (PSD) Electrochemical Reduction of BIS

To investigate the promise of BIS as an anode material the previously invented
stepwise PSD was employed. Figure 5.6 shows the capacity evolution of calcined
and carbonised PEHA-BIS. Carbonised PEHA (C-SiO,) capacity increased quicker
and reached a capacity of 600 mAh/g after 400 hours of PSD (100 cycle). The
calcined silica gained little capacity in the first 60 hours of PSD (15 cycles) but then
increases to 370 mAh/g by 400 hours of total PSD. The C-SiO reached a higher
capacity quicker as electronic conduction over the surface of silica primary particles
is likely to be quicker and more uniform, thus providing more electronic reduction
sites. Electrochemical impedance spectroscopy (EIS) was used to find the contact
resistance and the charge transfer resistance before the first 20 hour PSD (Figure
S5.1). These measurements can provide information on how well the electrode
conducts electricity and as such a measure of if the carbon coating had the desired
effect. The values of contact resistance and charge transfer resistance were found to
be lower in the C-SiO; electrode by 8.5% and 16.0% respectively compared to the
calcined silica electrode. It is clear that the increased conductivity of the carbon
conducting layer on the silica increased the electronic accessibility of the reduction

sites thus increasing the reduction rate.
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Figure 5.6. Capacity vs cycle life of PEHA-Silica (red) calcined, (black) carbonised (5
wt% carbon).

The first cycle of each step is consistently higher than the subsequent 4. Additionally,
from the 2" cycle to the 5™ cycle, there is small increase in capacity. It was found
that the increased capacity in the first cycle after a PSD step is due to a limited
amount of lithium storage in the electrode, which is deposited on the anode during
the low voltage PSD step. The voltage profile during the first cycle after PSD is flat at
0 V for a period before beginning to rise, as would be expected during lithium metal

extraction from the surface of the electrode.

Initial capacities of 90 mAh/g were observed in Figure 5.6 even without any reduction
of silica. This is attributed to the 20 wt% C-65 (carbon) as shown in Figure S5.2 to
have capacity of 241 mAh/g (based on electrode mass of 1.4 mg). Figure 5.7 shows
the capacity of the PEHA silica electrodes over 100 cycles without the use of the PSD
treatment. Capacity increases were small for the both electrodes (15 mAh/g increase
for calcined and 40 mAh/g for carbonised electrodes at 100 cycles). This highlights
the requirement for electrochemical reduction of silica to increase electrode capacity.
These small capacity increases observed are an order of magnitude smaller than the
increase presented in Figure 5.6 by PSD treatment. The increase in capacities seen
in Figure 5.7 is credited to the low current rate used in the cycling and hence the time

which the electrode is at low voltages. During the galvanostatic cycling, silica can be
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reduced when the cell potential allows and hence as cycles progress, the capacity
increased. The reduction of silica in this manner may have ramifications to many

other fields where silica materials are used in LIBs.
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Figure 5.7. Capacity of calcined and carbonised silica electrodes over 100
galvanostatic cycles at C/10.

Figure 5.6 showed it was possible to achieve capacities of >600 mAh/g using PSD
for the carbonised PEHA silica. This is 50% larger than the reported capacities of
Lepoivre et al.’l After the PSD shown in Figure 5.6 both electrodes where
galvanostatically cycled for 100 cycles to determine the stability their capacity (see
Figure 5.8). The results show that the capacities of 625 mAh/g and 410 mAh/g
obtained at the end of 400 h PSD (cycle number 100) showed as little as +2.4% and
0% loss for the carbonised and calcined electrodes respectively after a subsequent
100 cycles. This high capacity and stable cycle life show great potential for the use

of BIS as an anode material.
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Figure 5.8. Capacity vs cycle life of carbonised and calcined PEHA silica electrodes
throughout 400 hour total PSD with 5 galvanostatic cycles every 20 hours, total PSD
equivalent of 100 cycles. Subsequently subjected to 100 cycles galvanostatic cycles.

To reach the high capacities achieved in Figure 5.8 the stepwise PSD and 5
galvanostatic cycles each step was a protracted process (~21 days). Therefore,
optimisation of the PSD steps was subsequently studied to reduce the overall
reduction time required to reach maximum capacity for both materials. Figure 5.9
shows capacities of the calcined and carbonised BIS electrodes with 400 hour PSD
and no cycling every 20 hours. After 400 hours of constant PSD, capacities observed
were 500 and 350 mAh/g respectively for carbonised and calcined electrode. These
are 17 % and 5% lower than when PSD was combined with cycling. Upon subsequent
100 cycles, the capacities of both electrodes increased to 635 and 435 mAh/g
respectively. Two noteworthy effects are concluded from this finding: Firstly 400
hours of PSD did not increase capacity to the same extent as 400 hours PSD with 5
cycles every 20 hours. Secondly, after 400 hours of PSD the reduction of silica has
not reached completion as capacity continued to rise. Both of the above points were
investigated further as it is desirable to optimise the quickest path to the largest and
most stable capacity.
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Figure 5.9. Capacity of carbonised and calcined electrodes subjected to 400 hours of
PSD

5.4.2.3 Stepwise Potentiostatic Discharge (S-PSD) vs Constant PSD (C-
PSD)

Extended cycling was performed after 400 hours PSD to determine when the capacity
would stabilise. The results of 400 galvanostatic cycles are presented in Figure s5.3,
note a faster C-rate of C/2 was used in this investigation due to time constraints. At
faster C-rates the maximum capacity of the electrode will be reduced (due to voltage
drop across the electrode). The trend in capacity stabilisation can be studied. The
maximum capacity of the carbonised silica electrode was measured as 620 mAh/g
after 400 hours of PSD and 170 cycles. The capacity of the calcined sample reached
a maximum of 460 mAh/g after 400 hours of PSD and 115 cycles. Interestingly, the
maximum capacities obtained match well with the capacities from Figure 5.6,
suggesting a ceiling for maximum capacity of these materials. After reaching their
maximum capacities, both electrodes were relatively stable for 10-30 cycles, then a
gradual decrease in capacity was observed to 400 cycles. The final capacity of the
electrodes were 570 mAh/g and 400 mAh/g for the carbonised and calcined electrode
respectively. The capacity fade of the electrodes maybe related to the half-cell

arrangement used for testing, extended cycling in half cells has shown capacity fade
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due to passivation and degradation of the lithium electrode. Loss of capacity via this

mechanism should not be concluded to be loss of intercalation capacity.?®

To investigate this further, electrodes which underwent both treatments were cycled
for 100 cycles as follows. Figure 5.9 shows the capacity results of 400 hours straight
PSD and Figure 5.8 shows 100 cycles after 400 hour stepwise PSD. Their differential

capacity plots are shown in Figure 5.10.

Differential capacity plots of electrodes in the 15t and 100" cycle after PSD are
presented in Figure 5.10. The 1%t cycle of C-PSD had one broad anodic peak between
0.1-0.7 V, while their cathodic profile slopes from 0.3 to 0 V. The first cycle for S-PSD
had an anodic profile with two distinct peaks visible at 0.32 and 0.47 V. The cathodic
profile of S-PSD is also different with a new peak at 0.19 V sloping profile down to a
second peak at 0.05 V. In the 100" cycle (red) the S-PSD shows the same profile as
its first cycle. The differential capacity profile of the C-PSD clearly changes across
the 100 cycles such that it matches that of the S-PSD with anodic peaks at 0.32 and
0.47 V, cathodic peak at 0.19 V and 0.05V. The result of Figure 5.10 on carbonised
BIS was repeated on calcined BIS and showed the exact same behaviour (Figure
S5.4).

The differential capacity (dV/dQ) profiles are distinctive of silicon lithiation and
delithiation (See Chapter 1, Table 1.2). Firstly, the profiles observed in Figure 5.10
provide strong evidence that silicon was produced as a direct product of lithium
reduction of silica, and that this silicon can reversibly alloy and de-alloy with lithium.
Secondly the well documented lithium phase transitions at specific voltages can be
used to infer which lithiated states of silicon were formed in each case.?¥ Lithiation
of amorphous silicon will produce typical cathodic peaks around 0.25V corresponding
to (a-Si — a-Li»¢Si), a strong cathodic peak at 0.1 V will follow corresponding to the
(a-Li20Si — a-LizsSi) phase transition, the final lithiation and crystallisation of (a-
Lis7sSi — c-Liz7sSi) occurs at <0.1 V (note literature consensus is that smaller silicon
particles/crystallites require lower voltages to for the Lis7sSi phase formation).i2%!
Delithiation will produce anodic peaks at 0.28 and 0.5 corresponding to the
delithiation of (a-Liz 5Si — a-Li»0Si) and (a-Li»0Si — a-Si) respectively. If the c-Liz 75Si
phase is formed on lithiation this will show a sharp distinctive anodic peak at 0.43 V

corresponding to the reaction (c-Liz 7sSi — a-Li1.1Si).
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Figure 5.10. Differential capacity plots of C-SiO,, comparison of (a) 400 hours C-PSD
and (b) 400 hour S-PSD (5 galvanostatic cycles every 20 hours).
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Understanding the lithiation and delithiation phase transitions can explain the lower
capacity achieved when just 400 hours of PSD is used compared to stepwise PSD
and cycling. The sloping cathodic profile during the 1 lithiation after PSD Figure
5.10(a, black) had no distinct peaks near the expected phase transitions. This
indicates that for this current rate incomplete lithiation is occurring and that the a-Si
— a-Liz0Si and a-Li».0Si — a-LizsSi phase transitions are occurring in parallel with
each other. Upon delithiation a similar effect seems to be occurring: no clear peaks
were seen where expected. This suggests that the a-Li»oSi and a-LissSi states
formed were small in number and hence underneath the broad delithiation peak of
LixSi states, or the conductivity pathways were too slow for a-Li»oSi and a-LizsSi
states to delithiate at the appropriate voltages. No sharp peak at 0.43 V was
observed, indicating that the highest lithiated state c-Lis7sSi did not form, but this is

not uncommon for silicon materials.

Figure 5.10 (b) presents the results from the stepwise PSD, where the electrode had
experienced 100 cycles during the 400 h PSD, in this case the dV/dQ profiles
resemble more strongly the typical features of silicon within the first cycle (Chapter 1,
Table 1.2). The cycling of the electrode during PSD changes the reduced materials
structure such that it can better respond to the galvanostatic cycling and the lithiation
of silicon progressed via the established pathways. This is ultimately responsible for
the higher capacities achieved by the stepwise S-PSD than just doing the C-PSD in

just one step.

It is hypothesised that the repeated volume expansion and contraction of silicon
during cycling increases the capacity of the electrode. Little is known about the order
and/or composition of the silicon phases within the structure of the active material.
However, alloying and de-alloying of silicon inherently involves volume expansion.
The ideal species, hypothetical lithium silicates and lithium oxide provide a structural
scaffolding network around the silicon species leading to the observed stable capacity
of this material. However, for the silicon to reach maximum capacity, cycling as well
as PSD are required. The repeated expansion and contraction will cause stress on
the reduced material thus breaking some of this scaffolding structure. It is
hypothesised that this stress changes the scaffold structure and improves the silicon
conductivity pathways. This allows better conduction of electrons and lithium ions to

silicon within the active material.

Based on the above observations that stepwise cycling during PSD leads to a higher

capacity than constant PSD, 625 mAh/g vs 500 mAh/g respectively, a mechanism
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has been proposed. Based upon the differential capacity plots of stepwise vs constant
PSD it was shown that the established pathways for silicon lithiation and delithiation

do not occur sequentially if the electrode is subjected to C-PSD.

5.4.2.4 Rate capability of BIS electrode

The rate capabilities of calcined and carbonised BIS were tested between 0.1 and
5.0C. The C-rate was determined by a theoretical capacity of 680 mAh/g hence 0.1C
corresponds to 0.068 A/g of active material and 5.0C corresponds to 3.4 A/g. Figure
5.11 presents the rate capabilities of electrodes treated to 400h C-PSD. Both
electrodes show excellent rate capabilities even at the extreme C-rate of 3.4 Alg
where the carbonised and calcined electrode can still provide 180 and 145 mAh/g

capacities respectfully.
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Figure 5.11. Rate capability of calcined and carbonised PEHA-silica electrodes.

Previous studies have shown an upper limit for energy density commercial graphite
electrodes of 4C, above which substantial electrode breakdown occurs (4C=1.484 A
g™1).1281 For our BIS electrode material, a similar C-rate of ~2.0C, can still provide 290
mAh/g of capacity. After subjecting the electrode to the C-rate test, the electrodes
showed excellent abilities to return to their original capacity at 0.1C. This indicates

the stability of the reduced material and the robustness of the electrode fabrication.
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5.4.3 Short Circuit Electrochemical Reduction

Above it was shown that a stepwise PSD can be used to investigate the kinetics of
electrochemical reduction of silica. The use of BIS as an anode material was
investigated in detail and shows promise as a future active material due to its high
capacity and stable cycle life. The use of PSD is reliant on the use of a potentiostatic
device to control cell voltage. Therefore, the future processing step of activating silica
electrodes will be reliant on using such a device, thereby increasing the CAPEX and
complexity of the electrode fabrication. According to the standard redox potentials of
Lithium and silica the reduction reaction is spontaneous with a potential of -2.13V i.e.
a galvanic cell (Table 5. 4, Equation 5.5). Therefore the reduction reaction should
occur during the PSD at 2 mV. If an electronic pathway between the two electrodes
is established, then due to the spontaneity of the reaction the reduction reaction
should proceed without the need for the application of an external bias (voltage). This
reaction is here termed ‘external short circuiting’ and describes the connection of the
positive (silica) electrode and the negative (lithium) electrode via a low resistance

external circuit.

Table 5. 4. Standard redox potentials for silica and lithium.

Half Reaction Potential
V)

SiO2(s) + 4H*+4e” < Si(s) + 2H20 | -0.91

Li* +e- —Li (s) -3.04
Si0, + 2Li - Si+ 2Li,0 Equation (5.1)
E°cell = E°red + E°0x Equation (5.4)
E°cell =3.04 - 0.91 = 2.13V Equation (5.5)

A series of silica-lithium half cells where externally short circuited in a 25 °C
temperature chamber and left for 5 and 10 days before being subjected to 100
galvanostatic cycles at C/10 to study the effect of short circuiting on the
electrochemical reduction of silica. Figure 5.12 shows the resulting reversible

capacity.
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Figure 5.12. Externally short circuited calcined and carbonised BIS cells at 25 °C for 5
and 10 days. Resulting capacity upon galvanostatic cycling for 100 cycles.

5.4.3.1 Kinetics of short Circuit reduction

All electrodes show an increase in capacity capered with untreated silica electrodes,
validating that the reduction reaction is spontaneously proceeding when an external
short circuit is applied. The calcined silica electrodes reached capacities of 200 and
310 mAh/g after 5 and 10 days of short circuit respectively. The carbonised
electrodes reached higher capacities of 395 and 460 mAh/g after 5 and 10 days
respectively. After 100 cycles, capacities of all four electrodes increased further. This
is because as discussed above, the dV/dQ plots evolve over the 100 cycles to
produce a more typical silicon profile after cycling and this further confirms cycling is

crucial to achieve higher capacity.

Capacity increase observed from the external short circuit matches well with the
capacity increase measured for PSD times of 120 h (5days) and 240 hours (10 days)

for both the calcined and carbonised electrodes, (cross reference with Figure 5.6).

The discovery of short circuiting to increase silica electrode capacity may have
implications for any industrial scale fabrication of this electrode material. Due to the

ease of performance and the removal of any energy input requirement.
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The rate of the reduction reaction and hence the capacity achieved by the silica
electrodes was still improved by carbonisation on the silica surface. As discussed
above, it is clear that the improved electronic conduction pathways provided by
carbon coating increased the rate of reduction. A limiting factor for governing the rate
of reaction is lithium-ion availability at the reaction site. As the reduction reaction
progresses from the surface of the silica, lithium-ions will be required to move into the
solid particles. The asymptotic behaviour observed for the extent of reduction reaction
during PSD, Figure 5.6 suggests that as the silica is increasingly reduced it becomes
harder for virgin material to react. This may be related to the electronic conductivity
and/or the lithium ion conductivity within the product species that form and will be

explored in further detail in Chapter 6 below.

As stated above the electrochemical reduction of silica active materials will require
an added fabrication step before the silica electrodes can be incorporated into a full
cell. It is therefore important to understand and optimise this process step to provide
high capacity and a stable cycle life. Reducing the reaction time of this reduction step

will be crucial for the commercialisation of this process.

Here an experiment was proposed to increase the rate of the electrochemical
reduction. The diffusion of ions within a solid is known to increase in rate as
temperature increases. With the discovery of the external short circuit reduction
method, these cells could be placed in a temperature-controlled chamber. Hence, the
cells were short circuited at 50 °C (instead of 25 °C) for 5 days then cycled
galvanostatically for 100 cycles. Figure 5.13 shows the cycling results for the calcined
and carbonised electrodes. Both electrodes reached a capacity >490 mAh/g in the
second cycle and both rose almost identically to a capacity of 600 mAh/g after 100
cycles. Over the 100 cycles, the differential capacity profiles evolve as described

above with a more prominent silicon profile emerging after cycling.

Both electrodes have reached capacities higher than their equivalents at 25 °C for 5
and 10 days of short circuit (cross reference with Figure 5.12). This shows that the
rate of the reduction reaction is occurring faster at higher temperature. Equally both
the calcined and carbonised electrodes reached the same capacity in the same
amount of time, which suggests that at 50°C, the electronic conductivity of the
electrodes may no longer be a limiting factor for the rate of reduction. It is expected
that higher temperatures still would increase the rate of electrochemical reduction.
However, the cell cases used in this study were unable to hold at temperatures higher
than 50 °C for prolonged periods.
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Figure 5.13. Capacity of externally short circuited PEHA-BIS half cells at 50 °C for 5
days.

A further investigation was performed to study the evolution of capacity during short
circuiting between 0.25-5 days for a calcined silica electrode to better determine the
optimal time for short cuircuiting. Figure 5.14 presents the capacity for 10
galvanostatic cycles of cells reduced for times between 0.25 and 5 days. An increase
to 200 mAh/g can be observed after 0.25 h and the capacity continued to rise quickly
up to 2 days of short circuit where 500 mAh/g is reached. Between 2 and 5 days, ho
large change in initial capacity was observed. Figure 5.14 shows the difference for
the same individual cell which was short circuited then cycled, short circuited then
cycled, repeated up to 5 days (blue). Higher capacities were observed compared with
individually cycled cells for each data set (Figure 5.14 red). This is explained as above
where the expansion and contraction of the reduced electrode structure during
cycling changes the electrode structure and allows complete lithiation of silicon.
Comparison of the dV/dQ curves is consistent with this, with the shorted then cycled

cell showing a more defined silicon profile (Figure S5.5).
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Figure 5.14. Capacity of externally short circuited, calcined BIS-silica electrode, short
circuited at 50 °C. (red) cells short circuited for the total indicated time. (blue) individual
cell short circuited, cycled then short circuited further up to a total of 5 days.

With short circuiting at 50 °C and with cycling, Figure 5.14 has shown that it is possible
to achieve stable capacities of 600 mAh/g in just 4 days of treatment. As well as being
able to produce capacities of >430 mAh/g with just 1 day of short circuit treatment.
This result should be compared with literature where 250 hours (>10 days) of PSD
was required to produce 400 mAh/g in 200 nm Stober silica particles.? The short
circuit results presented in Figure 5.14 were performed on calcined BIS. Previously
the highest capacity achieved through S-PSD on this material was 410 mAh/g. This

is a further advantage of this short circuit method.
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5.4.4 Carbon coating of BIS

The ability to carbon coat BIS in a one-step carbonisation has been presented in
section 5.4.2. The effect of carbon coating on PEHA-BIS electrodes has been to
reduce electrical resistance and lead to higher capacities quicker under stepwise
PSD in comparison to calcined silica. The carbon in the carbonised BIS makes up 5
wt% of the material mass. A brief study of carbonisation time of 1, 3 and 5 hours was
performed, however in all cases the carbonised PEHA-silica consistently contained
5 wt% carbon.

The ability to increase the coating layer of carbon on PEHA-silica may potentially
increase the rate of reduction reaction during PSD. Additionally, it was shown in that
the addition of carbon can increase the rate capabilities of the reduced electrode

material. This further highlights the benefits of carbon coating.

Previous literature regarding silica as an active material relied on silica carbon
composites with carbon contents of up to 76% (Table 5.2). It is believed that the
increased conductivity of these electrodes can increase the rate of electrochemical
reduction reaction with silica (although robust characterisation of silica reduction
process and products is lacking). In some cases, the carbon not only acts as an

electronic conductor but the carbon itself has reversible capacity with lithium.!**!

The following results are based on impregnation of BIS with two carbon precursors
and the subsequent carbonisation. The two precursors were chosen for their low cost,
wide availability and controllable nature of carbon structure formed upon
carbonisation. Glucose (Glu) is the first carbon source, it is water soluble, low cost,
and upon carbonisation forms amorphous carbon with low amounts of graphitic
phases. Mesophase pitch (MPP) is a high molecular weight petrochemical with low
cost, it is soluble in tetrahydrofuran (THF) and upon carbonisation forms amorphous
carbon with large amounts of graphitic phases compared to glucose.?7?8 Graphitic
phases can reversibly intercalate lithium ions and their presence would hypothetically

increase the materials reversible capacity.

Briefly, the experiment involved impregnation of calcined BIS with the Glu or MPP
precursor in the respective liquid solvent, evaporation of the solvent left the precursor
on the surface of the BIS which was subsequently carbonised at 900 °C in an inert
atmosphere. The carbon content of the two BIS-Carbon composited was determined

gravimetric analysis, presented in Table 5.5, the carbon content was 9.7 and 9.3 wt%
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for the Glu and MPP composited respectively. This carbon content is higher than from

the direct carbonisation of PEHA-BIS as reported above.

The Raman spectra presented in Figure 5.15 (a-b) confirm the presence of carbon
on the BIS. The Raman results show two peaks labelled D and G. The G peak
corresponds to vibrations of sp2 bonded carbon atoms whereas the D peak is due to
vibrations of sp3 carbon sites. By comparing the ratios of these peaks one can
determine the presence of graphitic (sp2) carbon phases. The D/G ratio has no
change between the Glu and MPP precursor used. The propensity of naphthalene
species within MPP is reportedly responsible for the formation of larger amounts of
graphitic phases wupon carbonisation when compared to non-aromatic
precursors.?"128 However, within this experiment, this effect has not been observed.
It is likely that the low carbonisation temperatures used in this study (900 °C) led to a

low amount of graphitic phases and temperatures above 1400 °C are required.?7112]
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Figure 5.15. Raman spectra of carbon D and G bands (a) Glucose carbonised BIS, (b)
MPP carbonised BIS. (c) N;absorption isotherm, (d) BJH pore size distributions.

Nitrogen adsorption isotherms collected showed type Il nature with some hysteresis
at high relative pressures (>0.9). This behaviour is indicative of micropore filling and
then large meso/macropores and filling between particles. When analysing the pore

properties (Figure 5.5(d)) the disappearance of mesopores centred at 4nm is
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observed upon carbonisation along with a decrease in pore volume (Table 5.5). The
disappearance of mesopores is attributed to a filling with carbonised material. The

impregnation of precursor into the BIS pores was therefore successful.

Table 5.5. BET surface area, BJH pore volume and carbon wt% of glucose and MPP
impregnated PEHA silica after carbonisation.

BET BJH PV | Carbon
Surface (cmi/g) | content
area(m?/g) (Wt%)
Calcined BIS 301 0.16 0
Glu Carbonised BIS 107 0.08 9.7
MPP Carbonised 107 0.05 9.3
BIS

The kinetics of electrochemical reduction were assessed for these carbon coated
materials and are presented in Figure 5.16 by subjecting to stepwise PSD. Both
carbon coated materials show much quicker increases in capacity compared with C-
BIS (Cross reference with Figure 5.6 and the C-BIS plotted alongside) with MPP-BIS
reaching 350 mAh/g and Glu-BIS reaching 475 mAh/g after just 20 hours of PSD at
25 °C. The MPP-BIS increases to a stable capacity of 650 mAh/g by 120 h of PSD.
In contrast the Glu-BIS increases to 575 mAh/g after just 40 hours but then rapidly
falls in capacity with subsequent PSD steps. This contrast in behaviour between
these two carbon coated silica is surprising, especially as they show similar properties
with regards to carbon content, porosity and polymorphicity of carbon. The results of
Figure 5.16 are promising as they show the promise of carbon coating for reducing
the time required under PSD to reach high capacity. This may have important

ramifications for the commercialisation of this technique.
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Figure 5.16. Capacity of MPP and glucose impregnated PEHA silica electrodes during
20h stepwise PSD at 25 °C. Can be compared with the Carbonised BIS reported above
in Figure 5.6, replotted here.

The impregnation and carbonisation of BIS successfully filled BIS pores with
carbonised material. The carbon content of the C-BIS was increased up to 9.7
wt% which is a doubling in carbon content compared with the direct
carbonisation of PEHA-BIS. The incorporation of carbon into the BIS reduced
the carbonised SSA and pore volume. Raman spectroscopy showed that both
precursors gave relatively the same degree of graphitisation. MPP has been
reported to form graphitic phases upon carbonisation,’?” however, the
temperatures used herein were lower than the 1400 °C used in literature. This
low carbonisation temperature is responsible for the lack of graphic phases in
the MPP carbonised sample. The electrochemical performance of these
carbonised materials is promising. The quick rise in capacity suggests much
faster reduction kinetics compared with C-BIS, especially when considering
these results are at 25 °C. However, the stability of the MPP-BIS compared
with the contrasting instability of the Glu-BIS cannot be explained by these

results and will require further investigation.
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5.4 Conclusion

A new family of active materials for lithium-ion batteries has been introduce based on
using silica. To use silica as an active material it must first be electrochemically
reduced to liberate silicon, which can reversibly react with lithium. In this chapter a
new stepwise PSD has been proposed to study the extent of electrochemical
reduction of silica by lithium in silica-lithium half-cells. We validated this new method
by reproducing the results from literature by reducing 200 nm Stéber silica particles

to get a capacity of 315 mAh/g.

Porous silica morphologies were next explored based upon the hypothesis of having
an increased surface area for faster electrochemical reduction to proceed. The
commercial porous silicas used did not show any electrochemical activity to PSD,
which is believed to be related to the surface properties of these silica and should be
investigated in detail in the future work. A new silica-based anode material based on
BIS was shown to have the ability to provide raw silica or carbonised silica surfaces
due to the nature of its synthesis. Both the calcined and carbonised BIS showed
promise as anode materials after undergoing PSD, where capacities of 635 and 400

mAh/g were achieved for the carbonised and calcined BIS respectively.

Further investigation into the S-PSD process proved that S-PSD has advantages over
one C-PSD process. It was shown that higher and more stable capacities were
reached when S-PSD was used over one C-PSD. This was related to the
galvanostatic cycling involved in the S- PSD which it is hypothesised alters the silicon

structure within the active material.

The electrochemical reduction of silica occurs spontaneously and hence it was
demonstrated that a short circuit can be used to reduce a silica electrode vs lithium.
The electrochemical reduction of silica was found to progress more quickly under
short circuiting than PSD at 25 °C. Due to the lower level of control needed during a
short circuit the experiment could be performed at higher temperatures. We have
shown that the reduction reaction occurred more quickly at 50 °C and capacities of
600 mAh/g can be achieved after 4 days. The kinetics of the short circuiting have
been presented and an asymptotic profile was observed like that from the PSD

treatemnt.

For the electrochemical reduction of silica the benefits of carbon coating are known

from literature (Table 5.2) and have been reinforced in this work. Direct carbonisation
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of BIS has the advantage of the carbon precursor already being impregnated into the
BIS structure. However, attempts to increase the amount of carbon above 5 wt%
where not successful. Therefore, an independent carbonisation step was investigated
to study the effect of increased carbon content on BIS. Carbon precursors of glucose
and mesophase pitch were successfully impregnated into BIS and carbon content
was increased to 9.7 wt%. The results during PSD at 25 °C confirmed the advantage
of increasing carbon content as the electrochemical reduction progressed much
faster within these samples. The mesophase pitch sample reached a stable capacity
of 650 mAh/g but the glucose impregnated BIS had very unstable cyclability and a
large capacity loss. These results are promising for reducing the total time needed
during PSD. This carbon coating technique could be used in conjunction with the
methods evolved in these works such as short circuit at 50 °C to reduce the

electrochemical reduction time further.

Consistently for PSD and short circuiting, it was shown that when the reduction
reaction was accompanied by cycling, then higher capacities could be achieved. This
phenomenon has been attributed to materials stresses upon expansion and
contraction during the active silicon cycling. The differential capacity profiles suggest
that with cycling, the silicon structure can evolve, thus allowing more lithiation and

higher capacities as cycling progresses.

With the new tools presented in this work, it is now possible to study and optimise
the kinetics of electrochemical reduction of silica. Going forward these methods can
be used on new silica materials to assess their applicability as anode materials.
Table 5.6 should be used to reiterate how these works have studied the extent of
the electrochemical reduction process, while previous studies neglect the reactions
occurring in the first cycle. The capacities obtained by BIS are promising especially
if compared to all literature in this field (Table 5.1-2). With a deeper understanding
of the electrochemical reduction process it may be possible to achieve the higher

capacities (Table 5.6) reported in literature with BIS and other silica precursors.

Further work is needed to determine the commercialisation aspects of the
electrochemical reduction synthesis step which is heeded for silica active materials.
An initial investigation should be directed at larger scale and reusable cells, unlike
coin cells, and the use of more economically and environmentally friendly electrolytes

as opposed to the lithium carbonates used in this study.
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Table 5.6. A comparison of literature with this work. Reporting the reduction
conditions for silica active materials and their resulting capacity as a LIB
anode. For a full list of literature see Table 5.1-2.

Material Type Reduction conditions Capacity Ref
(mAh/qg)
200 nm Stober silica | 250 h of PSD 400 2]
Mesoporous silica No information just galvanostatic 1250 18]
confined within cycling with very low initial
carbon framework columbic efficiency (42%)
200nm Silica No information just galvanostatic 1100 (12]
nanotubes cycling with very low initial
columbic efficiency (42%), also
unstable capacity which rises to
1250 mAh/g over 100 cycles
200 nm Stoéber silica | 400 hours PSD 315
BIS 400 hours PSD 625
BIS 5 days (240 hours) short circuit 600
BIS-MPP 120 hours PSD 650
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Chapter 6:

Mechanistic Understanding of

the Electrochemical Reduction

of Silica

6.1. Introduction

In the previous chapter, the electrochemical reduction of silica via lithium in a half-
cell configuration was presented. The application of PS discharging regimes and
short circuiting of the half cells showed how for periods ranging from 20-400 hours’
silica could be incrementally reduced and the reversible capacity of the silica
electrode increased. The experiments of short circuiting the cells at 50°C showed
promise of achieving high reversible capacity in the shortest possible time, 500 mAh/g
in 48 hours. The motivation behind reducing the total electrochemical reduction time
is that this process represents an additional processing step for the use of silica as
an anode material. In the current chapter, the electrochemical reduction step is
studied in further detail. By building a better understanding of this electrochemical
process future experiments to scale up this synthesis method can be directed more

successfully.

The first cycle columbic efficiency (CE) is critical to the development of any new
battery material.™! Within a full cell configuration, a limited inventory of lithium is
available as the sum of lithium in the electrolyte and cathode active material. Any
irreversible reactions during the first cycle deplete lithium inventory, in the long term
this leads to capacity loss in the cell. The extremely low first cycle CE of silica active
materials are inherent to the reduction reaction. For the reduction of silica to silicon,
lithium-ions must be consumed. Therefore, for incorporation into full-cell configuration
prelithiation of silica electrodes will be required. This prelithiation step should be
designed to increase electrode capacity and ensure stable cycle life according to the

results presented in Chapter 5.
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Figure 6.1(a), schematically shows the prelithiation of a SiOx material performed via
short circuit in a coin cell half-cell. Kim et al?l envisage a scalable roll-to-roll process
which can be applied to such electrodes, Figure 6.1(b). Prelithiation is an important
facet of being able to utilise silica active material. The roll-to-roll process envisaged
in Figure 6.1 will require a key understanding of the electrochemical reduction
mechanism that unfolds. This will ensure that such a process will be optimised to
produce high and stable capacity electrodes in the most economic and time effective

way possible.

SEl Layerg. o
Electrolyte
c-SiO, electrode

c-SiO, Electrode
\ 2

Electrolyte

Figure 6.1. (a) graphical illustration of prelithiation process of c-SiOx electrode

and (b) a scalable roll-to-roll process scheme. Reproduced from 2,

Previous work on the electrochemical reduction of Silica may or may not report the
first cycle CE. B I8l As discussed in Chapter 5 this value can provide little useful
information about the electrochemical reduction process. Primarily this is due to there
being to many unknown effects on CE including SEI formation and lithium-plating
primarily in the first but also in subsequent cycles. This is additionally compounded
as there is no consensus on the nature of the reduction reaction products. A detailed
understanding of the electrochemical processes occurring during the initial

electrochemical reduction process is crucial to further develop this technology. In this
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chapter the electrochemical reduction of silica will be probed in-situ and a mechanism

for the electrochemical reduction of silica will be proposed.

6.2. Experimental

Cell Preparation

Electrochemical experiments were performed using MIT2016-type coin cells with a
Whatman glass fibre separator and lithium foil (from Sigma Aldrich) as the counter
electrode. The electrolyte was 1M LiPFs in a 1:1 solution of ethylene carbonate (EC)
and dimethyl carbonate (DMC) from Sigma Aldrich with added 5w% fluoroethylene
carbonste (FEC). The composition of working electrodes was: 60w% PEHA-BIS
active material, 20w% conductive additive C-65, 20w% binder carboxymethyl
cellulose. The electrochemical performances were tested on a Maccor 4000M Battery
and Cell test system in a 25°C temperature chamber. The cut off voltage was 0.01 V
versus Li/Li* for discharge (lithium insertion) and 1 V versus Li/Li* for charging (Li
extraction). Cells where charged under a constant-current constant-voltage (CCCV)
regime: galvanostically at 0.1C, unless specifically stated otherwise, and held at
0.01V until current fell below 0.05C upon discharge. The specific capacity was
calculated based on active material mass. The charging rate was calculated from the
fraction of active material in the electrode and based on the theoretical capacity of
680 mAh/g.

Potentiostatic discharge (PSD)

The PSD was performed on a MACCOR 4000M Battery and Cell test system. Cells
were discharged galvanostatically at 0.1C to 0.01V. The cell was then subjected to
0.002 V potentiostatic discharge for 20 hours. Following this, 5 CCCV cycles were
performed according to the above criteria. This procedure was looped in accordance
to the desired experiment, typically 20 loops, therefore 400 hours total time at 0.002

V and 100 cycles.
Short Circuit Reduction

Short circuit reduction involved the application of a crocodile clip (RS-components)
across the positive and negative electrodes of the 2016 coin cell providing a path for
current flow. The short circuit was applied to freshly made cells, unless stated

otherwise. The short-circuited cells were stored in a sealed glass vial and placed
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within a temperature-controlled oven. The duration of short circuiting and temperature

of the oven were varied as specified.
Impedance Fitting

In this chapter charge transfer processes will be studied by EIS. For an introduction
to impedance and impedance spectroscopy see Chapter 2.1 [8] Charge Transfer
processes give semi-circular patterns in Nyquist plots. In a charge transfer two
parallel processes are occurring, firstly the transfer of charge across a medium,
secondly the build-up of the double layer capacitance. A charge transfer process can
therefore be represented by a parallel electrical circuit of a resistor and capacitor. In
parallel the reciprocals of impedances are additive and for these components can be

simplified as equation 6.1 (See Chapter 2 for full derivation).

R

= m Equation 6.1

Equation (6.1) can be used to visualise the semi-circular pattern of a charge transfer:
at high frequency w tends to infinity i.e. the denominator tends to infinity and
impedance to zero (circuit behaves like a capacitor). At low frequency w tends to 0

the denominator tends to 1 so Z=R (circuit behaves like a resistor).

Electrochemical processes often do not behave as idea circuit components. Constant
phase elements (CPE) are commonly used to describe capacitance as it appears in
real electrochemical systems where non uniform surfaces and distribution of reaction
sites effects behaviour. One physical explanation for CPE behaviour is electrode
roughness caused by fractal surfaces and porosity.® ! The mathematic definition is
presented in equation (6.2), where p is the constant phase (-90 x p)° and p is a
number between 0-1, the case for p=0 is an ideal resistor and p=1 describes an ideal
capacitor. The value of p can therefore be used to determine the capacitive nature of

a charge transfer process.

7 1 Equation 6.2
PET Qow)”
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6.3. Results and Discussion

6.3.1 Kinetics of BIS Electrochemical Reduction

The electrochemical reduction of Silica within a lithium half-cell is a REDOX reaction:
Silica is reduced to form silicon and unknown species. While lithium is oxidised to
form hypothesised lithium oxides and silicate species. For lithium to be oxidised (lose
an electron) said electron must pass through an external circuit to balance the charge
of a redox reaction at the silica (working) electrode. This electron must pass through
an external circuit due to the electronic isolation of the two electrodes by the insulating
separator. Lithium ions then migrate through the separator to balance the charge of
the reduction at the silica electrode. One can record the transfer of electrons from the
lithium to the silica electrode by monitoring the current through the external circuit (As
current is the rate of charge transfer, Equation 6.3). As the flow of electrons, the
current, is caused by the reduction of silica via lithium-ions it can be used as a
measure for the rate at which the reduction reaction is occurring. In other words, for
one mole of lithium-ions to undergo a REDOX reaction at the silica electrode exactly
one mole of electrons must pass through the external circuit. Since one mole of
electrons carries a known charge and current (I) measures the flow of charge (Q) with
respect to time (t) then according to Equation 6.3 the current rate is directly related

to the rate of the electrochemical redox REDOX reaction.

AQ
[ =— Equation 6.3
At
During the PSD reduction of Silica, a constant discharge potential of 2 mV is applied
to the cellin 20 h steps. In the previous chapter it was shown that performing the PSD
step at 50 °C decreases the overall time needed to reach a high reversible capacity.
This result is reiterated in Figure 6.2 (a), which shows the increase in capacity with
just one 20 h PSD step at 50 °C compared with 25 °C. This is related to the increase
in reduction reaction kinetics at higher temperature. Figure 6.2(b) presents the current
profile of both cells during the first PSD step. The negative current corresponds to
electrons flowing from the lithium to the silica electrode. The current response is small

for the electrode at 25 °C, representing lower electron transfer to the silica electrode
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and is better seen in Figure 6.2(c). Figure 6.2(c) presents the current profile for 20
PSD steps each 20 hours each. As expected the current profile for the electrode
reduced at 50 °C gives a maximum in current more than an order of magnitude higher
than that reduced at 25 °C, 170 pA compared with 5 pA.

The current response is small during the first 20 h PSD for the electrode at 25 °C,
representing slower electron transfer to the silica electrode. As explained above the
current corresponds to the rate of electrochemical reduction of the silica. Low current
flow for the 25 °C electrode was why little increase in capacity during the first PSD
step was observed. The current profile can be extracted from each of the 20 hour
PSD step, and is presented in Figure 6.2(c). Over repeated exposure to stepwise
PSD current does begin to flow into the silica electrode as shown in Figure 6.2(c).
This data is extracted from the results shown in Chapter 5 (Figure 5.6). The current
profile of the 50 °C electrode shows a transfer of charge during the first 20 h PSD
step and as such the capacity is increased from 95-500 mAh/g.

178



Chapter 6

PhD Thesis Jake Entwistle

(a) o 250C o 500C
700 . .
o (o]
5600- 0000 ©0000]
< 500- ® 5000 .
E.4001 ]
>
g 300- ]
%200- .
@) o o ‘:‘|:||:||:||:||:I':”:'':| ]
100-0565T oooo ]
0 . .
0 5 10 15 20
Cycle Number
b
( ) -2.0E-04 )
(iv) — 250C
-1.5E-04

—500C

0.0E+00 {~+
5.0E-05
1.0E-04 : , . .
0 5 10 15 20
PSD Time (Hours)
(€) .
'S'OE'OG"’(IV')i‘Hii'::ai;: ,
\'l
= iy VLT
= -3.0E-06 ; (i) ‘\ | i
5 -2.0E-06- it L]
© | AR
-1.0E-06(iji) 1y |
006100 200 300 400

PSD Time (Hours)

Figure 6.2. (a) Capacity vs cycle life for BIS electrodes reduced with 20-hour PSD steps
(red) at 50 °C (black) at 25 °C. (b) Current responses during the first PSD step. (c)
Current response of each PSD step of the 25 °C reduced electrode over 400 hours (20

PSD steps).
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Although the magnitude of the current transferred between electrodes reduced at 25
°C is lower than at 50 °C when comparing the shape of the current profiles a clear
pattern emerged. As the current is directly proportional to the rate of electrochemical
reduction the current profile can provide insight into the mechanism behind the

reaction occurring.

In Figure 6.2(b) the features of the current profile have been broken up and labelled

(i-v):

® A spike in current as the charging regime is switched from a galvanostatic
discharge at 0.1C down to 50mV to the PSD step at 2mV, during this switch
the current spikes and then relaxes. (0.5h at 50 °C)

(i) A minimum in current. A period where little current flows between the two
electrodes. (0.5h to 1.5 h at 50 °C)

(i) A period with a relatively constant increase in current up to a maximum at
point (iv). (1.5 hto 7.5 h at 50 °C)

(iv) A maximum in current which corresponds to the highest rate of reduction. (7.5
h at 50 °C)

(v) A period of gradual decrease in current at a relatively constant rate. (7.5 h to
20 hat 50 °C)

Although different in magnitude the features (i-v) can be assigned to Figure 6.2(c).
This is a strong indicator that the same chemical processes are occurring at both
temperatures, but with faster reaction kinetics at 50 °C. A point of note is a small
dissimilarity between the two current profiles during region (v). The sample reduced
at 25 °C shows more asymptotic profile as the current falls. This suggests that 400
hours of PSD at 25 °C gives a more completely reduced silica. Whereas after 20
hours at 50 °C the profile did not asymptote completely suggesting the silica is not
completely reduced, this is supported by Figure 6.2(a) where the increase in capacity

in the following PSD steps at 50 °C leads to incremental increases in capacity.
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6.3.2 Working Hypothesis for BIS reduction mechanism

With the current profiles identified above (Figure 6.2) a hypothesis was proposed to

explain the features (i-v). (i) is simply due to the change in charging conditions from

constant current, which ends at 50mV, to constant voltage at 2 mV. Our initial

hypothesis for the electrochemical reduction is presented in Figure 6.3:

(i) (iv) (v) Gste

] Y ® Conductive Carbon
] [ L ]
y L] 3 * Electronic conduction
- — 00 Q
Reaction Front
oy L

O Reduced material

Figure 6.3. Proposed mechanism for electrochemical reduction of BIS at a particle
level. Stages (ii-v) explained below.

Stage (ii). The minimum in current indicating little to no reduction is occurring
in this period. For the electrochemical reduction to occur sufficient electrical
conduction pathways must be accessible at the reduction sites to balance the
charge transfer of this REDOX reaction. Due to the insulating nature of silica
we hypothesize that the initial reduction only occurs where the carbon
conducting network is in contact with the silica material.

Stage (iii). The period of rising current indicating an increasing rate of
electrochemical reduction. We postulate that as the reaction progresses the
formation of lithiated products (hypothetically, silicon, lithium silicates and
lithium oxides) have increased electronic conductivity relative to pure
silica.totl12l Therefore as more material is gradually reduced better
electronic conduction pathways to the virgin silica are formed. This increases
the rate of the electrochemical reduction.

Stage (iv). The maximum in current rate and therefore maximum rate of
reduction. Here we postulate that as the surface silica is reduced the
electronic conduction pathways no longer become the limiting factor for the
rate of reaction. As a shell of reduced material is formed the length for lithium
diffusion to reach virgin silica beneath increases. Unlike the electronic
conduction process the diffusion of lithium-ions to the reaction front is a mass
transfer process. At point (iv) we postulate that the reaction has electronic
conduction pathways to a large amount of virgin silica sites and has

penetrated the surface of the particles. However, at point (iv) further reduction
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leads to increased lithium diffusion lengths and as a result this becomes the
limiting factor for electrochemical reduction.

e Stage (v). The region of gradual decrease in current. As stated above we
postulate that after stage (iv) the diffusion of lithium-ions to the reaction front
at virgin silica becomes the limiting factor for electrochemical reduction.
Therefore, as the reaction front propagates further into the particle (lithium
diffusion lengths increase) and the rate of reduction decreases. In this manner

it is envisaged as a variation of a shrinking core mechanism.

With the working hypothesis laid out above a number of further experiments were

performed to investigate this proposed mechanism.
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6.3.3 Impedance Spectroscopy of Reduced Silica Electrodes

By performing electrochemical impedance spectroscopy (EIS), the electrochemical
processes occurring within this system could be studied non-invasively. Information
with regards to the electrode resistance and any inductive effects related to charge

transfer processes can be studied.
Figure 6.4(a) lays out the design of the impedance study at points (w-z),

EIS measurements were taken of the composite electrode in the lithiated and
delithiated state.

e Point (w) (Figure 6.4_(b)) was prior to PSD treatment, at this stage a stable
SEIl layer has been formed. Therefore, the EIS spectra provide information
about the silica electrode with an SEI layer.

o Point (x) (Figure 6.5(a)) EIS measurements were taken at 1 hour intervals
during the 20 hour PSD at 50 °C. These measurements will provide
information for each stage of electrochemical reduction reaction. These
results are discussed further below.

e Point (y) (Figure 6.4 (c)) After one complete cycle of delithiation/lithiation EIS
measurements where again taken in the lithiated and delithiated state. These
spectra provide information about the reduced electrode.

e Point (2) (Figure 6.4 (d)) Having now reached a higher capacity the electrode
was subject to 10 complete charge discharge cycles, and a final EIS
measurement of lithiated and delithiated state was performed. These spectra
will provide information on how the impedance of the electrode evolves after

cycling.
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Figure 6.4. Frequencies marked on delithiated spectra. (a) Capacity vs cycle life of a
PSD reduced electrode at 50 °C, points (w-z) mark were electrochemical impedance
measurements were performed. (b) EIS response measured at (w). (¢c) ) EIS response
measured at (y). ) EIS response measured at (2).

Figure 6.4 (b) presents the lithiated and delithiated Nyquist plots for the electrode
before the PSD treatment. The delithiated spectra are similar in features to results in
Chapter 5 as expected, however the EIS measurements here were performed at 50
°C. In insulating materials such as this silica electrode a negative temperature
coefficient is observed with regards to resistivity, hence the overall resistances are
lower at 50 °C than the previously presented results in Chapter 5, which were

performed at 25 °C.
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Between the lithiated and delithiated states in the electrode, the high frequency region
(>1 Hz) has a similar semi-circular feature. However, at medium frequencies (1-10
Hz) an additional semi-circular feature appears in the delithiated spectrum which
leads to an overall increased resistance within the delithiated electrodes. The angle

of the low frequency slope is also increased in the delithiated electrode.

After the PSD for 20 hours (Figure 6.4(c)) the lithiated electrode spectra matches well
with the lithiated state before PSD (Figure 6.4(b)). In the delithiated state, although
the impedance spectra has the same features as before PSD, the overall resistance
has increased relative to the lithiated state. In comparison, the delithiated state has
increased in overall resistance after the PSD by 17 Ohms (from 21 to 38 Ohm

respectively).

Figure 6.4(d) reflects the comparisons of (b and c) between the lithiated and
delithiated states. However, after PSD and further 10 cycles the resistivity of both
lithiated and delithiated electrode have increased, an increase of 8 Ohm in the
lithiated state and 35 Ohm in the delithiated. (As a percentage this in an increase of

72% in the lithiated state resistance, and a 90% increase in the delithiated state).

The total overall resistance of the lithiated state of the electrode has consistently
lower resistance and capacitance than the delithiated state as can be seen in Figure
6.4(b-d). This is true even before the PSD, Figure 6.4 (b) and therefore not completely
related to the reduction products. The lithiated electrode therefore has increased
electronic and lithium-ion conductivity as would be expected for lithiated silicon alloys
and lithium containing species (postulated reduction products).*% This finding, that
the lithiated electrode materials have lower resistance, fits well with the proposed
mechanism where we state that as more silica is reduced more electronic conduction

pathways are established to the virgin silica.

A further hypothesis is drawn from the findings presented in Figure 6.4. After the
PSD, the differences between the lithiated state and delithiated state becomes larger.
Here this difference is attributed to a decrease of contacts within the material and
build-up of new interphases. As after lithiation, silicon will expand +280% in volume,
it was hypothesised that in the expanded (lithiated) state, there is a good contact
between electrode components partly due to mechanical stresses experienced. Once
the silicon species become delithiated and shrink, the electrode components
experience relaxation of mechanical stresses, breaking some electrical contacts

between the silicon and the host structure hence the internal resistance of the
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electrode increases. This hypothesis is supported by Figure 6.4(d) which shows that
after 10 cycles, a larger gap in resistance between lithiated and delithiated state has
developed, as the material is subject to more cycles, more contacts are broken
between the silicon species and host structure. In addition, the increase in overall
resistance in the lithiated state (red) between Figure 6.4 (c) and (d) is also attributed
to a build-up of new interphases within the electrode related to this volume expansion
and contraction. This hypothesis is supported by the results in Chapter 5 where the
stabilising of silicon capacity and definition of the differential capacity profiles eludes

to an evolving silicon structure upon cycling (Figure 5.10).
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Figure 6.5. (a) three dimensional Nyquist plot of the time resolved impedance response
throughout a 20 hour PSD treatment at 50 °C, (b) the resistance and CPE-P values for
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the equivalent circuit (c) fitted to the high frequency semi-circular impedance
response.

Figure 6.5 presents the impedance frequency response of the lithiated electrode
during the 20 hour PSD treatment. These measurements were taken during stage (x)
as described above and shown in Figure 6.4 (a). The features of this response were
similar to the lithiated states seen throughout Figure 6.4(b-d), a single depressed
semi-circle (Cole-Element) followed by a sloping impedance to lower frequencies.
The cole-element can be fitted with the equivalent circuit Figure 6.5(c), a parallel
resistor and constant phase element (CPE). The electrode does not behave as an
ideal capacitator (as expected), therefore a CPE is used to describe the capacitive
nature of this element and account for real world behaviour and the roughness of the
active materials used. Fitting the time resolved impedance spectra allows for the
extraction of the resistance of this element and the CPE-P factor, where p=0 is an
ideal resistor and p=1 describes an ideal capacitor (As introduced above, Equation
6.2). Figure 6.5 (b) shows a profile for the CPE-P factor and the resistance of the
electrode over 20 hours of PSD. A rise in the resistance and the CPE-P factor for the
first 3 hours is observed. The resistance begins to decrease after 4 hours and after 6

hours for the CPE-P. Both factors decrease in magnitude and level out by 13 hours.

As described above no research exists on the processes occurring during the
electrochemical reduction of silica with lithium. To the best of our knowledge this is
the first EIS study to measure the progress of this electrochemical reduction reaction.
The capacitive nature revealed by the EIS measurements suggests a build-up of
charge on the electrode. The variance of the capacitive nature (the CPE-P factor)
was used to understand the mechanism of electrochemical reduction. Likewise, the
variation in total real resistance as the electrochemical reduction reaction progresses

can be used to refine our previously proposed mechanism.

It is possible to correlate the capacitive and resistive nature of the electrode during
the PSD (shown in Figure 6.5(b)) with the current profile features (i-v) shown in Figure

6.2(b) for this reason the time of stages (ii-v) are indicated on the top of Figure 6.5

(b):

ii.  Stage (ii) is a minimum in current which begins to rise 1.5 hours into the PSD.
The start of this stage corresponds with the timing of the plateau of CPE-P
and resistance. During Stage (ii) the increase of capacitance (CPE-P Factor)
aligns with the slowest rate of reduction. During this period charge build up at

the surface of the electrode is hindering the electrochemical reduction
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reaction. As we propose above during this stage reaction can only occur at
sites with sufficient electron conduction pathways. The charge buildup maybe
caused by lithium build up at the surface of the electrode which cannot react
due to insufficient electron condition.

iii.  Stage (iii) is a period with a relatively constant increase in current up to a
maximum. The beginning of this rise in current corresponds with the decrease
in electrode resistance (blue) starting at 4 hours. During stage (iii) we
hypothesize that as silica is reduced the reduced species create new electron
conduction pathways to adjacent virgin silica. Therefore, as the reaction
progresses a positive feedback loop is present where the rate of the reduction
reaction continues to increase. The rapid decrease in the electrode resistance
during stage (iii) directly supports this proposed hypothesis.

iv.  Stage (iv) is the maximum in current reached at 7.5 hours. This correlates
with the decrease in the CPE-P factor, this suggests that after this maximum
less charge build up occurs on the electrode surface. We postulate that the
maximum in reduction rate stage (iv) occurs when the largest area of reduced
material and virgin silica are in electrical contact. This maximum begins to
decrease during stage (v) as the reaction front moves away from the surface
of the silica particles. During which the diffusion lengths for lithium-ions to
diffuse through the reduced material increase. The length required for lithium
diffusion becomes the limiting factor which slowly reduces the rate of
reduction. Within Figure 6.5(b) the CPE-P factor begins to fall in
correspondence to stage (iv), this reduction in charge build up may indicate
that the reaction front is moving away from the surface of the silica particles
and into the bulk. We have established that Lithium-ion conductivity is higher
within the lithiated materials than delithiated. This reduces the buildup of
charge on the silica particles in line with the findings presented in Figure 6.5(b)
where during stage(v) the CPE-P and the resistance decrease and begin to
plateau.

The correspondence of the above features with the stages identified in the current
profile can be used to strengthen our proposed hypothesis of the electrochemical

reduction reaction pathway.
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6.3.3 Constant Load Discharge Voltage analysis

A mechanism for the electrochemical reduction of silica was proposed above and has
5 key stages labelled (i-v). This mechanism was postulated based upon the current
profile during the electrochemical reduction, this was possible because the current
during the PSD is proportional to the rate of the electrochemical reduction reaction.
To further investigate the mechanism during PSD an EIS study was undertaken and
presented above. Based on the charge polarisation and the resistance of the silica
electrode during the PSD step correlations could be drawn which support the

proposed hypothesis.

From fitting the Cole-element present in the Nyquist plot the capacitive nature of the
electrode during the PSD was determined Figure 6.5(b). It was shown that during
stage (ii) a charge build up at the surface of the electrode occurred, this charge build-
up was determined to be the cause of little electrochemical reduction occurring during
stage (ii). In our hypothesized mechanism during stage (ii) electrochemical reduction
reaction can only occur at sites with sufficient electron conduction pathways. This
means the surface of the silica particles which have sufficient contact with the
conductive carbon network. The CPE-P factor plotted in Figure 6.5(b) indicated a
charge build up at this stage of the reaction. Above it has been suggested that this
charge build-up may be lithium build up at the surface of the electrode sites where
insufficient electronic conduction is available. In this section the voltage of silica-
lithium half cells are analysed to further elude to the nature of the electrochemical

reduction mechanism during stage (ii) and throughout the stages of reduction.

Chapter 5 introduced the short circuiting of silica electrode half cells to allow
electrochemical reduction of silica via lithium. Short circuiting at 50 °C for 48 hours
produced capacities of >500mAh/g. The use of a constant load discharge (CLD),
analogous to a short circuit, was performed on a cell whilst simultaneously monitoring
cell voltage and current. A CLD was chosen to be performed at 0.8 Q, which is the
equivalent resistance of a crocodile clip, to be comparable with the ‘short circuiting’
experiments described above. Figure 6.6(a) presents the capacity results showing
that after 24 h CLD at 50 °C a high and stable capacity of 550 mAh/g can be reached.
This is quicker than reported from 24 h of short circuiting which provided a capacity
of 450 mAh/g indicating the CLD experiment was not completely analogous to the

crocodile clip short circuiting.
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Figure 6.6.(a) capacity profile of a BIS electrode before and after 24 hours of a Constant
Load Discharge((CLD) of 0.8 Q at 50 °C. (b) voltage signal during the 24-hour CLD step.

Unlike PSD, cell voltage fluctuates and can be monitored during the constant load
step (Figure 6.6(b)). The reduction of silica via lithium is spontaneous during the short
circuit (constant load), however, fluctuation in the voltage during the constant load
step will indicate the propensity of the reaction to occur and is an important tool in

understanding the electrochemical reduction mechanism of silica.

A voltage prolife during the CLD, is of significance for the understanding of
electrochemical reduction. According to the standard redox potentials of lithium and
silica the reduction reaction is spontaneous, i.e. a galvanic cell (as established in
Chapter 5, Equation 5.5). The relationship of cell potential and spontaneity, or Gibbs
free energy, is described by the variation of the Nernst equation in Equation 6.4,
where z=number of electrons transferred, F=the faraday constant (C /mol), Ecei=cell
potential difference (V). According to Equation 6.4 for Gibbs free energy to be
negative and hence a reaction to be spontaneous, the cell potential needs to be

positive.3!
AG = —zFE .y Equation 6.4

Therefore, in the lithium-silica half-cell, if the voltage becomes negative then this
indicates lithium will no longer be transferred to the silica electrode. The lower this
value becomes the more positive the Gibbs free energy of lithium transfer becomes.
If the half-cell voltage is >0 V, then lithium transfer will spontaneously occur when
connected via an external circuit. If the voltage across this Lithium half-cell becomes
negative, then this indicates lithium will no longer be transferred to the working

electrode spontaneously.
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During stage (i) of the current profile, when the current flow is at a minimum between
1-2 hours, the voltage across the half-cell fluctuates between 0 and -0.6 V throughout.
As established above, during stage (ii) little to no current flows across the cell, hence
no reduction of silica is occurring. However, as Figure 6.6(b) shows the potential at
the electrode is changing during this time. It is possible that during this stage lithium
is deposited on the surface of the silica electrode. For this lithium to reduce silica, a
conduction pathway for electrons must be present. During stage (ii), lithium is
deposited at the surface of the silica electrode and cannot react due to ineffective
electron conduction pathways. This build-up of lithium and positive charge leads to
the negative voltages in Figure 6.6(b), a build-up of charge during this period also
corresponds with the increased capacitance detected during stage (ii) as measured
by EIS Figure 6.5(b). As the reduction reaction progresses, initially from sites with
established electronic conduction pathways, the reduced product becomes more
electronically conducting, providing a positive feedback effect where the reduction

reaction begins to occur at a faster rate (stage (iii)).

As the current begins to rise, stage (iii), and throughout stages (iv) and (v) the voltage
fluctuates between 0 and -0.05V. After 13 hours of CLD, the voltage shows little
fluctuation. The fluctuation in cell voltage observed during stages (iii), (iv) and (v)
perhaps indicates that some lithium build-up on the surface still occurs in these
stages but to a lower extent (as the voltage doesn’t drop below -0.05V). This may
suggest that the whole surface of the silica particles is still not reduced in these
stages. Perhaps as electronic conduction pathways reach these sites the voltages
subsequently drop as a small amount of lithium build up occurs. This may be related
to the porous nature of the silica particles, pores within the particle have no way of
contacting the conductive carbon network, they may however be wetted by lithium
containing electrolyte. These voltage signals could be as a result of the reduction
reaction front penetrating deeper into the particles and as such establishing electronic
conduction pathways to these pore sites which are in contact with electrolyte. This
result is more speculative than the strong negative voltage signals measured during
stage (ii). However, both conclusions would support our proposed hypothesis with
regards to; The reduced material providing conduction pathways to virgin silica sites,

and the proposed shrinking core like mechanism of reduction within the particles.

Constant load discharge further supported our hypothesised mechanism. In addition,
the voltage profile in Figure 6.6(b) indicates the majority of electrochemical reduction

occurs by 13 hours. With regards to this a CLD was performed on a fresh cell to
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determine capacity increase with just 13 of CLD at 50 °C (Figure 6.7(a)). A capacity
of 500 mAh/g was achieved, and stable capacity of 600 mAh/g was reached after 20
cycles. The columbic efficiency is presented in Figure 6.7(b) it showed a rising CE to
95% before the CLD with CE rising to 98.6% after CLD and 30 cycles. The initial low
CE is due to the formation of SEI during the first 1-4 cycles, after this the CE remains
relatively low due to minor irreversible silica reduction reactions when the cell
potential is low during cycling. The high and stable CE after CLD and 30 cycles
indicates all irreversible reactions have completed and the cell has attained a stable

cycling regime.
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Figure 6.7. (a) Capacity profile of BIS before and after 13 hours CLD of 0.8 Q at 50 °C.
(b) Columbic efficiency of each cycle

The CLD is a novel progression of the short-circuiting reduction of silica presented in
Chapter 5. In the previous chapter we highlighted that optimisation of the
electrochemical reduction step will be critical for commercialisation of these materials.
Throughout Chapter 5 we reduced the electrochemical reduction time to 24 hours
and produced capacities of 430 mAh/g for BIS electrodes. We then compared this to
the literature where 250 hours was required to reduce Stober silica particles.P! The
use of CLD has further optimised this process where capacities of 500 mAh/g can be

produced after just 13 hours of treatment.
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6.3.4 Mechanism of Electrochemical reduction

In Section 6.3.2 above we proposed a working hypothesis for the electrochemical
reduction mechanism underpinning BIS reduction. The current profile shown in Figure
6.2(b) has been split into distinct stages (i-v). Where stage (i) is a drop in current
which is related to the change in cycling conditions from constant current to constant
voltage. Figure 6.8 is presented to represent the electrochemical reduction at the
level of a single BIS particle. The stages (i-v) are represented individually and are

expanded on below.
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Figure 6.8. A refined graphical mechanism for the electrochemical reduction of BIS at
a particle level.

|

During stage (ii), the minimum in current flow at 0.5-1.5 hours, it was hypothesised
that lithium is depositing on the surface of the silica electrode. This hypothesis was
supported by the above experiments: The increased capacitance of the electrode
during this period as measured by EIS, indicated a build-up of charge. In addition,
CLD was applied, negative voltages indicated the tendency of lithium to react with
the electrode becomes unfavourable (positive AG). This means that although Li is
reaching the surface of the silica, reduction of silica does not occur hence no current

flow during stage (ii).

For the lithium deposited on the surface of silica to reduce, electronic conduction
pathways must be accessible to balance the charge of the redox reaction. The redox
reaction only occurs slowly at the limited sites with good electrical pathways to the
current collector i.e. surface sites connected through the carbon conducting network.
The reduced species (hypothesised Lithium silicates) have higher electronic and

lithium ion conductivity than silica, as discussed above and in relation to Figure 6.4,
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hence we propose a mechanism where as more silica is reduced, more pathways are
available for further reduction to occur, which leads to the rise in current during the
region denoted (iii). Figure 6.5(b) supports this showing that the electrical resistance

of the electrode decreases during region (iii).

At the maximum current flow stage (iv), the CEP-P factor begins to decrease
corresponding to a decrease in capacitive nature of the electrode. This decrease in
capacitive nature suggests a lowering in the charge build up on the electrode surface.
Additionally, the following region (v) displays a constant decline in current flow. During
this region, the resistance and capacitance of the electrode continue to decrease. It
is hypothesised that point (iv) is reached when a large electrode surface is available
which has sufficient electronic conduction pathways for reduction reaction to
continue/progress. It is known that electrochemical reduction of silica occurs via a
shrinking core mechanism, when sufficient electronic conduction is provided.®! During
this stage, the diffusion of lithium-ions through reduced material to the reaction front
at the core becomes the limiting factor.®! It is possible that region (iv-v) represents
this regime, once silica is reduced at the surface, the limiting factor becomes solid
state diffusion of lithium to the reaction fronts within silica particles. This is indicated
by a decrease in CPE-P factor as the reduced species better conduct lithium-ions,
hence less capacitive build up on the surface of the reduced particles. Following this
as the reaction fronts progress deeper into silica particles the rate of the reduction

decreases, as observed in stage (V).
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6.3.5 Stoichiometry from Li Transfer

It is possible to use the CE during the electrochemical reduction step to infer
information about the stoichiometry of irreversible products formed (proposed
LixSiyO/Li,Ow). However, the accuracy of applying this technique to the methods
presented above was inadequate to gain useful insight. The continual formation of
SEI upset the balance of CE and perturbed measurement of the reaction
stoichiometry. However, to a much greater extent, lithium plating introduced a third
unknown factor which could not easily be estimated for stochiometric calculations.

Therefore, no stoichiometric calculations are included in this report.
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6.4. Conclusion

The mechanism of electrochemical reduction of a new silica anode material based
on BIS was investigated electrochemically. In Chapter 5 the kinetics of the
electrochemical reduction reaction were studied on a cycle-by-cycle basis, usually
spanning >20h per cycle. In this chapter it has been shown that studying the current
profile can give real time insight into the electrochemical reduction. The current profile
during reduction was shown to give a typical shape which was independent of the
reduction temperature. The current profile was showed 5 defined regions which were
investigated in depth to develop a mechanistic knowledge of the electrochemical

reduction process.

Investigating the reduction reaction at 50 °C gave vital insight for developing a
mechanism of electrochemical reduction of BIS. Through impedance measurements,
it was shown that the lithiated anode material has a lower electronic resistance. EIS
measurements during the PSD reduction step further revealed the capacitive and
resistive properties of the BIS electrode during the electrochemical reduction. In
addition to the EIS measurements, voltage analysis was performed during the
constant load discharge. A period of negative voltages was identified during the early
stages of the electrochemical reduction which suggests lithium deposition on the BIS

surface.

A mechanism for the electrochemical lithiation of silica was proposed Figure 6.8. The
mechanism is based on the current profile during the PSD and supported by the EIS
measurements and voltage analysis during CLD. The reaction is proposed to
progress via a surface to centre mechanism. However, the initial rate of the reaction
is low due to the insulating nature of the BIS. The reduction reaction therefore starts
slowly at points with good electrical conductivity. As silica is reduced more electronic
conduction pathways are opened in the material, due to the electronically conducting
nature of the materials formed. As the reduction progresses the rate of the reaction
increases until a maximum point is reached where the lithium-ion diffusion rate
becomes the limiting factor. As the reduction progresses further and further from the

BIS surface the rate of reaction decreases.

This mechanism is concurrent with literature findings reported in Chapter 5 where
consistently silica materials with small particles and those with large conductive

carbon networks reach high reversible capacity. However, no literature studies exist
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with regards to studying the silica electrochemical reduction process. Therefore, this
mechanism can be used a basis for further work regarding silica based active

materials.

The results of detailed electrochemical measurements have been presented above.
In short a surface to centre reduction mechanism is proposed which is dependent on
good electrical conduction and lithium-ion diffusion pathways. From this mechanistic
understanding the electrochemical reduction reaction time was reduced form over
400h to 13 h. To reduce this reduction time further, future work could focus on better
electronic conduction pathways on the surface of the silica, perhaps repeating these

experiments on carbon coated-BIS.

Although this work has shed new understanding on the electrochemical reduction of
silica the specific scalability of this process is yet to be explored. Due to the limited
lithium inventory available in a full cell the electrochemical reduction of silica will have
to be performed on electrodes before cell assembly. Pre-treatment of electrodes is
used in industry today as reported in Figure 6.1. It is envisioned that these processes
maybe applicable to BIS electrode materials.l?! With regards to these pre-treatments
the above findings of CLD and elevated temperature will be directly applicable.
Future work should focus on treatment of silica electrodes and subsequent assembly
into full cells, focusing on; attaining the highest stable capacity within a reasonable

time, a scalable pre-treatment method, and seeking more benign electrolytes.
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Chapter 7:

Characterisation of

Electrochemical Reduction

Products

7.1 Introduction

In-situ, in-operando characterisation is the pinnacle for characterising battery
electrode materials. These methods provide direct analysis of materials in their
working environment. However, specific equipment and cell designs are needed.
Equally, in specialist cell designs, electrode material can perform differently to its
performance within a cell. Ex-situ analysis can more easily be performed on post-
mortem electrodes. For this study it is important to consider the sensitivity of cell
reaction products to an air environment. The reduction silica electrodes within the cell
occurs with negligible levels of oxygen gas and/or dissolved oxygen within electrolyte.
Any analysis performed ex-situ and exposed to air may contain oxidised components

along with other air contaminants.

The reaction mechanism between lithium and silica is not well understood and
products of the reduction reaction are debated. This lack of clarity is a result of the
reduced species being difficult to characterise. Therefore, the nature of the inactive
reduced species is a key area of current research. A wealth of characterisation
techniques have been utilised in an attempt to study the reduction products of silica
lithium reduction: Nuclear Magnetic Resonance studies have been performed and
distinct silicon environments are observed after electrochemical reduction. However,
distinction between which LixSiyO, species are present cannot be made.™ X-ray photo
electron spectroscopy has also been employed and although clear differences in the
oxygen and silicon environments are reported, differentiation between which silicate

species are formed cannot be seen 2

High Resolution Transmission Electron Spectroscopy has been able to provide some

insight into the reduction products. For the first time Guo et al, showed that after

199



Chapter 7 PhD Thesis Jake Entwistle

the reduction reaction ‘crystalline’ species are present within the initial silica domains.
The amorphisation of silicon after lithiation is well documented,® therefore any
crystalline domains must be the hypothesised inactive species. Selected area
electron diffraction (SAED) of these regions revealed an ordered hexagonal structure.
These results also observed the same crystalline domains in the lithiated and
delithiated state confirming that by-product formation is irreversible, this result of
irreversible crystalline phases was also confirmed in a similar study by Chang et al.®¥
The identification of a hexagonal structure strongly supports the formation of LixSiyO,
species. Within these studies both authors conclude that this means Li,Si0O, is the
reduction product however this does not match with the hexagonal structure they
observe.b! This highlights the complex nature of the reduction reaction species and

the difficultly of characterisation.

Some attempt to model the lithiation processes occurring during silica reduction and
subsequently identify the nature of the species formed have been performed.-210
Lener et al®® review a number reported silicates and lithium oxides from literature and
show that thermodynamically all these species (Li,SiO,, Li,Si,0s,Li,0) can form
spontaneously. They go on to show the dependence of the formation of these species
on the cell voltage, showing that all studies reviewed lie within the spontaneous
voltage regions. In a further paper their calculations show that Li,Si,05 has the
highest enthalpy of reduction (AH) and the greatest probability of formation.[) Ban et
al® used DFT simulations to show that complete reduction and the formation of Si-Si
bonds are not energetically favourable and that Li,Si0, (x=2/3) species are the
products of the reduction. The further study of Zhang et al® was with regards to silica
coatings on silicon active materials. In their simulations they model the lithiation of
amorphous silica with regards to the formation of Li,SiO, silicates with the proposed
highest lithiated state containing Li,Si0,. They go on to further show the enhanced
electrical conductivity in the reduced species as lithium content in increased, without
guantitative secondary confirmation of silicate structure these models are still to be
verified.

External reduction of silica has been performed to model reactions during
electrochemical lithiation. Yamamura et al*¥ investigated ex-situ lithium reduction at
200 °C where crystalline Li,SiO, and Li,SiO; were identified. When performing
electrochemical reduction of the same silica species no crystalline products were
reported in diffraction patterns, this is likely due to higher temperatures being needed

for product species to crystallise. Their modelling results suggested that lithium can
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reduce Si-O bonds when any bond length is inequivalent, that is in amorphous
structures where defects are present. They support this by showing that crystalline
quartz cannot be electrochemically reduced. A similar study into prelithiation at 200
°C with lithium metal reported no crystalline LixSiyO, phases identified with XRD but
did identify the presence of crystalline Li,O, presence. Again, this example highlights
the lack of understanding of the reduction products, the difficulty in characterisation

these materials, and potentially the air sensitivity of reduced electrodes.

There is a clear knowledge gap in the understanding of species formed during the
electrochemical reduction of silica. The literature is unclear on the following key
points: Are the products of electrochemical reduction crystalline or not? What is the
stoichiometry of the silicate species formed (LixSiyO,)? Are the silicate species
inactive or do they contribute to capacity? Is silicon responsible for the reversible

capacity in these materials?

In this Chapter we present our attempt at answering these questions. Various
characterisation methods are utilised to determine the structure of the bulk reduction
products. For the first time the products of electrochemical reduction are
characterised with XRD and XPDF to compare the crystalline and amorphous
structures within the reduced electrodes. Surface-based characterisation methods

are also explored and compared with similar experiments within the literature.
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7.2 Experimental

This section details specific experimental procedures needed for understanding this
chapter. The general experimental section concerning experiments not specified here

can be read in Experimental Chapter 2.

XPDF data were collected on the 115-1 beamline at the Diamond Light Source UK,
using an X-ray wavelength A=0.161669 A (76.69 keV). Electrode material samples
were compacted into borosilicate glass capillaries of 1.17 mm (inner) diameter. Data
from the samples, empty instrument, and empty capillary were collected, and
integrated to 1D using DAWN.!? Corrections for background, multiple scattering,

container scattering, and attenuation were made using the GudrunX software 13,

Grazing incidence XRD was performed on a Panalytical X’Pert 3 in reflection-
transmission configuration. Cu ke radiation wavelength 1.5406A was selected for

diffraction measurement between 20-76.5 ° with a step size of 0.1 °.

XPS measurements were performed in a front-loaded N filled glovebox at 300 K.
The measurement was performed on a Kratos Axis Supra instrument at < 108 Torr
pressure. The area for analysis was 300 x 700 um. X-ray power was 225W with X-
ray energies of 1486.7 eV. Spectra were run with 100ms dwell times and a step size

of 0.1eV. Data analysis was performed in CASAXPS software.
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7.3 Results and Discussion

7.3.1 Raman Spectroscopy

Raman spectroscopy was performed on electrodes after pre-treatment with PSD.
Previous work of Hoyos et al. had used Raman to characterise a phase transition
between LisSiO4 to Li;SiOs for CO: capture applications. These species are
commonly hypothesised products of electrochemical reduction of silica and therefore
it was hoped Raman spectroscopy would be able to identify these species it present.
However extreme intensities were measured even for relatively low excitation
energies. This phenomenon has recently been explained by Kostecki et al,¥ as
fluorescence caused by fluorine-phosphorus containing species which overlap with
and drown out weak Raman signals even with F-P levels <lppm. Although all
electrodes were washed in DMC prior to measurements, complete removal of F-P
species was not ensured. Raman spectroscopy could not provide useful
characterisation of reduced electrode products. For future reference Kostecki et al,
present the use of ‘Kerr gated Raman spectroscopy’ for the study of post mortem
electrodes;** this does however require central beamline facilities and was beyond

the constrains of this thesis.
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7.3.2 Grazing Incidence X-ray Diffraction

Grazing incidence-XRD (GI-XRD) was used to identify crystalline species within
reduced silica electrodes. GI-XRD used small incident angles for the incoming x-rays,
so the diffraction can be made surface sensitive. Due to the small nature of coin cell
electrodes (a single electrode typically contains ~1-2mg of material), extraction of
such a small amount of material is laborious and for a powder diffraction
measurement many electrodes are typically needed. With the use of GI-XRD, the
incidence angle and beam power can be altered such that an electrode film can be
measured on its copper current collector. Figure S7.1 shows control experiments with
crystalline silicon containing electrodes, which highlights this technique is sensitive

to crystalline species within a composite electrode.

GI-XRD was used to characterise BIS containing electrodes Figure 7.1(a) shows the
absence of crystalline species within a fresh BIS composite electrode, aside from the
copper current collector. This is expected due to the amorphous nature of each
constituent of the composite. Figure 7.1(b) and (c) are diffractograms of post mortem
electrodes in the lithiated and delithiated state after 400h of PSD at 25 °C and 10
reversible cycles with capacities reaching more than 500 mAh/g, these sample points
correspond to Figure 5.9 at 10 cycles. In order to collect these diffraction patterns the
‘washed’ electrodes were exposed to air. Therefore, it is possible that air

contamination and oxidation was present.

Figure 7.1(b) has sharp diffraction peaks at low angles, 21.1 and 26.3 °, a curious
broad feature (A) between 28.7-31.4 °, with 2 more potential broad features up to 42
°(B and C), and a final small peak at 61.8 °. Figure 7.1 (c) has one discernible but
very clear diffraction peak at 26.3 ° with several small potential peaks at 3/0,35,40 °.
Figure 7.1 displays diffractograms collected at exposure times of 3.5 h in order to
increase the intensity of diffraction peaks relative to background noise. Due to the
detection of only 2 clear diffraction peaks at 21.1 and 26.3 it is difficult to identify the
crystalline species present. The GI-XRD patterns were fingerprinted against all
proposed and hypothetical LixSiyO, containing crystalline compounds, for this
analysis the small potential peaks indicated in Figure 7.1 were also screened. The
compounds fingerprinted against were; Li;SiOs, Li>SizO7, LisSiOs, LigSiOs, LiaSiO4
(see Figure S7.2). Additionally, common crystalline SEI components (Li>O, Li>O», LiF)
and potential crystalline species formed during exposure to atmosphere (Li2O,

Li.CO3) were assessed for phase analysis. None of the species were matched via
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phase analysis, although several species have their primary diffraction peak between
28-42 ° the broad nature of the features and identification of only a single diffraction
peak was not significant to confirm phase identification. The intense and consistent
diffraction peak at 26.3° did not match any of the proposed species. Of worthy note
is the presence of stronger and more numerous diffraction features in the lithiated
electrode. The lithiated electrode is potentially more sensitive to reaction in an air
environment, and therefore stronger features are observed in Figure 7.1 (b), this may
suggest these samples are subject to change in chemical composition upon exposure

to air.

This experiment proved the difficulty highlighted in the literature of identifying the
species formed from silica reduction. The validation of this technique on silicon
containing electrodes with just 0.5 h exposure proved this technique can identify
crystalline species within composite electrodes. The reduced electrodes did show at
least two clear diffraction peaks at 21.1 and 26.3 © however these are not sufficient
evidence to determine the presence of any of the postulated species. With this
experiment it was not possible to measure diffractograms without exposure to air and
therefore the few peaks identified could be due to reaction of reduced species with

air.

The GI-XRD study showed the difficulty of identifying crystalline species within
electrochemically reduced silica. In addition, the need for inert atmospheres for

characterisation was reinforced.
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Figure 7.1. GI-XRD diffractograms of silica composite electrode corresponding to
(Figure 5.9 at 10 cycles), (a) fresh electrode before cell construction. Post mortem 400h
PS treated electrodes (b) lithiated state (c) delithiated state.
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7.3.3 X-ray Pair Distribution Function

Following the GI-XRD experiment above, and the clear lack of consensus within the
literature on the products of silica reduction, a characterisation method that may be
applied to amorphous and crystalline materials is clearly needed. This section
concerns the novel characterisation of the silica reduction species via total scattering
pair distribution function (PDF). This technique was applied to determine the
composite electrode components following the PSD reduction protocol. PDF analysis
will provide both the Bragg scattering, and underlying diffuse scattering information
concerning these reduction products. For the first time this allowed for the
determination of long and short range order within the reduced silica species and
better understanding of the chemical reduction processes occurring during
electrochemical silica reduction. Although performed ex-situ, all reduction species
analysed were prepared under an inert argon atmosphere post mortem in order to

provide an accurate representation of the reduction products without air interference.

In this work, the silica species are the focus of the investigation, however, composite
electrode compositions are required to produce a functional battery half-cell. As is
common practice, carbon is included as a conductive additive to provide electronic
conduction pathways and a binder is needed to enable the materials to adhere to
each other and to the current collector. In this study composite electrodes identical to
all previous testing were used, such that the characterisation of the reduction
products would match previous characterisation and electrochemical studies. When
using bulk characterisation techniques such as X-ray Pair Distribution Function
(XPDF) the characteristic peaks of the passive components of the electrode will
combine with the signals from the silica and the reduction products. Due to the novel
nature of this work and the high sensitivity of XPDF, a detailed collection of control

experiments was performed.
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Control Samples

Data obtained from total scattering for a series of the initial control samples are
presented in Figure 7.2, where each component of the composite electrode was
characterised individually. Additionally, a crystalline silicon control sample was
characterised, as silicon is hypothesised to be the major reduction product following

the electrode pre-treatment reaction under investigation.

The electrode binder CMC is amorphous as is the C-65 carbon conductive additive,
this was expected as neither of these species shows Bragg peaks in previous
diffraction work (Figure 7.1 and Figure S7.1). The PDFs of the binder (CMC) and
conductive carbon (C-65) (Figure 7.2) are almost identical; this mirrors the
composition of these samples which are both primarily carbon with no crystallinity.
The nearest neighbour distances of 1.42 2.46 and 2.84 A correspond to tetragonal
carbon to in a diamond lattice and match well with literature. 56 |_onger range order
starts to diminish after 5 A consistent with an amorphous carbon structure. In addition,
no peak is observed in C-65 at 3.35 A corresponding to the spacing of carbon atom
basal planes in graphite. The bond length and angles of the 1%t and 2" nearest
neighbours correspond to tetragonal carbon centres with bond angles of 109.5 °
(according to trigonometric calculations). The fourth (3.75 A), fifth (4.25 A) and
beyond neighbours do not match to a diamond lattice. As this material is amorphous
in nature, it is expected that the tetragonal clusters arrange in amorphous patterns

with very low uniformity.

Figure 7.2 for the first time presents PDF of bioinspired PEHA silica. The predominant
peak observed was the Si-O bond length 1.60 A, with strong signals at 2.61 A
(oxygen-oxygen distance) and 3.05 A (silicon-silicon): these are the bond lengths of
the smallest repeat unit of tetragonal silica with a bond angle of 109.5 °. The intensity
of peaks beyond 5 A is much lower, suggesting a lack of and long-range order and
hence reinforcing the highly amorphous nature of the PEHA-silica. Figure 7.2 also
shows crystalline silicon with the bond length (2.35 A) and nearest neighbour
distances (3.83, 4.49, 5.42, 5.92, 6.66 A ...) corresponding to a diamond lattice
crystal structure of silicon atoms. Figure S7.3(a) confirms the high crystallinity of this
sample via diffraction, further confirmed by PDF shown in Figure S7.3(b). Figure S7.3
(b) also shows how XPDF can be used to determine long range order out to 40 A in

crystalline samples.
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Figure 7.2. PDF of crystalline silicon -325 Mesh, CMC carboxymethyl cellulose
electrode binder, C-65 carbon conductive additive, PEHA silica ‘active
material’(BIS).
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Composite Electrode Control Samples

In order to characterise the effect of convolution between overlapping peaks, three
composite electrodes were also analysed (before any electrochemical reaction, fresh
electrodes). They include i) CMC binder + C-65 Carbon, ii) CMC binder + C-65 Carbon
+-325 mesh Si, iii) CMC binder + C-65 Carbon + BIS silica.

A control electrode of C-65 and CMC presented in Figure 7.3 has no deviation from
the pure control samples of a carbon black or binder electrode. This is expected as
the control samples gave identical PDFs, and this provides support that the electrode
processing step did not change the short-range order within these materials, even

when combined.

Composite Electrode

—C-65 ——CMC

G ()

0123456 7 8 9 10
r (A)

Figure 7.3. PDF of control samples combined into composite electrode of
80wt% C-65, 20wt% CMC.

Next, the PDF results for the control electrode of silicon, C-65 and CMC presented in
Figure 7.4. Due to the crystalline nature of silicon and its high percentage (60 wt%)
in the electrode composition, the silicon peaks dominated the PDF, while many of the
carbon peaks were convoluted within the larger Si peaks. The carbon peaks at 1.42

and 2.84 A were clearly discernible from silicon peaks and could be useful in
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detecting these materials. This control PDF reassures that no changes to the short-
range order occurred during the electrode manufacturing stage and that silicon peaks

are still discernible in the PDF of composite electrode material.

; Aoi\s %P CMC —— Silicon
2 4 q/’?g”%% R T C-65 —— Composite Electrode
7 [ | Q
©

G (r)

Figure 7.4 PDF of composite electrode 60wt% Si, 20wt% C-65 and 20wt% CMC.
Magenta lines show the signals from C-65 and CMC. Grey lines correspond to
contributions from the silicon.

Within the PEHA-SIO, composite electrode (Figure 7.5), the silica is the highest
constituent by weight, however, due to its amorphous nature, the PDF peaks of the
silica are convoluted with the carbon containing species of the electrode. Due to the
amorphous nature of the PEHA-SIO, and lack of any long-range order beyond 5 A,
there are a limited number of signals which can be used to determine any structural
changes within the electrode. The peak at 1.60 A contains a shoulder at 1.42 A due
to carbon convolution, and this peak can be used as a strong indicator of silica
structure within the electrode. The composite electrode has a more convoluted peak
at 2.49 A which is a convolution of the 2.46 A peak (CMC+C-65) and the 2.61 A (O
0) in silica. In addition, and useful for analysis the convoluted peak in the composite
material at 2.92 A which is a convolution of the 2.84 A peak (CMC+C-65) and the
3.06 A (Si Si) in silica.
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Figure 7.5. PDF of composite electrode 60wt% PEHA-SIO2, 20wt% C-65 and
20wt% CMC. Peaks of corresponding to SiOz highlighted in green dashed line.
Peaks corresponding to binder and conductive additive highlighted in black
dashed line.
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Composite electrodes post lithiation
C-65 Electrode

The effect of lithiation in amorphous carbons, such as C-65, has not previously been
investigated with PDF. The capacity of 250 mAh/g achieved by C-65 arises from
reversible lithium intercalation/absorption into hard carbon domains within the
amorphous structure.!” Although X-rays are less sensitive to light elements, such as
lithium, any short range structural changes to the carbon host should be sensitive to
PDF.

fresh
— lithiated

Figure 7.6. PDF of composite electrode of 80wt% C-65, 20wt% CMC before and

after lithiation.

Figure 7.6 presents the lithiated and delithiated C-65 composite electrode after 5
cycles. The ratio of the 1.42 A to the 2.46 A peak intensity has increased in the
lithiated sample. Additionally, the relative peak intensities of the peaks at 3.74 A and
4.25 A has reduced. A shoulder on the 2.46 A peak at smaller radii has caused a

broadening.

The lithiation of amorphous carbon does not involve the breaking or formation of any

carbon-carbon bonds, however some discrepancies in the short-range structure were

213



Chapter 7 PhD Thesis Jake Entwistle

clear with a broadening of the 2.46 A peak. Beyond 5.00 A, little change is observed
in the structure between lithiated and fresh state. Distortion of the 2.46 A peak in the
lithiated state suggests changes to the carbon structure in the tetragonal lattice. It is
possible that changes are occurring but only to a certain fraction of the carbon sample

that is electrochemically active.

To the best of our knowledge PDF analysis of lithiation of amorphous carbon
materials has not been reported previously. Lithiation in amorphous carbons is a
current area of research without a definitive model.’®! Further analysis of these

materials is needed to understand the mechanism of lithiation.
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Silicon electrode

The effect of lithiation in crystalline silicon has been followed by ex-situ PDF
measurements previously.!® The lithiation involves an alloying process between Si
and Li which requires the breaking of Si-Si bonds and leads to the complete
amorphisation of any silicon species. The alloying also results in significant volume
expansion, with a value of +280%. These influence the macrostructure, however
there are a number of factors which can lead to only subtle changes in the local order

seen in the PDF.[19

— Lithiated

Zq, X —— Fresh
] o — delithiated

G ()

Figure 7.7. PDF of composite electrode 60wt% Silicon (-325 Mesh), 20wt% C-65,
20wt% CMC. Fresh electrode is virgin material, lithiated and delithiated have
been cycled for 5 cycles and then appropriately fully delithiated or lithiated.

Figure 7.7 shows that large amounts of crystalline silicon remain in the electrode in
the lithiated and delithiated state. The electrodes after cycling show much weaker
signals for long range silicon order, which is due to the loss of crystallinity upon
lithiation. As crystalline silicon is present in the lithiated state it is not surprising this
crystalline silicon is still present in the delithiated state. Any silicon which is lithiated
and subsequently delithiated will be completely amorphised and hence only Si-Si
bonds (2.34 A) will be present in the PDF and no long-range order expected. The
cause of crystalline silicon remaining within the electrodes after cycling is due to the

nature of the -325 Mesh (>44um) particles used. Large particles are known to
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degrade due to volume expansion during lithiation. This fracturing can leave large
crystalline silicon phases electronically isolated in the electrode and unable to
electrochemically participate.?” Therefore the crystalline silicon in these PDFs is still

present after cycling due to electronic isolation of some of the silicon in the electrode.
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Silica electrode

As shown in Chapter 5 the PSD treatment increased the capacity of the silica
containing electrode via electrochemical reduction. The reduction products are
speculated but the differential capacity profiles after reduction strongly suggest
elemental silicon was produced. Figure 7.8 presents the PDF of electrode samples
before and after the PSD during which electrochemical reduction occurs. Firstly, a
reference peak is useful to compare relative intensity changes between PDFs. The
C-C (1.42 A) is highlighted, due to the small changes that occur to the carbon species
during lithiation this peak is not expected to change across this study. Note the areas
and intensities of peaks are complex and are not solely related to the abundance of
the relative elements. The relative ratios of peaks can be used in a qualitative manner
to determine changes within the electrodes (due to the electrodes having the exact
same starting compositions. Above we show the C-C peak at 1.42 A is unaffected

during lithiation/delithiation and is therefore a good reference peak.

L0 — Fresh Electrode
: —— Pretreated lithiated
— Pretreated delithated

Figure 7.8. PDF of composite electrode 60wt% PEHA-SIO2 20wt% C-65, 20wt%
CMC, fresh electrode state and after PSD at 50 °C for 20 h in both lithiated and
delithiated state. Magenta line highlights the C-C bon distance (unaffected
during reduction). Green line highlights the main peak shifts observed during
reaction.
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Figure 7.8 shows that relative to the carbon peak at 1.42 A, the peak attributed to the
BIS Si-O bond at 1.60 A reduces after the PSD. The 2.35 A peak is introduced after
the PSD and is present in the lithiated and delithiated states, more clearly seen in
Figure 7.9 (b-c). The 2.35 A peak is attributed to the presence of silicon within the
electrode as hypothesised by the reduction reaction mechanism. The 2.35 A peak
matches with the control crystalline silicon samples measured in this study and with
the well referenced value for a Si-Si bond length.*¥ The 2.88 A peak is shifted after
pre-treatment, the original peak is shifted from its maximum at 2.93 A, this is attributed
to the loss of silica presence in the PDF and increased contributions to this peak from
the carbon signal at 2.84 A (Figure 7.9 (b-c)). Note that although this peak could
potentially be lithiated silicon (Liz 7sSi) but this is unlikely as it is present in both the
charged and discharged states.*® Figure 7.9 (b-c) do not show any further peaks
which match with the (blue) silicon PDF. This is attributed to a lack of long-range
order within the silicon produced. This result is unsurprising due to the well-known

nature of silicon becoming amorphous after lithiation (Figure 1.3).121]
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Figure 7.9. (a-c) comparison of composite electrodes with potential species
present for (a)fresh PEHA silica electrode, electrodes treated with 20 h PSD at
50 oC (b)lithiated state (c) delithiated state. (d) comparison of lithiated and
delithiated state relative intensities.
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With the differential capacity curve as secondary evidence, we believe that the PDF
identification of Si-Si single bond is accurate and is therefore the first characterisation
of elemental silicon produced via lithium electrochemical reduction of silica. The
addition of just the Si-Si bond in the PDF has a number of important ramifications:
Firstly, silicon is present in both the lithiated and delithiated state. Secondly, no short-
range order in the silicon structure is identified within the reduced electrode structure
(Fingerprint Blue silicon signals with the reduced PDF, Figure 7.9). These points are

discussed below.

With respect to the first above point, the presence of Si-Si bond at 2.35 A in both the
lithiated and delithiated state: It is possible that some silicon produced during the PSD
is delithiated during the first delithiation and that upon subsequent lithiation not all of
the reduced silicon is accessible during cycling, therefore Si-Si remains in the lithiated
state. This point could be supported by the findings in the above Chapter 5, Figure
5.10, where the definition of the differential capacity curve tended to a more typical
silicon profile after prolonged cycling. Previous PDF measurement of lithiation of
crystalline silicon particles also observed that the 2.35 A Si-Si remains after full
lithiation.*® In order to explain this we propose that during lithiation the highest
lithiated state of silicon (Lis7sSi) is not reached. The low electronic conductivity and
relatively high current rates used for testing of these electrodes means that the
highest crystalline lithiated state ‘c- Liz7sSi” will not form.o22l231 |f all silicon is
participating in lithiation during cycling then lower lithiated states, such as those
proposed by C. Grey et al. (Figure 7.10 (b-c)) may form.[*®! The presence of these
structures in the lithiated samples would explain the presence of the Si-Si signal at
2.35 A in the PDF of Figure 7.8 and Figure 7.9.

® 0‘: “.05. A PR TN
KA TR
¢ ® e %

(b)

Figure 7.10. Local structures found in lithiated silicon, (a) nearest neighbour distances
in Silicon diamond lattice (b) Li1»Si rings and stars, and (c) Li;Si dimers. Taken from[*9

With respect to the second above point of no long-range silicon order present in the

PDF such as for a diamond lattice: The very low potentials and long discharge times
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will lead to the lithiation of any silicon which is formed during the electrochemical
reduction (PSD step). The lithiation of silicon leads to the complete amorphisation of
crystalline silicon as discussed in Chapter 1 with respect to Figure 1.3. The PDFs
here show the complete amorphisation of the silicon domains formed during the
electrochemical reduction. It is also possible that the silicon domains formed by
electrochemical reduction may be extremely small, perhaps as small as the structure
presented in Figure 7.10 (b-c). This is also likely over crystalline silicon formation due
to the low reaction temperature 25 °C where little energy is available for

rearrangement of bonds.
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7.3.4 X-ray Photo Electron Spectroscopy (XPS)

XPS analysis was performed on silica composite electrodes reduced via PSD in order
to determine the presence of new lithium and silicon environments and quantify the
nature of LixSiyOz/LivOw species formed in reduction. The analysis was performed
on post mortem electrodes which had been exposed to air. However useful
information can still be determined. XPS is a surface sensitive technique therefore to
gain information on the bulk sample it was important that electrodes were thoroughly
washed to remove SEI components. In addition, ion cluster bombardment (ICB) was
performed to remove the surface layer of the electrode materials and expose the bulk.

ICB was performed under vacuum immediately prior to XPS measurement.

A control sample of PEHA bioinspired silica is presented in Figure S7.4, it clearly
presents the Si2p (oxide) at 107 eV and overlapping of the Si2ps and Si2p, causing

asymmetry in the 101 eV peak. No carbon and no lithium were observed in the XPS

of pure BIS.
@)
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Figure 7.11. XPS spectra of composite electrodes composed of PEHA silica
active material, fresh and 400h PSD treated material in lithiated and delithiated
state.

While performing the XPS measurement on composite electrodes, specific surface
sites on active material (silica) were designated. Figure 7.11 presents the spectra of
the fresh electrode before construction into a cell; this spectrum is identical to the
PEHA silica control sample as expected. The post mortem electrodes of Figure 7.11

(blue-red) have much lower signal from silicon containing species and larger
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components from carbon. This suggests that the SEI removal via washing and ICB
was not complete and calls into contention other studies using XPS techniques to

study the reduced species.?

The washing and ICB steps were insufficient to remove the SEI layer of these
electrodes. However, the penetration depth of the XPS measurement was deep
enough to quantify the lithium and silicon containing species Figure 7.12 (a-b).
Figure 7.12 (a) presents lithium 1s presence in the fresh, lithiated and delithiated
electrode. As expected, no lithium was present in the fresh electrode. In the lithiated
and delithiated electrode there is a slight shift in the Li 1s binding energy maximum
from 52.24 - 52.50 eV respectively.

Lithium containing species are contained within anode SEI however these species,
LiF and lithiated carbonates, are stable during cycling. 2425 Therefore, the shift in
binding energy from 52.5 to 52.24 eV during lithiation could be caused by a change
in lithium environment as it reacts with the reduced material. Due to unreliable
reported reference values for lithium-silicon and SEI components, quantitate analysis

of these spectra was not possible.

The silicon 1s spectrum presented in Figure S7.4(b) shows a slight peak shift
between lithiated and delithiated state, from 100.98 to 100.14 (eV). Although the
surface of active material forms an integral part of SEI the insignificant shift between
the fresh and delithiated electrode suggests the silicon environment is unaffected by
SEI formation. This result is somewhat unexpected as due to the electrochemical
reduction reaction silica has been reduced, a larger change in the XPS spectra was
therefore expected between the fresh and delithiated spectra. A shift to lower binding
energies has consistently been reported for silicon in a lithiated environment (LixSi)

(100.6 and 98.5)%1281 and hence the shift and broadening observed in Figure 7.12 (b)

(blue)) is attributed to the formation of LixSi.
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Figure 7.12. XPS of PEHA-silica electrodes in the fresh state and after PDS at
50 °C for 20 h in both the lithiated an delithiated state. (a) lithium 1s spectra, (b)
silicon 2p.
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7.4 Conclusion

The products of electrochemical reduction of silica are difficult to characterise due to;
the need for post-mortem or in-operando technigues, their amorphous nature and
their sensitivity to atmosphere. As such there is no compelling consensus in the
literature as to the exact nature of products of the electrochemical reaction. The
production of silicon is the basis of using these materials as active materials and the
profile of differential capacity plots has been stated as proof that silicon is formed
during electrochemical reduction. However, this was an indirect characterisation
method in the literature and empirical characterisation of elemental silicon was

lacking.

The above work describes attempts made to characterise the silica reduction
products in post mortem electrode. Raman spectroscopy was unable to provide
insight due to the fluorescent interference of phosphate-ion contaminants. The
formation of the SEI layer made other surface-based analysis such as XPS also
unable to add understanding. The use of ICB in XPS did remove some surface SEI
and was able to differentiate binding energies of silicon and lithium within the lithiated
and delithiated electrodes. In future work, an XPS depth profiling experiment has
been arranged, the combination of XPS and ICB can be used to profile the
constituents of the electrode as a function of their distance from the surface. This
depth profile may be able to determine the thickness of SEI and better identify the
reduced materials. In addition, this experiment may provide insight into the proposed
shrinking core mechanism for electrochemical reduction we have proposed in
Chapter 6.

Bulk material characterisation routes were employed to study the reduction products.
GI-XRD identified the presence of small and unorthodox diffraction peaks within the
reduced electrodes. However, these peaks could not be matched with any probable
crystalline species. It is most likely that these XRD peaks were caused by
contamination from exposure of the electrodes with air. By determining that a bulk
characterisation method was needed, and that the electrodes contained non-

crystalline species, a rigorous analysis was performed with XPDF.

XPDF measurements were performed on electrode materials from post mortem cells.
All measurements and preparations were under argon as to avoid air contamination.

A detailed “fingerprint’ based PDF was built up for the composite electrode material
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which contained 60 wt% BIS, 20wt% conductive carbon and 20wt% binder. The PDFs
of the reduced electrode material (after PSD) showed reductions in signals from Si-
O bonds in BIS. In the reduced electrode material, a clear peak was observed at 2.35
A, this was assigned to Si-Si bonds. The characterisation of Si-Si bonds by XPDF
provides direct evidence that silicon was formed in the electrochemical reduction of
silica. To the best of our knowledge this is the first instance of direct characterisation
of elemental silicon from the electrochemical reduction of silica. No long-range order
in the silicon structures could be identified. The absence of other clear signals in the
PDF meant that identification of proposed secondary reduction products
(LixSiyO,/LiOx species) could not be made. Now that the silicon product of reduction
has been identified, future studies can focus on the characterisation of the secondary
reaction products. Diffraction and scattering studies such as neutron
diffraction/scattering, which are sensitive to lighter elements such as lithium, maybe

able to identify these elusive species.
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Chapter 8:
Conclusion and Outlook

The work presented in this thesis relates to the use of silicon as an active material for
LIBs. The promise of silicon for future generations of LIBs has been discussed in
detail, as have the engineering challenges which need to be overcome. The root of
the issues which hinder the development of high capacity and stable silicon materials
is the 280% volume expansion experienced during lithiation. Although many
promising materials with intricate nanostructures have been developed to overcome
this challenge their commercial large-scale deployment is hindered due to intricate
syntheses and expensive precursors. For these reasons we have chosen to study
two promising and scalable processes which utilise inexpensive and abundant silica

to produce silicon based active material for LIBs.

The work presented in this thesis represents an important advancement in two
research areas of silicon active materials. Firstly, existing literature of the MgTR
process was extensively reviewed and key challenges and opportunities identified.
Throughout Chapters 2 and 3 contributions have been made culminating in a
mechanistic understanding of MgTR process and highlighting the high capacity
anodes which can be produced. Secondly the gaps within the literature understanding
of silica electrochemical reduction have been identified and addressed. The primary
points being: A lack in understanding of the evolution of the reduction during the first
cycle, for which a detailed study and mechanistic understanding has been proposed.
Secondly a lack of consensus on the nature of the reduction products, for which we
present decisive support for the formation of elemental silicon as the key reduction

product.

The first of these processes is the MgTR process where silica is reduced to produce
porous silicon morphologies, previously it has been shown that porous morphologies
are more robust to the volume changes inherent with silicon active materials. The use
of MgTR is touted for its ability to maintain silica structures throughout the reduction
process and therefore create porous silicon analogues from silica precursors. It was
known form literature however that the MgTR did change the pore properties of the

silicon analogues even if particle shapes were maintained. Within chapter 3 we
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propose a reduction reaction mechanism which is responsible for the change in

silicon pore properties upon MgTR.

The mechanism we proposed relates the mesopore properties of MgTR silicon
analogues to the nature and interconnectivity of the silicon nanocrystallites formed.
We showed that the maximum reduction temperature drives an increase of
nanocrystallite sizes via sintering at higher temperature. As nanocrystallites grow
larger the respective pore space between them also increases, therefore as
nanocrystallite size increased the mesopore size also increased. The evolution of the
nanocrystallites occurs within the silica templating structure, in this case within the
secondary particle structure of BIS, this spherical structure was maintained below

reduction temperatures of 850 °C.

The proposed mechanism was further verified when applying to four separate silica
precursors. For each of these the trend of crystallite size dependence on reduction
temperature and hence mesopore size distribution proceeded exactly according to
the proposed mechanism. The reduction of non-porous quartz to produce silicon
nanocrystallites and hence a mesoporous structure provided robust support to the

proposed theory.

Thorough characterisation of MgTR reactants and products is often lacking within the
literature. To propose this mechanism we thoroughly characterised samples, before
and at different stages after MgTR. For the first time USAXS was used to characterise
silicon produced via MgTR and was crucial in understanding the evolution of particle

structure throughout reduction.

Within this work we have presented a parametric understanding of the MgTR
parameters with a full characterisation of reactant and product properties. With this
we have proposed a novel and robust mechanistic understanding of the mesoporous
properties of silicon reduced by MgTR. This understanding should be used in the
future when any MgTR is performed. In particular, these findings can be applied to
the synthesis of tailored mesoporous silicon with hieratical control on particle
structure. Based on the promising results presented in this thesis it is believe this will

significantly advance the use of porous silicon as a LIB anode material.

The anode performance of porous silicon produced from BIS was found to achieve
the highest capacity and most stable cycle life of all silica reduced in these works.

This is attributed to the hierarchical structure of the samples. For silicon with high
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purities (>50 wt%) it has been shown that a mesoporous structure is needed to
achieve stable cycle life, preventing complete capacity collapse. Conversely for
samples with lower purity, samples reduced at lower temperatures, lower but very
stable capacities where observed with 80% capacity retention over 100 cycles.
Although higher capacities can be achieved by high purity porous silicon significant

work is needed to increase the cycle stability further.

The scale up of MgTR is crucial for the future development of this technique in any
industrial application. The self-heating of MgTR is well known and hinders the
production of silicon in large batch sizes. The use of NaCl as a thermal moderator
has been employed in many literature studies. This work has shown that NaCl is
crucial for scaling up the batch size during the MgTR of BIS. Preliminary
investigations into the amount of NaCl needed in the reactor suggest a mass ratio of
>2:1 (NaCl:reactant) is needed to prevent self-heating from modifying the silicon
product. The effect of reduction temperature was also studied in conjunction with
NaCl present. The same increase in crystallite size and hence pore size distribution
was observed when reduction temperature is increased. A promising finding was that
the introduction of NaCl increased the purity of MgTR silicon relative to when no NacCl
is present. This effect is thought to be related to the enhanced mixing during reactant
preparation. The increased purity caused by NaCl addition allowed for a 51 wt%
silicon sample to be produced at 550 °C. The anode performance of this silicon was
excellent achieving 1300 mAh/g with 19% capacity fade over 100 cycles. The stable
cyclability and high capacity of this material make for a promising prospect for future
investigation. If future work is to focus on the low purity but promising silicon produced
at lower reduction temperatures, then this exploration would have the double benefit

of lower energy input.

The second process explored within these works was the electrochemical reduction
of silica by lithium. It has recently been shown that silica can react with lithium
reversibly and such provide reversible capacity for a LIB. The basis behind using
silica as an active material was that silica can be reduced to form silicon and some
unknown species, the silicon formed can therefore reversibly react with lithium via the
well understood mechanisms. A number of studies showed various silica precursors
can give a range of reversible capacity and have been reviewed accordingly.
Throughout the literature however almost no information exists on the first cycle
irreversible processes where silica is reduced. Likewise, the chemical nature of the

reduced products shows little consistency between studies and the only evidence for
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silicon formation is the indirect evidence of differential capacity profiles. We therefore
set out to explore the electrochemical reduction process in further detail and to

characterise the reduction products.

The electrochemical reduction reaction progresses when a silica electrode was held
at 2 mV in a lithium half-cell. It was previously shown by le Lepoivre et al? that when
holding the cell at 2 mV in a potentiostatic discharge the capacity increased with
longer discharge times. Developing this reduction method further we show that by
applying 2 mV in a stepwise PSD and cycling the electrode in-between, it is possible
to infer the extent of the electrochemical reduction reaction. By first applying this S-
PSD to Stober silica we show the new S-PSD can be used to track the extent of
reduction reaction. The capacities achieved by Stdber silica electrodes are equivalent
to results previously reported in the literature. We go on to explore the application of
this method to two BIS samples, one pure silica the and the other with the same silica
structure but with a carbon coating layer. BIS initially showed great promise as an
anode material, achieving capacities of 600 mAh/g with 400 h PSD. The ability to
carbon coat BIS was also shown to be advantageous by achieving higher capacity in

a quicker time and having faster rate capabilities when compared with pure BIS.

The electrochemical reduction of silica represents an additional processing step
required for these electrodes before they can be incorporated into full cells. We
therefore highlight the need for efficient use of time for the electrochemical reduction

step and explored methods for reducing reduction time.

With further investigation it was shown that the electrochemical reduction of silica will
progress spontaneously in a lithium-silica half-cell. As such short circuiting such half
cells should also lead to electrochemical reduction and an increase in reversible
capacity of the electrodes. Initial tests were performed to study this theory and it was
shown that revisable capacity was introduced into silica electrodes after short
circuiting. Like the PSD method it was also shown that longer short-circuiting times
lead to higher capacities. Without the need for potentiostats the short circuiting
method could be performed in temperature controlled environments, as such it was

shown that the reduction reaction progressed significantly faster at 50 °C.

The insight into increased reduction kinetics at 50 °C ultimately lead to the
introduction of constant load discharge (CLD), which is an equivalent of short
circuiting but with the use of potentiostats. With this method we show it is possible to

reduce silica electrodes with just 13 hours of CLD and achieve capacities of 500
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mAh/g. This example represents a significant decrease in reaction time compared
with previously reported studies where hundreds of hours are required for the
electrochemical reduction. This result highlights the novel contributions of these
findings in the ability to track, measure and control the extent of reduction reaction

and ultimately to reduce the time needed for this additional processing step.

The ability to directly carbonise BIS post synthesis has been highlighted, and the
associated decrease in reduction times to achieve high capacity and the improved
rate capabilities have been shown. We developed this further by impregnating BIS
with other carbon precursors of glucose and mesophase pitch. We successfully
increased the carbon loading in BIS to 9.7 wt% and as hypothesised this decreased
the reduction time required to reach high capacity. Impregnation and carbonisation
with that method provides another tool for reducing the electrochemical reduction

time of silica anodes.

To better understand the electrochemical reduction a number of investigations were
performed to track the extent of the reduction between battery cycles and to quantify
the extent of reduction in real time. This was achieved by monitoring the current flow
between the silica and lithium electrodes. This current profile displayed identical
profiles regardless of the temperature at which reduction was performed indicating
the mechanism of reduction was independent of temperature. The features of the
current profile were broken down into five distinct regions denoted (i-v). With these
five regions we postulate a shrinking core like mechanism; where the electrochemical
reduction proceeds initially at surface sites with good electrical conduction pathways
and as more material is reduced an increasing network of electrical conduction forms
increasing the rate of reduction, beyond this as the reaction front moves away from
the surface of these silica particles the rate of reduction decreases as the mass
transport of lithium-ions to the reaction front becomes a limiting factor. The new
mechanistic understanding was further supported by EIS measurements and an
analysis of voltage experienced across the cell during a CLD. This robust mechanism
may be applied in future work to tailor silica materials specifically to reduce reduction
time. This could be achieved by more uniform carbon coating networks on the silica
materials so good electronic conduction pathways are present at the start of the

reduction.

In the final chapter we attempted to characterise the reduction species produced form
electrochemical reduction of silica with lithium. As we highlight with our literature

review there is little consensus on the chemical nature of reduced species and exists
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some conflicting reports. We raise the nature of characterising LIB materials via post
mortem methods and the requirement of specialist testing equipment and importance
of minimising air contamination. In our initial XRD post mortem studies we were not
able to decisively discern any crystalline species present after reduction, however the
exposure of these samples to air did leave this experiment inconclusive. This
inconclusive experiment highlighted the difficulty in characterising the
electrochemical reduction products of silica. We therefore set out on an expansive
study using XPDF using equipment where air contamination could be eliminated, this
study was aimed to provide information on both the crystalline and amorphous nature
of the reduction products. In Chapter 7 we show how the electrochemical reduction
significantly changed the presence of short range order within the reduced material.
We conclude that the quantity of Si-O bonds (from silica) is reduced during reduction.
In addition, we show the presence of Si-Si bonds within the reduced electrode, to the
best of our knowledge this is the first characterisation of elemental silicon within
reduced silica electrodes. The identification of Si-Si bonds conclusively proves that
silicon is a product of the electrochemical reduction and responsible for the reversible
capacity in these electrodes. Unfortunately, we were unable to characterise any of
the postulated lithium silicates or lithium oxides within the reduced structure. However
due to the low scattering experienced between X-rays and light elements such as
lithium this result is not unsurprising. We propose a future experiment using neutron
total scattering to further probe the PDF’s of these samples and hopefully identify the

other by-products of the reduction.

The work presented in this thesis provides a significant advancement to the literature
in the understanding of two reduction processes used to create high capacity silicon
anodes. In both cases a detailed parametric study has been performed to expand the
knowledge of how key reaction parameters effect the reduction product. This detailed
study has lead, in both cases, to a high level, mechanistic understanding of these
relevant and promising chemical processes. Both of which have showed great
promise in providing high capacity stable silicon electrodes. With the understanding
of these processes future work can be purposefully directed to the optimisation of

these reactions.

We envisage future work on these two processes should focus on scale-up. For
MgTR we have shown how NaCl can be successfully used to scale up the reduction
process. Further work required larger furnaces, however, we recommend the

exploration of lower temperature reduction (550 °C) not only does this reduce the
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energy input of the synthesis route but these lower purity samples have shown
promising capacities and cyclability. For the electrochemical reduction of silica, we
have reduced the electrochemical reduction time to 13 hours. By applying the findings
from our mechanism and increasing the initial electrical conductivity of the silica,
potentially by better carbon coating or the use of conductive binders. Additionally,
reducing the size of the BIS silica particles should reduce the lithium diffusion lengths
for total particle reduction. The work on the electrochemical reduction used typical
electrolytes from LIB’s (LiPFs in carbonates), if cheaper water-based electrolytes can
be employed the commercial viability and the environmental footprint of this method

would be significantly more promising.

The hope for this work is that a foundation has been provided for continued
exploration of MgTR and electrochemical reduction of silica, as there are many

applications and opportunities awaiting investigation.
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Table S1. Key data abstracted from literature sources to quantify: 1 silica properties, 2 Magnesiothermic reduction conditions, 3
Silicon production properties, 4 Anode Performance properties and testing criteria, 5 key electrode parameters.

Phyto derived silica (excluding diatoms)

1.Source Silica 2.Reduction Methods 3.Product Silicon 4.Performance 5.Testing Variables
Surface area m?/g Molar ratio Mg:SiO» BET Surface Area Initial Stable Capacity % active material mass in electrode
Porosity Temperature Porosity Charging Rate Electrolyte additives
Pore volume Duration Pore volume Number of cycles Binder
Ramp rate %capacity retn
Rice Husks M (@) (b) (a) (b) (a) 65% active mass
289 m?/g 251 251 245 m?/g 54 m?/g 1750 mAh/g? 1%VC
Mesoporous 650°C 650°C Mesoporosity | Few 2.1 Alg PVDF
0.45 cm®/g 2hours 2hours 0.74 cm3/g Mesop 300 cycles
5°C/min 40°C/min 0.11cm?®g | 86%
Rice Husks? (@) (b) (a) (b) (a) 60% active mass
221 m3g 251 251 267 m?/g 7.5 m?/g 2294 mAh/g® 2%V C additive
0.49 cmd/g 650°C 650°C Mesoporosity | 0.11 cm®/g | 0.2 Alg Alginate
7 hours 7 hours 1.1 cm3/g® 100
1°C/min 5°C/min 57%
Rice Husks B 2.5:1 150 m?/g =1600 mAh/g 60% active mass
213 m?/g 650°C Mesoporous 1.0 Alg ‘Contained’ VC
Mesoporous 2-10nm 7 hours Mesoporous vol 0.60 cm®/g | 100 cycles Alginate
Mesoporous 0.29 cm?®/g 76%
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Rice Husks 9 2.5:1 42 m?lg 1400 mAh/g 60% active material
234 m?/g 500°C Meso-Macroporous 0.08 A/g 1.5% VC
Mesoporous 1.4-4.3nm 7 hours 0.31cmd/g 50 cycles Alginate
0.425 cmd/g 5°C/min 65%
Rice Husks B 2:1 47 m?lg 1600mAh/g 60% active material
286 m?/g 850°C 10-50nm pores 0.2A/g 5W%FEC
Mesopores 5nm 3 hours 100%* PAA binder
*Testing with Carbon Coating only
Very low mass loading reported 72% cap
retention for 100 cycles with more
conventkional loading.
Reed® 2.5:1 224 m?/g 2435 mAh/g 70%active mass
101 m%/g 650°C Mesoporous 2.1 Alg Carbon coating
Mesoporous 6hours 0.70cm?/g 200 cycles PVDF
0.22 cm3/g 5°C/min 45%
Reed Horsetaill” 2:1 117 m?/g N/a N/a
233 m?/g 600°C 0.24 cm®/g
0.35 cm®/g 1 hour 9nm APD
6nm APD 1:1 w-ratio reactants:NacCl
Bamboo Silk[" 2:1 356m?/g N/a N/a
0.47 m?/g 600°C 0.56 cm®/g
0.35 cm®/g 1 hour 8nm APD
19nm APD 1:1 w-ratio reactants:NacCl
a5°C/min sample btypo present in paper 1.1 m%qg unlikely ¢1°C/min silicon APD =Average Pore Diameter ¢ leached and unleached
comparison
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Source Silica
Surface area m?/g

Reduction Methods

Molar ratio Mg:SiO-

Product Silicon

BET Surface Area

Performance
Initial Stable Capacity

Testing Variables

% active material mass in electrode

Porosity Temperature Porosity Charging Rate Electrolyte additives
Pore volume Duration Pore volume Number of cycles Binder
Ramp rate %capacity retn
Silicon Particlesf® Step 1 Step 2 86.6 m?/g 3200 mAh/g 60% active mass
<74um 2.1:1 Air atm Mesoporous 0.36 A/g Alginate
nonporous 500°C 650°C 4nm pores 85cycles SiO; passivated layer
10 hour 10hours 64%
Aerogel [ 5:1 Air atm 239 m?/g 1782 mAh/g 60% active material
500°C 650°C Mesoporous 0.36 A/lg 5% FEC
10 hour 5 hours 4nm pores 100 cycles Alginate
82% SiO; passivated layer
Sand 5:1 Air atm 23.9 m?g ~1782 mAh/g 60% active material
500°C 650°C Mesoporous 0.36 A/g 5% FEC
10 hour 5 hours =~30nm APD 100 cycles Alginate
82% SiO; passivated layer
Diatom[® 5:1 Air atm 74 m?/g =~1400 mAh/g 60% active material
500°C 650°C Mesoporous 0.36 A/g 5% FEC
10 hour 5 hours =30 APD 100 cycles Alginate
71% SiO; passivated layer
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SBA-150 5:1 Air atm 103 m?/g ~1300 mAh/g 60% active material
500°C 650°C Mesoporous 0.36 A/g 5% FEC
10 hour 5 hours Majority 4-16nm 100 cycles Alginate
77% SiO; passivated layer
SBA-1510 2.5:1 74 m?lg 2727 mAh/g 60% active material
650°C Mesoporous 4.2 Alg 1:1 CMC:SBR
7 hours 28nm APD 100 2w%VC
5°C/min 0.56cm?/g 53%
SBA-1510 2.5:1 74 m?lg 1500 mAh/g 60% active material
650°C Mesoporous 4.2 Alg 1:1 CMC:SBR
7 hours 28nm ave 100 cycles 2w%VC
5°C/min 0.56 cm®/g 94.4% CVD carbon coating
SBA-1514 3.5:1 162 m?/g 2918 mAh/g 40% active material
500°C* Mesoporous 0.05A/g PVDF
2-10nm 50 cycles Ni foam cc
34%
Nanorods 12 2:1 128 m?/g ~2600 mAh/g 80% active material
666 m?/g 650°C Mesoporous nanoparticles | 0.4 A/g Polyimide binder
3.4nm diam pores 5 hours 3.5nm diam pores + |80 cycles
1.49 cmi/g 10°C/min distribution around 42nm | 40%
0.66 cm®/g
Nanorods*3! 2.5:1 255 m?/g 1400 mAh/g 70%active material
670°C Mesoporous 0.2A/g Alginate
5 hours Nanorods (~50nm dia) 170 cycles
12nm ave diam 74%

0.64 cm3/g

240




Chapter 9

PhD Thesis Jake Entwistle

Nanowirest*4! 3.125:1 157 m?/g 1300 mAh/g 80% active mass
600°C Mesoporous 2.5 Alg CMC
5 hours cross-linked Nanowires 1000 cycles
40-65nm diam 49%
0.33cm?/g
Nanowires [ 2:1 3-5nm particles 1200 mAh/g 80% active mass
10-20nm diameter 500°C accumulated alone 0.045 Alg PVDF
Length several ~20um 6 hours original nanowire shape 55 cycles
10°C/min 54%
Microspheres(t®! 2.5:1 200 m?/g ~3000 mAh/g 70%active material
650°C Mesoporous 0.1 Alg PVDF
2 hours <6nm 100 cycles
0.25cm3/g ~100%
Purified Sand 7] 2.25:1 323 m3/g =1700mAh 70% Active material
Nonporous 700°C Mesoporous 1.8 Alg PAA
>5um-50nm particles 6 hours 1000 cycles Carbon coating
5°C/min 70% 2% VC
5:1 w-ratio reactants:NacCl
Stober Spheres 18 31 Porous Silicon Spheres | 2300 mAh/g 60%active material
400nm diameter 800°C composed submicron | 0.1A/g PVDF
12 hours nanoparticles 50 cycles Carbon coating improved
10% performance
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Stober Spheres 9 1:2.25 215 m?/g =1700mAh/g 70% active material
200nm 700°C Meso and microporous 1.8 Alg Alginate
12 m?/g 5°C/min 500 cycles
6hours >80%
1:10w SiO2:NacCl
Diatomite® Step 1 Step 2 Mesoporous 1750 mAh/g 70% active material (70W%Si
Al powder | Mg reduction 1.8A/g 30w%Al)
900°C 700°C 100 cycles PAA+CMC
3 hour 3 hours 86% 10w% FEC
5°C/min
Diatomaceous Earth 21 | 2.5:1 96 m?/g 1300mAh/g 75% active material
6 m?/g 650°C Mainly Mesoporous 0.2mA/cm? Alginate
Mainly Microporous 6 hours 30 cycles 2% VC
5°C/min 29%
Diatomite [2? 1:1 Silicon nanoparticles 2500 5v% FEC
NaCl 5:1 ~100nm 100 mA/g
850°C 24 cycles
14 hours. 60%
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Glass bottles 23! 1:2.10 - 1420 mAh/g 70% active material
Macroporous silicon 1:2.25 1.8A/g PAA
700°C 400 cycles 1:1, viv FEC:DMC
5°C/min 72%
Source Silica 6hoResjuction Methods Product Silicon Performance Testing Variables
Surface area m?/g oW B M@SIiO, BET Surface Area Initial Stable Capacity % active material mass in electrode
Porosity Temperature Porosity Charging Rate Electrolyte additives
Pore volume Duration Pore volume Number of cycles Binder
Ramp rate %capacity retn
Mesoporous Powder 2?4 | 2.5:1 Macroporous Particles ~2400 mAh/g 80% active material
10nm APD 650°C Ave 200nm 0.72 Alg 2% VC
6 hours 100 cycles PVDF
5°C/min 69%
Silica spheres 200nm | 1.9:1 Macroporous 1162 mAh/g 70% active material (of which
average diameter 1291 700°C ~200nm 2.0 Alg 13.5%=Carbon coating via CVD)
5 hours 800 cycles CMC
5°C/min 91% 3%VC

~denotes numerical data not stated, approximated from graphical data inferred from report
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Source Silica
Surface area m?/g

Reduction Methods
Molar ratio Mg:SiO-

Product Silicon
BET Surface Area

Porosity Temperature Porosity

Pore volume Duration Pore volume
Ramp rate

Diatom frustules!?®! 2.5:1 541 m?/g

1.65 m?/g 650°C 0.7 cm3/g
2.5hour Significant micropores
3 °C/min

Diatomaceous earth?” | (a) (0)2.25:1 (@) (b)
2.25:1 650°C 5.2 m?/g 295 m?/g
650°C 2.5 hour 0.01cm®/g | 1.2cmg

2.5 hour 1:10 wit-ratio
reactants:NacCl

22nm APD

SBA-1581 1.5:1 Shape Retained
542 m2/g 670°C 605m?/g
1.13cm®/g 1.5hour 1.54cm?/g
8.34nm APD 3 °C/min 10.17nm APD
SBA-161%8 1.5:1 Ordered porosity
679 m?/g 670°C destroyed
0.65cm®/g 1.5hour 230m?/g
5.63nm APD 3 °C/min 0.63cm3/g
8.25nm APD
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1.2 Chapter 2

Scherrer Equation Derivation

Braggs law is given as:

A = 2dsin@

For Scherrer analysis if both sides are multiplied by the integer (n) such that
(nd=t) where (t) is the thickness of the crystal the following equation is formed.

nA = 2ndsinf = 2tsinf

This form can be considered as the nth order reflection from a set of planes
with interplanar distances of (t). nA can therefore be considered a constant for
the size of the crystal. Differentiating both sides of the equation leads to:

0 = 2AtsinO + 2tcosAf

The value of 46 can be positive or negative, but it is the absolute value that
must be taken.

. Atsin6
~ cosA@

The smallest increment in t which is possible is d (the space between a two
crystal planes). Using At =d and substituting '%z dsinf from Braggs law
gives:

B A
~ 2cosA8

This absolute value represents the half-width at half maximum (FWHM/2). So
to determine a measurable peak broadening 246 is used as it is obtainable
from the full width at half maximum (FWHM) and is denoted B:

. A
~ Bcos0

This is the final form of the Scherrer equation. A shape factor can be added
for more sophisticated analysis. In this work shape factor of 0.9 is used as
shown in Equation 2.2. Instrument broadening must be considered as
discussed.

t
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Range of relevance Scherrer analysis

To explain the range of relevance of the Scherrer analysis it is best to consider
a crystal with thickness (t) measured in a direction perpendicular to the set of
reflecting planes (Figure S2.1 (top)). With regards to the Bragg angle 6 as a
variable, 65 is the exact angle which satisfies Braggs law. The rays depicted,
A, D .... M make exactly this angle. Ray D' is reflected off the first plane below
the surface and is therefore exactly one wavelength out of phase with A". The
M’ scattered ray is reflected by the mth plane below the surface and is m
wavelengths out of phase with A. The diffracted beam of maximum intensity
is therefore a combination of A’,D’ ...M’ when the diffraction angle is 26;.

If we consider incident rays that make Bragg angles only slightly different from
0z, the destructive interference is not complete. The incident rays B and C are
examples of this Figure S2.1 (top). Ray B makes a slightly larger angle 6,such
that ray L’ in the mth plane (m+1) wavelengths is out of phase with B’. This
means that midway in the crystal there is a plane scattering a ray which is one-
half wavelength out of phase with B’. These rays destructively interfere with
each other and so do the other rays from similar pairs of planes throughout
the crystal. This has a net effect that rays scattered by the top half of the crystal
annul those scattered by the bottom half. The intensity of the beam diffracted
at angle 26, is therefore zero. This same maxim applies to the angle 8, and
the incident rays C and N.

It follows that the diffracted intensity at angles near 26 but not greater than
20, 0r less than 26, will not be zero. The curve of diffracted intensity vs 26 will
have the shape in Figure S2.1(bottom a) in contrast to the ideal diffracted
curve Figure S2.1(bottom b).

The width of the diffraction curve increases as the thickness of the crystal
decreases. For a crystal with 1 mm diameter the breadth B then B ~2x10”/
radian and be to small to be observed. Such a crystal would contain 107 lattice
planes which would satisfy Braggs law. However, for a crystal only 50 nm it
would typically contain 500 planes and the diffraction curve would be relatively
broad (4x107 radian). The accuracy of measuring Broadening (B) of this
manner is the limiting factor for determining crystallite size via Scherrer
analysis. With more precise detectors the natural broadening (peak
broadening minus any instrumental broadening) caused by small crystallites
can be more accurately determined.
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Figure S2.1. Effect of crystallite size on diffraction curves. Taken from[?®

247



Chapter 9 PhD Thesis Jake Entwistle

1.3 Chapter 3

950°C

Figure S.3.1. SEM images of BIS reduced at temperatures 550 — 950 °C.
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Figure S.3.2. USAXS data of porous silicon reduced at temperatures between
550-950 °C. Not all data points shown for clarity.
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Figure S.3.3 Silicon/silica composites reduced at 650 and 850 °C with 2:1, 2.5:1
and 3:1 stoichiometric ratios of Mg:SiOx. (a,c,e) Diffraction patterns of after acid
washing. (b,d,f) BJH pore size distributions.
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1.4 Chapter 4
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Figure S4.1. Capacity vs cycle life of micron sized silicon particles (-325 mesh)
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Figure S4.2. Discharge capacity of porous silicon/silica composites reduced at
650 and 850 °C
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Figure S4.3. Voltage capacity profiles of the 1st, 10th and 100th cycles for
silicon reduced from 550-950 °C
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1.5 Chapter 5
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Figure S5.1. EIS Nyquist plots and equivalent circuit used for fitting. Table presents
results for solution resistance, charge transfer resistance
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Figure S5.2. Capacity of C-65 used as conductive additive
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Figure S5.3. Capacity of BIS electrodes over 400 cycles at C/2.
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Figure S5.4. Differential capacity plots Calcined BIS, comparison of (a) 400 hour S-PSD
(5 galvanostatic cycles every 20 hours) and (b) 400 hours C-PSD.
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Figure S5.5. Differential capacity plot of cells short circuited at 50 °C, (red) shorted for
5 days then cycled. (blue) shorted 1 day at a time and cycled for 10 cycles at a time.

257



Chapter 9 PhD Thesis Jake Entwistle

1.6 Chapter 7
) Cu (111)
Fresh Silicon composite electrode
~ 1
D . Cu (200)
SN
2] siaw
0 |
C —
9 ] i (220
C | Cu (220)
- Si (311)

Figure S7.1. Gi-XRD of a crystalline silicon containing electrode pre-cycling.
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Figure S7. 3. (a) XRD and (b)XPDF of crystalline silicon -325 Mesh.
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Figure S7.4. XPS data of BIS. (a) full spectrum of Binding Energies, (b) Oxygen

1s spectra, (c) Silicon 2p spectra.
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