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ABSTRACT

This work describes silicon nanoparticle-based lithium-ion battery negative electrodes where
multiple non-active electrode additives (usually carbon black and an inert polymer binder) are
replaced with a single conductive binder; in this case the conducting polymer PEDOT:PSS.
While enabling the production of well-mixed slurry-cast electrodes with high silicon content
(up to 95 wt%), this combination eliminates the well-known occurrence of capacity losses due
to physical separation of the silicon and traditional inorganic conductive additives during
repeated lithiation/delithiation processes. Using an in situ secondary doping treatment of the
PEDOT:PSS with small quantities of formic acid, electrodes containing 80 wt% SiNPs can be
prepared with electrical conductivity as high as 4.2 S/cm. Even at the relatively high mass
loading of 1 mg/cm?, this system demonstrated a first cycle lithiation capacity of 3685 mAh/g
(based on the SINP mass) and a first cycle efficiency of ~78%. After 100 repeated cycles at 1
A/g this electrode was still able to store an impressive 1950 mAh/g normalised to Si mass
(~75% capacity retention), corresponding to 1542 mAh/g when the capacity is normalized by
the total electrode mass. At the maximum electrode thickness studied (~1.5 mg/cm?) a high
areal capacity of 3 mAh/cm? was achieved. Importantly, these electrodes are based on
commercially available components and are produced by the standard slurry coating methods
required for large-scale electrode production. Hence, the results presented here are highly
relevant for the realisation of commercial LiB negative electrodes that surpass the performance

of current graphite-based negative electrode systems.



The development of Li-ion batteries (LiBs) with improved performance is necessary to fulfil
the requirements of future consumer electronics, electric vehicles, and renewable energy
storage grids.!? At present, graphite is the mainstay negative electrode material for commercial
LiBs, which can theoretically provide a maximum specific capacity of Csp=372 mAh/g. While
research has pushed into negative electrodes based on graphene,®® a number of other negative
electrode materials potentially offer much higher capacity. Silicon, in particular, has an
extremely large theoretical specific lithiation capacity of Csp=3579 mAh/g (corresponding to
its maximum metastable alloying composition of LiisSis at ambient temperatures), a very low
lithiation/delithiation potential, and is both safe and abundant. As such, the use of silicon is
extremely compelling for the development of LiB negative electrodes with performance that

exceeds the current state-of-the-art graphite-based negative electrodes.

While silicon-based electrodes often possess exciting capacities during the initial cycles, it is
commonly found that these high values cannot be maintained for the hundreds of cycles that
are needed to make silicon a viable replacement for graphite. Ultimately, this is due to the large
volume change that is associated with such a substantial uptake of lithium into the silicon
structure (~300% for Li1sSia, Ref 7). As a consequence, electrode failure occurs due to various
modes such as pulverization of the active material, loss of electrical pathways following
electrode structural rearrangement,®1° continuous instability of the solid/electrolyte interfacial
(SEI) layer,'t 12 or some combination of these. It is clearly necessary that an electrode

formulation be developed which can overcome all of these issues.

The problem of pulverisation of the silicon active material has largely been resolved through
the use of various nanostructured forms of silicon (e.g. nanoparticles, nanowires, and other
nanoporous structures)!*1’ which can undergo deep lithiation and delithiation processes with
excellent reversibility.}* 17 Consequently, attention is increasingly moving beyond the active

component of the electrode and towards optimising the overall electrode structure.

In this arena, it is becoming clear that optimisation of the binder material is pivotal for the
realisation of high capacity-retention silicon-based negative electrodes.*® *° In general, binders
that are used in battery electrodes must; (1) be capable of forming a homogenous mixture with
the active component and the conductive additive; (2) provide suitable binding interactions
with both the active material and conductive additive leading to stable electrical pathways to



the current collector, and (3) be electrochemically stable in the required electrochemical
potential window. However, for electrodes that undergo large volume changes there are a
number of additional binder requirements; this component must (4) possess mechanical
properties that can reversibly buffer the requisite volume changes of the active material, (5)
undergo minimal swelling in the electrolyte, (6) enable the creation of a thin and stable SEI
layer, and (7) maintain adhesion between the overall composite structure and the underlying
current collector. Further to these technical requirements, to be economically viable a candidate
binder must also be (8) easy to produce in large quantities, (9) inexpensive, and (10) compatible

with standard electrode manufacturing techniques (i.e. slurry casting).

Clearly, arriving at a material that meets all of these requirements is a significant challenge.
This is reflected by the wide range of polymeric binders that are presently being explored,
including synthetic polymers such as polyamide imide,'* lithium-exchanged nafion,?
polyacrylic acid (PAA),? and polyimide,??> biopolymers such as carboxymethyl cellulose
(CMC), alginate,?* and cyclodextrin,?® as well as combinations of these such CMC/styrene
butadiene rubber?® or PAA/polyvinyl alcohol.?” Among these studies, some authors have
focussed on imparting elastomeric properties to the electrode matrix to improve the cycling
performance.t® 1% 23 26 |n others, more emphasis has been given to optimising the surface
interaction between silicon and the binder as to avoid irreversible rearrangement of the
electrode structure.?® However, success ultimately depends on arriving at a binder system that

satisfies all of the above-mentioned criteria simultaneously.

Meeting this challenge will be far more likely if the number of binder requirements can be
reduced. We believe that the most compelling strategy to do so is through the use a conducting
polymer in place of the more commonly explored insulating varieties such as those mentioned
above. In particular, the use of a conducting polymer binder immediately eliminates the tenuous
interface between silicon and conventional inorganic conductive additives such as carbon
black, carbon nanotubes or graphene. This presents an opportunity to either suppress, or ideally,
completely avoid capacity losses due to the physical separation of the active material and the
conductive phase. Furthermore, the use of a conductive binder in place of a traditional
binder/conductive additive combination means a reduced parameter space and an opportunity
to minimize the presence of non-active components within the electrode formulation.?® 3°
Clearly, this will favour the overall gravimetric capacity of an electrode, which underlies the

use of silicon within LiB negative electrodes in the first place.



Although there has been much interest in the use of conductive polymers within LiBs generally
(see the recent review by Sendodu et al.®%), relatively little work has been done to explore the
combination of conducting polymers with silicon for the creation of commercially relevant LiB
negative electrodes. A number of prior studies have combined silicon with polyaniline,
pyrene-modified methacrylate,®® 3,6-poly(phenanthrenequinone),?® various polyfluorene-
based polymers,®® 3437 and poly(3,4-ethylenedioxythiophene)/poly(styrene-4-sulfonate)
(PEDOT:PSS).%840 While these works call attention to the efficacy of using conducting
polymers to improve silicon-based negative electrodes, many of these polymer systems require
complicated in-house synthesis for which commercial viability of their production is
unknown,?® 3. 3337 yse electrode production methods other than industry favoured slurry
coating,®®° or require additional binders,3" %° conductive additives,3" 3> 40 or non-aqueous

solvents for their production.?® 33-3¢

On the other hand, PEDOT:PSS is commercially available at relatively low cost and has been
demonstrated to be a versatile host for a wide range of inorganic nanomaterial fillers for various
electrochemical energy storage/conversion technologies.** It possesses excellent
electrochemical stability (even when repeatedly n-doped),** *® is mechanically robust,* and
through the use of simple secondary doping treatments it can possess impressive electrical
conductivity.* In addition, due to its solubility in water PEDOT:PSS is easily processable
using conventional techniques; it can be used to form homogenous slurries with the active
material without the need for hazardous/expensive solvents.*? Due to these numerous
advantages, in this work we investigate the performance of silicon nanoparticle (SiNP) based
LiB electrodes in combination with PEDOT:PSS as a commercially relevant, high-
performance conductive binder. We find very high gravimetric capacities coupled with

excellent stability and state-of-the-art rate behaviour.



RESULTS AND DISCUSSION

General Morphological Characterisation: We have studied the properties of a LiB negative
electrode material featuring PEDOT:PSS as a conductive binder in combination with SiNPs as
the active component. Transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS) were performed to examine the nature of the silicon nanoparticles. This
data shows the SiNPs to be crystalline with a mean diameter of ~60 nm and a surface oxide
coating of thickness 2-5 nm (see Supporting Information, Figure S1 & S2). Throughout this
study we make comparisons with a relatively successful?* though conventional SiNP-
containing LiB negative electrode system consisting of 80 wt% SiNPs with 10 wt% carbon
black (CB) and 10 wt% Li-PAA polymer binder. The experimental and conventional electrode
systems are presented schematically in Figure 1a and b, respectively. For both electrode types
the composites were prepared by hand-mixing the relevant components for 30 minutes using a
ceramic mortar and pestle. The resulting slurries were then converted into films on Cu foil
substrates by doctor blading. Figure 1c and 1d presents photographs of the two components for
the experimental system and a resulting slurry cast film. For the PEDOT:PSS containing
samples, in most cases a controlled quantity of formic acid (FA) was added to the slurry during
mixing. The FA acts as a ‘secondary dopant’ for PEDOT:PSS to dramatically improve its
electrical properties.®> 4 The effect of the FA loading within the slurry on electrode

performance is discussed in the sections following.

Typical scanning electron micrograph (SEM) images of the experimental (PEDOT:PSS/SiNP)
and conventional (CB/PAA/SINP) systems are shown in Figure 1le and f, respectively. These
images indicate that the SiNPs that have been used are approximately spherical with diameters
generally less than 200 nm, appearing consistent with the mean diameter of 60 nm indicated
by the supplier. In previous studies of Si-based negative electrodes it has been found that
silicon-lithium alloying leads to mechanical fracture of the active material, particularly at high
Li capacities.}” As such, we have chosen small diameter SiNPs for this study to avoid this
undesirable process. In addition, this active material was used as opposed to other
nanostructured forms of silicon (such as nanowires® or core-shell structures*’) as they are able
to be produced relatively cheaply and in large quantities. For these reasons Si-based negative
electrodes featuring SiNPs are likely to be of greater commercial interest than more

complicated alternatives requiring multi-step processing or high temperatures during synthesis.



To maximize the performance of any composite electrode system it is important that the
components be uniformly mixed. We have assessed this aspect of these PEDOT:PSS/SiNP
composites using SEM with electron back scattering (EsB) as well as energy dispersive X-ray
(EDX) spectroscopic mapping. The Supporting Information presents wide-view SEM images
of the PEDOT:PSS/SINP and CB/LiPAA/SINP systems both prepared using 80 wt% SiNPs
(Figure S3a and S3b, respectively), as well as EsB maps of the corresponding areas (Figure
S3c & S3d, respectively). These indicate excellent mixing for the conductive binder-containing
system which is corroborated by EDX elemental mapping performed on another region of the
same sample (Figure 1g). Here we have used the EDX signal due to sulphur and silicon to
indicate the presence of the conducting polymer and nanoparticle components (Figure 1h & 1i,
respectively); PEDOT and PSS both possess sulphur atoms as shown by the chemical formula
in the Figure 1g inset. This suggests that the two constituents are homogeneously distributed
down to length scales approaching the dimensions of the SiNPs, and shows the mixing of these
materials to be extremely effective.

On the other hand, SEM and EsB images of the conventional system reveals micron-scale non-
uniformity, with regions of predominately CB interspersed within regions of predominately
SiNPs. Figure 1j presents a closer view of the film with the corresponding EsB map (Figure
1k) indicating considerable segregation of the electrode components. This is not ideal as it
means that a proportion of the available SiNPs will not be in close proximity to the conductive
additive (and possibly also the polymer binder) and likely produce sub-optimal electrode

performance, particularly during the repeated cycling of a large volume change active material.

Effect of Formic Acid Secondary Dopant on composite properties: We then examined the
influence of the FA secondary doping treatment on the electrical and lithium storage properties
of these composites. It is known that a range of polar and protic molecules can act as secondary
dopants for PEDOT:PSS, inducing large increases in polymer conductivity.*> 46480 |t has been
suggested that secondary doping treatments impart morphological changes to the PEDOT
conjugated polymer chains that are retained even after the dopant has been removed (through

heating of the treated films).*!

FA was chosen as the secondary dopant for this study as this molecule has previously been
shown to be very effective for improving the properties of PEDOT:PSS transparent conductors

and supercapacitor electrodes (films with thickness less than ~1 micron).*> 46 Unlike these



studies where the PEDOT:PSS has been exposed to the FA as a post-processing step (by
immersion in a bath of the secondary dopant for a few seconds),* “¢ here we have added a
quantity of the FA directly into the mortar while mixing the composite slurries (i.e. in-situ
secondary doping). This method was used as it was found that FA secondary doping by
immersion caused corrosion of the Cu foil current collector and also caused the composite to
delaminate from its substrate. By mixing the secondary dopant directly into the slurry both
these problems were avoided while also simplifying the film production process. To our best
knowledge this is the first report of a FA secondary doping treatment applied in situ to thick
composite films. Table S1 in the Supporting Information gives details of the mass loading,
thickness and density for the various samples of different compositions that were prepared.

To optimize the electrical conductivity increase arising due to this in-situ FA treatment we
prepared a range of 20 wt% PEDOT:PSS/SiNP samples on glass slide substrates with FA
loadings up to 20% (relative to the volume of the PEDOT:PSS solution). After oven drying of
samples, four-wire 1V measurements were then performed to determine the sheet resistance,
Rs, of replicate samples following the creation of parallel electrical contacts on each film with
conductive silver paint. The mean thickness, t, of each sample was also determined using

contact profilometry, enabling calculation of the DC conductivity using o = (Rt)™

Figure 2a shows that a 100x increase in . could be achieved by the addition of 10% FA to
the composite, giving . =4.2S/cm (the FA-free control had a &, =36 mS/cm). The addition

of FA in quantities beyond this value provided no additional improvements in conductivity. As
such, 10% FA was included during the preparation of all subsequent PEDOT:PSS/SiNP
samples to maximize the film conductivity. We emphasize that even the composite samples
prepared without any secondary-dopant had a DC conductivity that was 35x higher than the
conventional Li-PAA/CB containing sample with the same 80 wt% SiNP loading (

ope =1.1mS/cm, indicated by the red dotted line in Figure 2a). It is worth noting that in addition

to these impressive electrical properties, PEDOT:PSS is expected to be significantly more

thermally stable compared to other conducting polymers.>?

We then performed some initial electrochemical characterisation of these PEDOT:PSS/SiNP
composites to assess the influence of this FA treatment on the resulting electrode performance.
This was carried out in a half-cell configuration vs. lithium foil counter electrode inside a 2032-

type coin cell with 1 M LiPFes in ethyl carbonate/dimethyl carbonate/fluoroethylene carbonate
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as the electrolyte (3:6:1 v/v). Galvanostatic charge and discharge measurements were
performed using a 20 wt% PEDOT:PSS sample prepared without the addition of FA as well as
identical samples prepared using 5% and 10% FA (again, relative to the volume of the
PEDOT:PSS solution). The same measurements were also carried out on the conventional

electrode system for comparison.

The first lithiation/delithiation cycle was carried out at a constant current density of 0.5 A/g
and the resulting voltage profiles are shown in Figure 2b. Here the specific
lithiation/delithiation capacities of each electrode was calculated based on the mass of the
active material only. All of these Si-based electrodes show a long plateau at <0.15 V during
the first lithiation which corresponds to the formation of a Li-Si alloy phase. However, there is
a notable difference between CB/Li-PAA/SINP and PEDOT:PSS/SiNP electrodes in terms of
voltage profiles during this initial lithiation stage; while the Li-PAA/CB/SiINP electrodes did
not have a slope during initial lithiation, all of the PEDOT:PSS-containing electrodes show an
obvious slope within certain voltage windows (1.0-0.015 V). This likely arises due to some
irreversible reactions associated with PEDOT:PSS. The Supporting Information contains
voltage profiles measured for a PEDOT:PSS-only electrode during the first and subsequent
cycles (Figure S4). This suggests that the extent of lithium trapping due to the PEDOT:PSS in
the first cycle is around ~50 mAh/g, somewhat less than the PEDOT:PSS described by Yao et
al. (=100 mAh/g)®® and the poly(phenanthrenequinone) based conductive binder/SiNP system
described by Kim et al. (~87 mAh/g).?° While we do not know the specific cause of this
capacity loss associated with PEDOT:PSS, its contribution to the overall first cycle capacity

loss is insignificant (~1% for a 20 wt% composite).

Regarding the effect of the FA treatment, it is clear from Figure 2b that the PEDOT:PSS/SiNP
electrode with 10% FA treatment exhibits higher lithiation and delithiation capacities (3685
and 2858 mA h/g, respectively) compared to electrodes exposed to 0 or 5% FA; the first cycle
delithiation capacity was 20% higher than the sample prepared without secondary doping
treatment. In addition, we observe an increase in first cycle irreversible capacity (note: Table
S2 in the Supporting Information provides the first cycle lithiation, delithiation and irreversible
capacities when varying the amount of FA added). This confirms that electrodes prepared with
optimum FA treatment results in a more efficient supporting matrix for the electrochemical
utilization of the SiNPs. The enlarged lithiation profiles from inset in Figure 2b also support
this assertion; the long plateau for PEDOT:PSS/SiNP electrode with 10% FA addition appeared



at higher potential than other electrodes indicating that a relatively low cathodic over-potential
was induced for PEDOT:PSS/SINP with 10% FA addition.

Figure 2c compares the cycling performance of these same electrodes. After 100 cycles at 1.0
Alg it is found that conventional CB/Li-PAA/SINP electrode is inferior to all of the
PEDOT:PSS-based electrodes; the silicon mass normalized capacity of CB/Li-PAA/SINP
electrode is markedly decreased from 2480 mAh/g (2" cycle) to 1510 mAh/g (100" cycle). On
the other hand, the PEDOT:PSS/SINP electrode with 10% FA treatment shows the highest
specific capacity of 2681 mAh/g in the 2" cycle and 1950 mAh/g in the 100" cycle.

Given the large difference in the electrical conductivity of these samples with differing FA
treatments we also briefly examined their rate capabilities. Figure 2d compares the CB/Li-
PAA/SINP electrode and PEDOT:PSS/SINP electrodes with and without the optimized FA
treatment when cycled at current densities from 0.5 A/g to 5 A/g. Although all of the electrodes
show similar specific capacities at a low current density of 0.5 A/g (1-5 cycles), the specific
capacity of both CB/Li-PAA/SINP and the 5% FA PEDOT:PSS/SINP electrodes were
significantly reduced for the higher current density (1 A/g to 5 A/g). In contrast, the 10% FA-
treated sample only suffered a 44% decrease in capacity when the current density was increase
by a factor of 10 (0.5 to 5.0 A/g).

To support these measurements, EDX and Raman mapping was also carried out to investigate
whether the presence of the FA alters the mixing of the PEDOT:PSS with the SiNPs. The EDX
maps presented in the Supporting Information (Figure S5) indicate that the FA loading appears
to have negligible effect on the mixing of the components, which is corroborated by the Raman
maps for samples produced using a range of FA loadings (see Supporting Information, Figure
S6-8).

Overall, these results demonstrate that the PEDOT:PSS-based bi-component electrode
employing the optimized FA-secondary doping treatment provides more stable cycling
retention and improved rate-capability compared with a conventional electrode with an
equivalent SINP loading. While this in situ FA treatment was employed with the sole intention
of increasing the electrical conductivity of these composites, it is possible that there are
secondary benefits associated with its inclusion. In particular, there is growing evidence that
hydrogen bonding interactions between silanol functional group (present on the SiNP surface)

and carboxylic acid moieties present on certain binders imparts an advantageous self-healing
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character to the overall electrode structure.® 5% This quality has been used to justify the
promise of many polysaccharides as binders for silicon as well as synthetic polymers with high
densities of carboxylic acid groups, such as PAA.821:57 A detailed investigation into this aspect
of our FA-treated PEDOT:PSS/SINP electrodes is an interesting subject for the further study
of this system.

Effect of PEDOT :PSS loading on composite electrical properties: Using the optimized in-
situ FA loading of 10% we then prepared composite films on glass substrates with various
PEDOT:PSS loadings (from 5 to 30 wt%). These limits were determined by our ability to
prepare slurry-cast films that remained mechanically robust at the lower range & adherent to
the substrate at the upper range (see Supporting Information, Figure S9). Regardless, these span
active material loadings of general interest for Li-ion battery negative electrodes. Table S3 in
the Supporing Information provides information on mass loading, thickness and density for the

films described above.

Four-wire current-voltage and film profilometry measurements were performed on the

resulting composite films and the electrical conductivity was found to vary from o, =0.7 S/cm
for the 5 wt% PEDOT:PSS sample up to o, =19 S/cm for the 30 wt% sample (Figure 3a). It
is known that the increased conductivity of an insulator upon the addition of a conducting filler

can often be described by a power law arising from percolation theory;*® o o (Mf -M fyc)n

. Although this expression should, strictly speaking, use volume fraction when describing the

conductive filler content, here we have used the composite mass fraction (M , ) for simplicity.
In this expression, M . is the critical mass fraction where the first conductive pathway forms

across the sample, beyond which, the further addition of conducting filler leads to a dramatic
increase in conductivity according to the percolative exponent n. While the percolation
threshold is certainly less than 5 wt% for this system, a more precise value cannot be
determined due to the inability to produce samples with lower polymer loadings. However,
when the data is approximately fitted using the universal value for the percolation exponent of
n=2.0, the fit suggests that the percolation threshold is quite low (~1 wt%). In comparison, the
electrical conductivity of the conventional electrode system had a conductivity of only 1.1
mS/cm, which is 2000x lower than the FA-treated PEDOT:PSS containing system at an

equivalent SiNP loading (80 wt%). However, we must note that the actually conductivity of
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the electrode may be somewhat less than these values during their operation at negative

potential.>®

Effect of PEDOT:PSS loading on composite density and porosity: Following this, the
PEDOT:PSS/SINP samples with various conductive binder loadings were prepared identically
on the Cu foil current collectors and the film density (p) and porosity (¢) were determined.
Discs were cut from the main films and the composite mass and volume were measured. As
shown in Figure 3b, the film density varied from 0.45 g/cm?® for the 5 wt% sample up to 0.61
g/cm® for the 30 wt% sample. For comparison, a PEDOT:PSS-only film was produced
separately by evaporative casting which was found to have a density of 1.2 g/cm?. This value
along with the density of bulk silicon (ps; pui=2.3 g/cm®) was used to calculate the composite
porosity as a function of PEDOT:PSS loading, shown in Figure 3c (see the Supporting
Information for the expression for ¢). Hence, there is a noticeable reduction on the overall film
porosity from ¢ =0.8 to 0.66 over the composition range. Similar changes in film porosity were
measured by Kim et al. when wvarying the composition of their

poly(phenanthrenequinone)/SiNP composites over the same composition range.?®

The presence of substantial free volume is made apparent by the SEM images for 10 and 30
wit% samples shown in Figure 3d-g. While the appearance of PEDOT:PSS is difficult to discern
for the lower PEDOT:PSS loading, for the 30 wt% sample a polymeric coating on the SiNPs
is apparent. The presence of free volume within the film is important not only to allow
electrolyte penetration within the electrode internal surfaces, but also to facilitate the expansion
of silicon during lithiation.>® % We note that because a volume increase of up to ~270% is
expected for the SiNPs, the measured free volume is not sufficient to accommodate all of the
swelling. This means the PEDOT:PSS network must withstand some mechanical extension
during cycling. Future work will study the mechanical properties of the polymer in the presence
of the electrolyte. In addition, while there is certainly scope to increase the film density (and
hence the volumetric capacity) through calendaring, in this study, we have limited
characterisation of the charge storage properties to the as-produced films. We note that Zhao
et al. obtained optimal cycling performance for their polyfluorene-based conductive
polymer/SiO electrodes when the porosity was reduced of 0.43 using calendering.®® This
suggesting that improvements to our PEDOT:PSS/SiINP system could also be obtained through

similar post-processing.
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Effect of PEDOT:PSS loading on composite electrochemical properties: Next we
characterized the electrochemical performance of the PEDOT:PSS/SiINP electrodes when the
PEDOT:PSS loading is varied from 5 to 30 wt%. Here a combination of constant current and
constant voltage (CC-CV) lithiation was used instead of the typical constant current (CC)
mode, enabling investigation of the actual performances of the electrodes in the highly lithiated
state. The resulting capacities as a function of cycle number under these conditions are shown
in Figure 4 and the lithiation/delithiation profiles for all of the electrodes at cycles 1, 50 and
100 appear in the Supporting Information (Figure S10). By normalising the resulting lithiation
capacities by the mass of the SiNPs only, it is clear that the addition of more conductive binder
improves the performance of the available silicon (Figure 4a and 4b). Despite being unable to
prepare samples with PEDOT:PSS loadings greater than 30 wt%, the electrochemical

utilization of the available silicon appears to be reaching a plateau at the higher loadings.

With the exception of the 5 wt% sample, all of the PEDOT:PSS containing samples provide
greater silicon mass-normalized capacities than the CB/LiPAA-based control. The specific
capacity of the electrodes were remarkably increased from 2071 to 2803 mAh/g at the 2" cycle
by increasing the PEDOT:PSS content from 5 to 30 wt%. For PEDOT:PSS contents >20 wt%
the resulting specific capacity values approach 2000 mAh/g even following 100
charge/discharge cycles; 1927, 1985, and 2052 mAh/g for 20, 25, and 30 wt% PEDOT:PSS
containing electrodes, respectively. The Figure 4c inset provides the capacity retention at the
100™ cycle relative to the capacity at the 2" cycle, which indicates that for all electrodes with
PEDOT:PSS contents > 15 wt% the retention is ~75%. These are extremely promising results
among the Si-based electrodes and are an exciting demonstration of the excellent performance
that can be achieved using electrodes that consist of commercially available ‘oft-the-shelf’
components and industrially scalable fabrication processes; this is a stark contrast with other
high performance though synthetically complex conducting polymer binders that emphasize

the need for specifically tailored functionality.3% 3437

While it is important to know the specific capacity that is solely associated with the silicon, the
capacity normalized to the total electrode mass is of far greater practical importance. This data
is shown Figure 4c as a function of cycle number and as a function of PEDOT:PSS loading for
different cycle numbers in Figure 4d (note that Mrota=Msi+MpepoT:pss). Given the very low
specific capacity of PEDOT:PSS alone (< 20 mAh/g, see Supporting Information, Figure S3),
it is apparent that C/Mr does not vary with PEDOT:PSS loading as per the rule of mixtures.
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Rather, a capacity maximum is observed for the 20 wt% PEDOT:PSS composite, which
provides a total mass normalized capacity of 2167 mAh/g at the 2" cycle and 1542 mAh/g at
the 100" cycle. In contrast, Liu et al. found that the performance of their conductive
binder/SiNP system was optimal when using 30 wt% non-active components,® and for
conventional (3-component) Si-based systems it is common for over 30 wt% of inactive
components to be used.®: 52 Where possible, it is desirable to minimize the content of non-
active constituents within the electrode in order to maximize overall capacity. In this case,
when using just 10 wt% non-active components, this system was able to provide 2131 mAh/g
at the 2" cycle and 1332 at the 100" cycle. These results highlight the great utility of partnering
silicon with a single conductive binder in order to reduce the presence of non-active

components within the electrode structure.

Further characterisation of the 20 wt% PEDOT:PSS/SiNP sample was carried out to investigate
the effect of the areal loading (M/A) and the applied current density (I/M) on performance.
Figure 5a and 5b presents the areal capacity and silicon mass normalized capacity for areal
loadings ranging from M/A=0.4 mg/cm? to 1.5 mg/cm?. Table S4 in the Supporting Information
details the mass loading, thickness and density of these samples. As indicated by the Figure 5a
inset, C/A scales linearly with mass loading, indicating the entire electrode is being utilized
within this thickness range. This is likely a consequence of the excellent electrical properties
of these electrodes, enabling the utilisation of silicon far from the current collector as well as
of the electrode porosity which facilitates deep electrolyte penetration. This is also made
apparent by the data shown in Figure 5b whereby the C/Msi values essentially overlap
regardless of their differing areal loadings. The thickest sample that was tested (M/A~1.5
mg/cm?) provided an areal capacity of ~3 mAh/cm?, which meets the capacity requirement for
the negative electrode in the commercialized LiB cell configuration. The preparation of films
with areal loadings greater than M/A=1.5 mg/cm? was problematic due to a loss of adherence

between the composite and the Cu foil substrate during film drying.

Although areal capacities for experimental Si-based systems are typically less than ~1
mAh/cm? | some other exceptions exist; Zhao et al. demonstrated C/A=3.5 mAh/cm? for their
calendered polyfluorene-based conductive polymer/SiO electrodes,® Liu et al. prepared a Si-
based system capable of storing 3.7 mAh/cm? (albeit with a fairly low electrode density; p~0.4
mg/cm? and t~120 um).%2 Probably the highest areal capacity to date was achieved by Song et
al. with their PAA/PVA mixed binder system, measuring C/A=4.3 mAh/cm?.%* However, this
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composite employed 40 wt% non-active components with the SiINP active material, including
10 wt% carbon fibres to enable the preparation of these high mass loading electrodes. Based
on previous studies on supercapacitors® and hydrogen evolution electrocatalysts,®® we believe
that the capacity of our PEDOT:PSS/SINP could be increased significantly through the
inclusion of small loadings of SWNTs (~5 wt%). This would enable the preparation of far
thicker films that remain both robust and adherent to the substrate, giving significant

enhancements in C/A.

Figure 5¢c and 5d presents the silicon normalized specific capacity and the corresponding
capacity retention for the 20 wt% PEDOT:PSS/SiNP electrodes under different applied current
densities. For the lowest current (1/M=0.5 A/g) a very high specific capacity over 3000 mAh/g
is found during the initial cycles and is 2186 mAh/g is retained after 100 cycles. When
increasing the current density, the electrodes exhibit lower specific capacity but higher capacity
retention, which is a common tendency associated with the depth of lithiation and the related
structural transition of the silicon. At the highest current density (I/M=10 A/g), very high
capacity retention is observed, up to 95% after 100 cycles. The observed increase in capacity
with cycle number is frequently observed in the literature when applying very fast
charging/discharging condition, which could be due to delayed wetting of electrolyte into the
electrode.®?

To further investigate the long-term cycling stability of these PEDOT:PSS/SINP electrodes
rapid charge and discharge measurements were carried out over 500 cycles. As shown in the
Supporting Information (Figure S11), two separate samples were cycled under different
conditions; one at various current densities from 3 to 10 A/g and another at a fixed current
density of 10 A/g. For the latter sample, a specific capacity of 436 mAh/g was retained after
500 cycles. In Figure 5e we have plotted the total electrode capacity of these samples as a
function of the applied current density (at cycle 100), as well as a range of data from the
literature (note: Figure S12 in the Supporting Information reproduces this figure along with a
detailed legend that refers to Table S5). While our electrodes are very competitive at lower
current densities, unfortunately, it was difficult to find other systems with which to compare at
higher current densities (I/M>1 A/g).

To put the excellent performance of this work into a broad perspective, Figure 5f presents a

detailed literature comparison of competitive silicon-containing electrode systems when
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capacity is normalized to the mass of active materials as well as the total electrode mass. We
emphasize that it is difficult to make a direct comparison between different systems due to the
large number of variables present (regarding both compositional and testing conditions). As
such, we have classified the literature values into two categories based on the total electrode
areal loading (M/A) as well as the wt% of silicon and the relevant cycle number (note: this data
is reproduced in the Supporting Information, Table S5). Our PEDOT:PSS/SiNP system
performs better than all other samples in the high areal loading category (M/A>1.0 mg/cm?)
other than the work of Zhang et al. whom used ionically crosslinked alginate as a binder.
However, we note that these electrodes were tested at a lower current density than our system
(1/M=0.42 A/g compared with 0.5 A/g) and as such these two systems are, in fact, very similar.
This clearly shows that using PEDOT:PSS as both mechanical binder and electrical additive

results in Si-based negative electrodes with state of the art performance.
CONCLUSIONS

In conclusion, we have investigated the properties LiB negative electrodes consisting of silicon
nanoparticles partnered with PEDOT:PSS, which here acts as a conductive binder. Not only
does this dual combination provide excellent performance but also presents a reduced
parameter space by eliminating the need to tailor the interaction between the active material
and an additional conductive additive via a polymeric binder. In fact, we feel this is the most
important advantage of this system in light of the particularly demanding set of requirements
for the binder component of large volume change electrodes. That these two components are
commercially available in large quantities and processable very easily by conventional means

(i.e. slurry casting using water) is also a very attractive feature of this work.

This system presents many opportunities for further studies, which will almost certainly lead
to improvements in performance, as well as a deeper understand of the factors responsible for
the success of this particular combination. PEDOT:PSS is not elastomeric and also does not
possess the carboxylic acid functional groups required for the so-called ‘self-healing’ character
of other successful binder systems. As such, it will be interesting to investigate whether the
formic acid that was added during electrode fabrication has benefits in addition to just
improving the electrical conductivity of the PEDOT:PSS. In addition, as these electrodes were
characterized as prepared, future work will needed to study the effect of calendering (and hence

reduced electrode porosity) on both cyclability and volumetric capacity.
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In this study we have made no attempt to investigate the nature of the SEI layer that forms on
PEDOT:PSS coated SiNPs. In fact, we feel that optimisation of this SEI layer is the most
promising avenue for achieving further improvements to this system. While electrodes with
relatively high loadings of active material (80 wt%) was optimal, those prepared with 90 wt%
silicon also performed quite well. As such, the addition of small quantities of other polymers
could be used to modify the interfacial properties of the silicon with the binder matrix or the
mechanical properties of the PEDOT:PSS.

Overall, this system very effectively highlights the merits of combining SINP with
PEDOT:PSS as a conductive binder and provides a valuable new baseline for further studies
involving the use of this commercially available conductive polymer to alleviate the problems

associated with large volume change LiB negative electrodes.

METHODS

Silicon Nanoparticle Characterisation: The shape and crystallinity of the SiNPs were
examined with a transmission electron microscope (FEI Titan) operated at 300 keV. To prepare
the sample for imaging a dispersion of SiNPs in water was drop-cast onto a Lacey Carbon grid
and baked overnight at 100°C under vacuum. X-ray photoelectron spectroscopy was measured
for powder samples using monochromated Al Ko X-rays from an Omicron XM1000 MkII X-
ray source and an Omicron EA125 energy analyzer. The analyzer pass energy was set to 15
eV. After subtraction of a Shirley background the Si 2p core-level spectra were fitted with

Gaussian-Lorentzian line shapes using the software CasaXPS.

Electrode Preparation: PEDOT:PSS (Clevios PH 1000) was received from Heraeus as an
aqueous solution (concentration = 11 mg/mL). SiNPs were obtained as a powder from US
Research Nanomaterials (mean diameter: 50-70 nm, laser synthesized) while formic acid (FA)
was purchased from Sigma Aldrich. These were combined in a mortar and pestle and stirred
for 30 minutes to form a slurry. The PEDOT:PSS loading was varied between 5 and 30 wt%
(note: the sample compositions are provided in the Supporting Information, Tables S1, S3, and
S4). We note that FA was directly added into the Si/PEDOT:PSS slurry as a secondary dopant
to modify the PEDOT:PSS conductivity. The optimum loading of FA (10% relative to the
volume of PEDOT:PSS solution) was determined in a separate set of experiments. Isopropyl
alcohol (IPA, Aldrich) was also added dropwise to the mortar during the mixing process to

modify the viscosity as required. The resulting slurries were cast into films on Cu foil substrates
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(MTI Corp., thickness = 12 pm) using a doctor blade apparatus. The doctor blade clearance
was varied from 20 and 100 microns to vary the thickness of the produced films. The films
were then heated at T=110°C under vacuum for 1 hour to remove residual water and FA (note:

the boiling point of FA at standard pressure is 100.8°C).

For comparison, a conventional composite electrode system was prepared in the same manner.
This consisted of carbon black powder (Timical Super C65, MTI Corp.) and Li-PAA binder
prepared via the method described by reported by Eberma et al.,%” which were mixed with the
same SiNPs as for the experimental system in a fixed ratio of 80 wt% Si, 10 wt% Li-PAA and
10 wt% CB.

Electrode Characterisation: The morphologies and microstructure of the samples were
examined using FE-SEM (Supra 40, Carl Zeiss) with an attached energy dispersive X-ray
spectrometry system (INCA EDS, Oxford Instruments). The film density was calculated by
first punching a number of circular discs with diameter = 12 mm from the main film with the
area over 100 cm?. The mass (M) and thickness (t) of each disc was determined using a

microbalance and micrometre and these were used to calculate the film density (o = M (At)™*

). The thickness and mass of Cu foil substrate was determined in the same manner and
subtracted in each case. The areal loading of coated material was approximately 1 mg/cm? prior
to thickness dependence studies following.

The four-point probe technique was used to investigate the DC electrical conductivity of the
samples with different conditions and compositions. Here samples were prepared identically
as described above though with non-conductive glass plate used in place of the Cu foil. Four
parallel electrode contacts were created on the film surface using conductive silver paint (Agar
Scientific). The electrode separation and width were ~1 cm and ~0.5 cm, respectively. The
resistance of each sample was calculated from current-voltage curves measured using a
Keithley 2400 source meter. The electrode thickness was determined by contact profilometry
(Dekat 6M, Veeco Instruments). Here scratches were created using a scribe and the mean film
thickness was calculated from nine separated lateral profiles obtained for different regions on
the film surface.

Raman spectra were acquired using a Witec Alpha 300 R with a 532 nm excitation laser and a
spectral grating with 600 lines/mm. Raman maps were generated for the PEDOT:PSS/SiNP
samples by taking 80x80 discrete point spectra, with an integration time of 0.2 s per spectrum,
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over a 20x20 um area. This was done using a 100x objective lens and a laser power of ~30
MW. This low power was necessary for these composite samples as when powers >100 pW
were used a disordered carbon signal was observed rather that the well-known PEDOT signal,
suggesting that the laser was damaging the PEDOT:PSS. Average spectra for PEDOT only
films were calculated from line scans consisting of 10 discrete point spectra. These were
acquired using a 20x objective with a laser power of ~600 pW.

The electrochemical properties of PEDOT:PSS/SiNP electrodes were investigated using 2032-
type coin cells (MTI Corp.). A lithium metal disc with diameter = 16 mm was used as the
counter electrode, and 1 M LiPFs in ethyl carbonate (EC)/dimethyl carbonate
(DEC)/fluoroethylene carbonate (FEC) (3:6:1 v/v) was used as the electrolyte. Each working
electrode was punched from the main film into discs with diameter = 12 mm. A Celgard 2320
separator was used for all samples. The electrochemical properties of the electrodes were
measured within a voltage range of 1.2—-0.005 V using constant current (CC) mode or constant
current-constant voltage (CC—CV) mode using a potentiostat/galvanostat (VMP3, Bio-logic).
In the CC-CV mode, the electrodes were first lithiated at 1 A/g and held at 0.001 V until the
current had decayed to 0.1 A/g. Then the electrodes were delithiated at a 1 A/g until a 1.2 V
cut-off was reached. The specific capacities of the electrodes were normalized to either the
mass of active material (SiNP) or the total mass of electrode components (combined SiNP and
PEDOT:PSS mass) to compare the performances. Electrochemical impedance spectroscopy
was performed using an impedance analyser at a DC bias voltage of 0.2 V and AC frequencies
ranging from 200 kHz to 10 mHz. Immediately prior to acquiring the EIS spectra working

electrodes were conditioned at the as-mentioned DC bias for 2 hours.
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Supporting Information Available: Detailed methods, materials characterisation and
literature review. This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. Scheme for the experimental PEDOT:PSS/SiNP electrode (a) and a conventional tri-
component LIPAA/CB/SINPs electrode (b). The PEDOT:PSS/SINP composites were produced
by mixing the two components (c) to form an aqueous slurry followed by doctor blading onto
Cu foil (d). High magnification SEM images indicate the morphology these two systems (e &
f, respectively). Low magnification SEM image of experimental composite (g) with (h and I)
EDS elemental maps of the corresponding area indicating the distribution of sulphur and silicon
respectively. The inset in (g) shows the chemical formula PEDOT:PSS. Low magnification

SEM image the conventional system (j) with EsB map of corresponding area (k).
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Figure 2. (a) Electrical conductivity for a 20 wt% PEDOT:PSS/SINP sample with different
amounts of FA secondary dopant added during slurry preparation (expressed as a percentage
of the PEDOT:PSS volume). Electrochemical characterisation of CB/Li-PAA/SINP and
PEDOT:PSS/SINP composites with various FA treatment conditions. (b) Initial
lithiation/delithiation profiles at current density of 0.5 A/g within 0.005 and 1.2 V vs. Li/Li".
The inset shows the enlarged lithiation profiles for all electrodes. (c) Cyclability of lithiation
of these electrodes at 1 A/g after initial cycling at 0.5 A/g. (d) Rate capability of these electrodes
various current densities from 0.5 A/g to 5 A/g. In all cases, mass loadings of 1 mg/cm? were

used.
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Figure 3. (a) Electrical conductivity (for samples prepared on glass substrates), (b) density and

(c) porosity of the PEDOT:PSS/SiNP composites (as-prepared, i.e. uncalendered) as a function

of composition. SEM images of a 10 wt% (d & e) and 30 wt% (f & g) sample at lower and

higher magnifications, respectively.
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Figure 4. Electrochemical performance of PEDOT:PSS/SiNP electrodes with various compositions. (a)

Silicon normalized specific capacity (lithiation) plotted as a function of cycle number. (b) The same

values plotted as a function of PEDOT:PSS loading for various cycle numbers. (c) Specific capacity

(lithiation) normalized by the total electrode mass (Msi + Mpepotpss) as a function of PEDOT:PSS

loading. (d) The same values plotted as a function of PEDOT:PSS loading for various cycle numbers.

The inset in (c) provides the capacity retention ratio at lithiation #100 relative to lithiation #2 as a
function of PEDOT:PSS loading.
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Figure 5. (a) Areal capacity (C/A) and (b) silicon normalized specific capacity (C/Ms;) of a 20 wt%
PEDOT:PSS/SiNP composite with various thickness (0.4 to 1.5 mg/cm?). The inset in () plots the areal

capacity vs. mass loading at cycle #100. (c) Silicon normalized specific capacity and (d) capacity

retention (relative to the second cycle) of 20% PEDOT:PSS composite as a function of cycle number

at various current densities (0.5 to 10 A/g). Note, M/A=1.0 mg/cm? for the electrodes whose data are

presented in (c) and (d). (e) Total electrode normalized capacity as a function of current density for a

20 wt% PEDOT:PSS/SiNP film with M/A=1.0 mg/cm? at various current densities.Various literature

data are also shown for comparison. A more detailed version of this figure appears is the Supporting

Information with a detailed legend. (f) Comparison of the specific capacity of various electrodes when

normalized Ms; and Mita. Values are classified depending on whether the electrode loading is less or

greater than 1.0 mg/cm?. Table S5 in the Supporting Information provides details and references.
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