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The capability of battery materials to deliver not only high
lithium storage capacity, but also the ability to operate at high
charge/discharge rates is an essential property for development
of new batteries. In the present work, the influence on the
charge/discharge rate behaviour of substoichiometric concen-
trations of phosphorus (P) in silicon (Si) nanoparticles was
studied. The results revealed an increase in rate capability as a
function of the P concentration between 0 and 5.2 at%,
particularly during delithiation. The stoichiometry of the nano-

particles was found to strongly affect the formation of the Li3.5Si
phase during lithiation. Cyclic stability experiments demon-
strated an initial increase in capacity for the SiPx materials.
Galvanostatic intermittent titration technique and electrochem-
ical impedance spectroscopy demonstrated the increased
lithium diffusivity with inclusion of P. Density functional theory
and ab initio molecular dynamics were deployed to provide a
rationale for the electrochemical behaviour of SiPx.

Introduction

Li-ion batteries (LIBs) are one of the most used energy storage
devices due to their relatively high energy storage capacity, an
ability to operate under high charge/discharge rates, and
possibility for small size and portability.[1] As requirements for
LIBs continue to grow, design and research into new active

materials for LIBs have become necessary to enable the
delivery of high power and improvement of energy storage
capacity. Much of the recent work has been focussed on
optimizing the properties of silicon (Si) as an anode material,
due to its ten-fold greater Li-ion storage capacity compared to
conventionally used graphite.[2–4] However, the volume change
of Si during lithiation/delithiation is also much greater than for
graphite (300% vs 10%), which leads to fracturing of Si
particles, delamination of the active materials from the current
collector, and unstable solid electrolyte interphase (SEI) for-
mation. All of these factors lead to rapid degradation of Si-
based electrodes during electrochemical cycling.[5–7] In addition,
the diffusivity of Li+ ions in Si is also lower than that in graphite
(10� 10 vs 10� 7 cm2/s).[8,9] Low diffusivity of Li+ inside Si, as well
as high charge-transfer resistance at the surface contribute to
the low rate capability, which impedes the use of Si in high
power applications.[2–4]

More than a decade of work has been dedicated to
mitigating the effects of the volume change in Si and other
materials operating through alloying mechanism. This has been
approached through the use of coatings, materials engineering,
and/or by nanostructuring of Si.[10–13] Alternatively, Si-based
alloys and substoichiometric compounds have been proposed
to change the cycling behaviour of Si,[14–17] thereby improving
the intrinsic properties in combination with extrinsic methods
such as nanostructuring and/or coatings. In the search for
improvement of the Si-based materials and synergetic affect
between Si and heteroatoms, alternative strategies have been
deployed including physical mixing of Si nanoparticles and
layered black phosphorus.[18]

Recently, materials such as SiOx, SiNx or SiPx have shown
great promise due to their incredible cycling stability originat-
ing from conversion/alloying mechanisms.[19–24] For SiOx, SiNx

and SiPx with x<1, it has been shown that the added element
participates in the formation of an inactive matrix during initial
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lithiation, leaving domains of pure Si as the main source of
reversible capacity.[2,19,25] The advantage of these materials is
the high Li+ diffusivity through the inactive matrix and the
substantial decrease in swelling compared to Si, which leads to
an increase in both rate capability and stability during cycling.
For instance, lithium phosphidosilicates (possible products of
SiPx conversion), which consist of Li, Si and P in various ratios,
have been shown to have high Li+ ion mobility, which can
increase the Li+ diffusivity of Si-based anodes.[26,27] However,
the major disadvantage of relatively high concentrations of
added element (i. e., high x) is a decreased initial Coulombic
efficiency (ICE) due to the irreversible in situ conversion
reaction.[2,19] In addition, the electrochemistry of Si-based alloys
is not straightforward, as some of the elements used for
alloying can react with Li+ to form Li� Si-containing com-
pounds, complicating the data analysis and further improve-
ment of these otherwise promising materials.[19,28] At the
present moment the results for SiNPs,[29,30] SiOx,[31–33]

SiPx[16,20,22,23,34–36] and SiNx[25] materials systems are still quite
scattered in terms of methods of preparation, chemical
compositions, particle morphologies and sizes (these are differ-
ences only at the material level) due to relative novelty of the
approach. All of those discrepancies makes a direct comparison
of these promising materials extremely difficult and more
studies yet to be performed to develop a full understanding of
these Si-based compounds.

Alternatively, the intrinsic properties of Si battery active
materials can also be modified by doping. The aim of such
doping is to provide a stabilization effect similar to the
conversion/alloying mechanism observed at high x, but with-
out decreasing ICE.[16,19,34–36] For instance, boron-doped Si nano-
particles were reported, but this doping was found not to
improve the rate capability of the Si because boron (B) is a p-
type dopant.[17] Conversely, n-type dopants, such as
phosphorus (P) and arsenic (As) showed promising results for
improvement of anode materials.[15,31,35–37] Furthermore, P-
doped Si/graphite composites demonstrated good rate capa-
bilities due to lower charge transfer resistance and improved
Li+ transport in the material compared to pure Si.[35] P is a
promising choice as an n-type dopant due to its lower toxicity
compared to other candidates such as As. Depending on P
concentration in Si (at doping or sub-stoichiometric levels), SiPx

is expected to maintain some of the advantages of doped Si-
namely the increased conductivity relative to pure Si, but also
possibly the advantages of conversion materials such as
increased Li+ diffusivity and high cycling stability.

Previous work on substoichiometric SiPx materials has
shown the increase in both the conductivity and Li+ diffusivity
of SiPx at low P%.[34] However, the mechanism by which the
addition of P affects the electrochemical behaviour is difficult
to determine, as effects due to surface oxides and material
nanostructuring play a significant role in the electrochemical
behaviour. Figure 1 shows some SiPx materials recently re-
ported in the literature. This survey is displayed on a scale of
the atomic % of P in the Si material used, which is divided into
regions depending on the major mechanism attributed to

material enhancements at that P%. The contribution of the
current work is shown as offset red circles.

A silane pyrolysis process was used to disambiguate the
effect of low concentrations of P in Si nanoparticles by
synthesizing particles of very similar morphology and with low
surface oxide levels.[25,31] In the present article, we describe the
synthesis of amorphous SiPx nanoparticles with the atomic % of
phosphorus in the particles ranging from 1.5 to 5.2 at% and
compare their electrochemical performance to pristine Si
nanoparticles of the same size.

Results and Discussion

Materials characterisation of SiPx and Si NPs

Si-based materials obtained through the silane pyrolysis route
typically give rise to amorphous nanoparticles (NPs) with
relatively narrow size distribution.[31] This process conveniently
allows for the preparation of nanoparticles with the target size
and morphology through controlled nucleation and growth.
The introduction of PH3 gas into SiH4 pyrolysis process resulted
in the formation of SiPx NPs, where the ratio of Si : P is
manipulated through control of the ratio of silane to phosphine
gases supplied into the reactor during pyrolysis. This technique
has been previously applied not only to produce Si
nanoparticles,[31] but also to produce more complex SiNx

(nano)particles with precise ratios of Si :N and controlled
morphology and particle size.[25] The obtained materials were
characterized using microscopy-based methods, as the amor-
phous nature of the SiPx particles as well as the formation of a
solid solution of P in Si limits the selection of characterization
techniques. Transmission electron microscopy (TEM) images of
the nanoparticles shows a distribution of partially aggregated
particles, as illustrated in Figure 2a for P5.2. The microscopy
characterization for materials P0, P1.5, and P3.2 is shown in
Figure S1. These aggregates consist of primary particles with a
radius below 50 nm, fused together in a branching pattern.
These nanostructures are typical of Si nanomaterials prepared
by SiH4 pyrolysis, and are much smaller than the critical size of
150 nm.[31,38–40] The distributions of primary particle sizes shown
in histograms in Figure S2 illustrate a small decrease in primary
particle radius with increasing P%. This difference is the most

Figure 1. Schematic illustration showing present work on SiPx anode
materials displayed as a function of the atomic% of P in Si, as well as the
main effect attributed to the P in the given concentration range. Our
contribution is shown as off-set red circles.
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pronounced for pure Si, which shows an average particle radius
∼10 nm greater than the material with highest P content. The
three SiPx materials, however, show only a small variation in
particle size distribution. The size of NPs is known to change
the electrochemical properties, with larger particles showing an
increase in overpotential.[41,42] However, we do not expect these
small, highly overlapped differences to cause a significant
difference in electrochemistry.

Figure 2b and 2c show HAADF and HAADS-EDS images of
the P5.2 material, respectively. The lack of a bright “edge”
around the particle in Figure 2c indicates that the P is not
concentrated at the surface of the particle, but rather
distributed evenly throughout. EDS spectra can be found in
Figure S3 and show very low concentrations of oxygen on the
particles. For an accurate determination of the stoichiometry,
the atomic percentages of P were determined by ICP-OES and
are shown in Table 1. Furthermore, X-ray diffraction (XRD)
analysis (Figure S4) of the four materials confirmed their
amorphous structure, with no peaks observed to indicate the
presence of crystalline Si or measurable quantities of SiP/SiP2

phases.[21]

Stability and rate capability of SiPx NPs

Galvanostatic charge-discharge (GCD) testing was performed in
half-cells using Li foil as a counter electrode. The currents
chosen for formation and subsequent tests were based on the
capacity of the materials in order to minimise differences in
stresses experienced by differing materials. This is also why

current densities are reported in C-rates (with units of h� 1),
instead of mAg� 1.

The 1st cycle charge-discharge curves for the studied
materials are shown in Figure S5a. Table 1 summarizes the data
from the 1st cycle, and includes the measured gravimetric
capacity taken from the first lithiation step for each material, as
well as the ICE. Table 1 shows that all the SiPx materials have
lower initial capacity than pristine Si. The change of capacity is
not linear: P3.2 and P5.2 exhibiting similar initial capacities,
while P1.5 has a higher capacity than other SiPx samples. The
similarity of the ICEs indicates that there is no appreciable
formation of lithium phosphide (Li3P) or other matrix materials
through any conversion reaction, as existence of such would
cause the ICE to decrease as a function of the amount of P in
the material. The capacities of the materials exhibit a strong
negative dependence on the P%, which is greater than what
would be expected from the theoretical reaction of SixP1–x+

(3+0.5x)Li->x[Li3.5Si]+ (1-x)[Li3P]. This is consistent with the
results of other researchers, who have reported that the initial
capacity of SixP1–x is lower than expected values.[15,20,21,35] As the
ICEs of all materials are very close and the conversion reaction
can be neglected, it is possible to suggest that the formation of
SEI is similar for all studied materials.

Figure S5b shows the first cycle differential capacity (dQ/
dV) plots of the studied materials. The SiPx materials exhibit
sharp peaks during lithiation below 0.3 V, which is common for
the first cycle of Si. The formation of Li3P at around 0.4 V
expected from the literature has not been seen for any of the
SiPx materials studied in the present work.[21–23] The absence of
distinctive features signalling the formation of lithium phosphi-
dosilicates or Li3P are likely due to the low concentration of P
in SiPx. These species should account for less than 5% of the
total capacity, and would, therefore, be lost in the much larger
peaks corresponding to the formation of lithium silicide (LixSi)
and SEI. The two broad peaks in the delithiation step are
characteristic for delithiation of the amorphous a-Li3.5Si and a-
Li2.0Si phases.[43,44] The peaks that are expected for the
conductive additives (mainly the conductive graphite) are too
small to be visible due to the high (60% by weight) loading of
Si-based material, and thus the electrochemical behaviour of
the cells can be considered to be predominantly due to Si or
SiPx. The electrochemical testing was performed with the
voltage cut-off was set to 0.05 V to avoid the formation of c-
Li15Si4 phase, which typically manifests itself by the presence of
sharp peaks at 0.4 V in the delithiation curves – absent for the
present materials.[42] Therefore, the advantages of forming a
protective matrix with high Li+ diffusivity are not available for
SiPx at the studied range of P concentrations.

In order to study the charge/discharge behaviour of Si and
Si-based materials, it is important to recognize the difference in
electrochemical behaviour during lithiation and delithiation.[45]

It is important to consider these processes separately when
evaluating materials particularly at high charge/discharge rates.

Therefore, stability tests were carried out by lithiating and
delithiating at asymmetric C-rates. The delithiation behaviour
was studied by setting the delithiation rate to 0.3 C, and the
lithiation rate to 0.1 C. This was done to reduce the stress on

Figure 2. (a) TEM image showing a micron-sized aggregate of P5.2; (b)
HAADF image of a single particle of the P5.2 material; (c) HAADF-EDS
mapping of P in a particle of P5.2 material.

Table 1. Chemical and initial electrochemical parameters for the four Si-
based materials prepared for the present study.

Material
name

P concentration
(atomic %)

Capacity of 1st lithiation
(mAhg� 1)

ICE (%)[a]

P0 0 3,533 87.1�0.6
P1.5 1.5 3,066 88�2
P3.2 3.2 2,905 85�1
P5.2 5.2 2,830 87.7�0.3

[a] Errors were calculated from the average of three cells.
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the electrode during lithiation and allow any electrochemical
processes to run to completion. In this way, the behaviour of a
delithiation step was not limited by the preceding lithiation
step. A diagnostic cycle – where both the lithiation and
delithiation C-rate was set to 0.05 C – was included after every
tenth cycle to explore the evolution of the overpotential. The
lithiation-dependent stability was studied in the same manner,
with a slow delithiation process at 0.1 C and a faster lithiation
at 0.3 C. The stability during fast delithiation (Figure 3a) shows
that the total capacity increases for SiPx materials after the
initial formation (delimited by the vertical dashed line), but not
for the pristine Si (P0). Gradual capacity increases are observed
in other literature, but the reason is not completely
understood.[25,46] For P0, P1.5 and P3.2 the difference between
the cycling and diagnostic cycles remains unchanged, indicat-
ing that the overpotential is constant. In contrast, the disparity
between the cycling and diagnostic cycles in P5.2 is larger at
later cycles, which implies that the overpotential increases over
time. By the 40th cycle, all the materials dropped below 80% of
their capacity relative to the first cycle after formation (the 1st

cycle after the dashed line). An example of the capacity
retention of SiPx full cells is given in figure S6, to demonstrate
the behaviour in a different system.

The lithiation-dependent performance was studied in the
same manner, with a slow delithiation process at 0.1 C and a
faster lithiation at 0.3 C. The performance of the materials as a
function of lithiation is shown in Figure 3b. Here the capacity
increase is also observed. The relatively large lithiation current
means that the potential limit is reached before full lithiation of
the active material is achieved. This explains why the number

of cycles required to reach the maximum capacity is greater
than that observed in Figure 3a. The difference in capacity
between the fast cycles and the diagnostic cycles is more or
less constant for the SiPx materials, indicating that the over-
potential is consistent with repeated cycling. For P0, the small
decrease in this difference indicates that the overpotential is
decreasing slightly.

Rate capability tests were performed in a similar manner to
the stability tests, i. e. by lithiating the electrodes at 0.1 C and
delithiating at increasing rates (or vice versa). The data is
normalized to the first point after formation (marked with a
star) to highlight the relative rate behaviour of the materials.
Figure 3c shows that the delithiation capacity is mostly
independent of the applied current (within the chosen current
range), and that the loss of capacity is due to aging in the same
way as the stability behaviour seen in Figure 3a. Figure 3d,
however, shows a strong relationship between the lithiation
capacity of the electrodes and the applied current. Here, the
SiPx materials show slightly better capacity retention in the 0.1–
0.7 C range compared to the pure Si, but at 1 C P1.5 and P3.2
perform worse than the pristine Si. The capacity is recovered
once the applied current returns to C-rates below this inflection
point, allowing us to conclude that this capacity loss is not due
to cell failure or aging. From this we can conclude that
lithiation is the limiting factor in determining the rate capability
of Si nanoparticles.

Analysis of the evolution of dQ/dV plots can provide
additional insights to the differences in behaviour between the
materials, explaining both the rate capabilities and the initial
increase of capacities for SiPx during cycling. Figures 4 and 5

Figure 3. Cyclic stability and rate capability behaviour using asymmetric GCD. (a) Cyclic stability with delithiation set to 0.3 C and lithiation set to 0.1 C. (b)
Cyclic stability with lithiation set to 0.3 C and delithiation set to 0.1 C. Error bars were calculated from the average of three cells. (c) Normalized delithiation
rates with slow lithiation at 0.1 C. (d) Normalized lithiation rates with slow delithiation at 0.1 C. A diagnostic cycle at 0.05 C was included after every tenth cycle
for the tests shown in the panels a and b. The star at cycle four in panels c and d is the normalization point, the first point after formation.
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show the changes in dQ/dV as a function of current for the
delithiation and lithiation rate capability tests, respectively.

From Figures 4a and 4b, as the C-rate is increased the
delithiation curve (most notably the Li3.5Si peak at ∼0.28 V) is
shifted towards higher potentials – and when the C-rate is

Figure 4. dQ/dV of rate capability experiments with lithiation rate fixed at 0.1 C and varying delithiation rates. (a, b) increasing C-rate; (c, d) decreasing C-rate.
(a, c) sample P0; (b, d) sample P1.5.

Figure 5. dQ/dV of rate capability experiments with delithiation rate fixed at 0.1 C and varying lithiation rates. (a, b) increasing C-rate; (c, d) decreasing C-rate.
(a, c) sample P0; (b, d) sample P1.5.
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reduced (Figures 4c and 4d), this trend reverses. This potential
shift agrees with the expectation that the overpotential
increases with the applied current, leading to a shift of the dQ/
dV peaks. The reversal of this trend when decreasing the C-rate
indicates that there is no significant change in impedance
resulting from changing the current of the delithiation step
while keeping the lithiation step fixed. Comparing the Li3.5Si
peaks in Figures 4a and 4b, it can be seen that the presence of
P causes an increase in the size of Li3.5Si peak. This indicates
that the capacity of this phase is increasing in the first few
cycles, behaviour which is not seen for P0. The behaviour of
the a-Li2.0Si peak is almost identical between Si and SiPx, and so
this phase can be considered unaffected by the presence of P.
The increase in capacity of the Li3.5Si peak may be due to a
decrease in resistance of the cell as a result of increasing Li+

diffusivity in the electrode.
Similarly to Figure 4, Figure 5 displays the dQ/dV curves for

the lithiation-dependent rate capability. These graphs show a
strong correlation between the Li3.5Si peak in the delithiation
curve as a function of the lithiation rate. Unlike the behaviour
shown in Figure 4, Figures 5a and b show that as the lithiation
rate is increased, the Li3.5Si peak is quickly lost, and the Li2.0Si
peak is strongly diminished. When decreasing the lithiation
rate (Figures 5c and 5d), the Li3.5Si and Li2.0Si peaks are
recovered. However, the recovery of the Li3.5Si peak is faster for
the SiPx materials, with a discernible peak occurring at 0.4 C for
materials containing P, but not until 0.2 C for pristine Si. This
means that the presence of P in the materials increases the
ability for the Li3.5Si to form during lithiation, and that this
effect increases over time. This may be partially due to
increased Li+ diffusivity of SiPx compared to Si. However, this
trend is not proportional to P%, nor does it hold at high
lithiation rates. Lithiating at 1 C causes the P1.5 and P3.2
materials to have a lower capacity than P0 – and in the case of
P3.2, no capacity at all – which indicates that the overpotential
at 1 C is very large.

Differential capacity plots are also used to explore the
changes in electrochemistry over time. In the present study,
they can be used to monitor the evolution of the GCD curves
during and after the formation of the broad peak observed in
the stability tests. Figures S7 and S8 show the dQ/dV plots of
P0, P1.5, P3.2, and P5.2 for cycles 6 to 14 of the delithiation and
lithiation stability tests, respectively, which correspond to the
cycles spanning the formation of the broad peaks in the
capacity observed in Figures 2a and 2b. The pristine Si in
Figure S7a shows only a slight broadening of the Li3.5Si peak
during delithiation, and a small decrease in overall height in
the lithiation. The shift of the delithiation peaks (notably the
Li3.5Si peak) to lower potentials for P1.5 and P3.2 (Figures S7b
and S7c, respectively) – as well as the increase in peak intensity
show that lithiation of these materials is becoming easier over
time. The lack of stability in P5.2 makes it difficult to discern
features. This same trend can also be seen in the dQ/dV plots
of the lithiation stability (Figure S8). Here, the weak Li3.5Si peak
grows strongly between cycles 6 to 14 and the overpotential
decreases, but only for materials containing P. The Li3.5Si peak
in pristine Si decreases and shifts to higher overpotentials over

the same interval. This explains the increase in capacity seen in
Figures 3a and 3b.

The behaviour seen in the cyclic stability and rate capability
can be summarized thus:
1. The presence of P causes a decrease in overpotential

coupled with a slow change in capacity.
2. The P-dependent effect that increases the rate capability

forms slowly in the lithiation process.
During cycling we can expect reactions between P, Si and

Li to occur, potentially forming small quantities of e.g. Li3P or
Li2SiP2 (or other, more complicated phosphidosilicates). These
chemical species have been shown to form in SiP and SiP2, and
similar conversions exist in SiNx.

[20,21,23] It has been shown that
these species increase the Li+ diffusivity, and it can be
hypothesised that their presence may help to explain the
results observed.[26]

However, the low concentration of P in the SiPx materials
studied here means that directly finding these P species via a
method such as FTIR or XRD would be difficult. XPS experi-
ments performed on P5.2 electrodes before and after formation
the P 2p peak confirms that P is in the SiP2 state (Figure S9).[21]

Unfortunately, due to the low concentration of P it is not
possible to conclude that Li3P or phosphidosilicate species are
formed in SiPx. While XPS could potentially be used to
determine how P evolves upon cycling, this would require a
more dedicated study.

We have employed DFT/AIMD to test whether the P atoms
in pristine SiPx will affect the lithiation, and GITT and EIS to test
the diffusivity and to find evidence that the P-containing
materials have increased Li+ ion mobility over pure Si.

DFT and AIMD on SiPx and Si

To better understand the discrepancy between the different
materials, it is necessary to explore the behaviour of Li atoms in
close proximity to P atoms in the SiPx system. To do this, DFT
simulations were performed to calculate the Li behaviour in 64-
atom Si systems containing 1, 2, or 3 P atoms. The results are
summarized in Table S1, which illustrates that as the concen-
tration of P increases via substitution of Si, so does the energy
of the system. This result indicates that inserting relatively high
concentrations of P into Si is thermodynamically unfavourable,
at least in the low P concentration range. Interestingly, the Li
insertion energy displays a local minimum at 1.6 at% P (Si63P).
An AIMD simulation was also performed to evaluate the
stability of these systems (shown in Figure S11). As shown in
Figure S10a-c, the total energy of each of the Si64, Si63P, and
Si62P2 (0, 1.6 and 3.1 at% P, respectively) system is oscillating
during the whole MD simulation, whereas the Si61P3 (4.7 at% P,
Figure S11d) system shows a remarkable change in total
energy. Here one of the Li atoms shifts to neighbouring site,
implying that a high P concentration will have a negative effect
on lithiation and delithiation behaviour during the charge-
discharge process. This “rejection” of Li in proximity to the P
may explain why the broad peak in the SiPx exists in Figures 2c
and 2d, and also why the effect is stronger for higher
concentrations of P.
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Higher substitution energy will increase the thermodynamic
instability. Lower Li insertion energy will also increase the rate
capability during lithiation. The interplay between lower
insertion energy and higher thermodynamic instability implies
that materials with lower concentrations of P should show
good rate capability as well as decent stability, both of which
are supported by the experimental data.

GITT and EIS of SiPx and Si

To validate the rate behaviour of these materials, it is necessary
to study the Li+ ion mobility in the materials. The diffusivity
DLiþ of Li+ in the electrode can be calculated from GITT data
from the following equation:[2,47–49]

DGITT
Liþ ¼

4
pt

mBVM

MBS

� �2 DEs

DEt

� �2

(1)

and from EIS using:[2,45,46]

DEIS
Liþ ¼

1=2
VM

SFAW

� �
dE
dx

� �� �2

(2)

Where τ is the duration of the titration step; mB and MB are
the molecular mass and weight of Si, respectively; ΔEs and ΔEt

are the changes in equilibrium and rest potentials, respectively;
S is the area of the electrode; F is Faraday’s constant; AW is the
Warburg impedance; and δE/δx is the local slope of the open
circuit potential (OCP) curve. The diffusivity of the lithiation
process determined by GITT is given in Figure S12, along with
typical examples of the GITT and EIS curves, and the equivalent
circuit used for fitting the EIS data.

Figure 6 shows a comparison between the Li+ ion
diffusivity of the materials as calculated from GITT as a function
of voltage (Figure 6a) and EIS (Figure 6b) using equations 1 and
2, respectively. Both these figures show that the diffusivity of
Li+ in SiPx is significantly greater than for pristine Si even
accounting for changes in diffusivity as a result of particle size
differences, which would lead to a roughly 2-fold increase in
diffusivity of the smallest particles (P5.2) over the largest (P0).
The remaining diffusivity increase is then possibly due to the
presence of lithium phosphidosilicates hypothesised earlier.

The difference in diffusivities calculated from GITT and EIS can
be explained by the difference in equilibrium states, as the
relaxation time for GITT is two hours, while that of EIS is
24 hours. This leads to an increase in the slope of δE/δx, and
therefore a higher DEIS

Liþ . The GITT technique also assumes that
the diffusion is linear rather than radial, which leads to smaller
values of diffusivity.[47]

Conclusion

Three silicon nanoparticle materials containing concentrations
of P of 1.5, 3.2, and 5.2 at% were synthesised to compare the
electrochemical behaviour of SiPx to pure Si NPs. To decouple
lithiation and delithiation behaviour the charge and discharge
steps were performed at asymmetric C-rates. Delithiation was
found to be enhanced for SiPx at high C-rates compared to
pure Si, while the lithiation rate capability was only better for
low C-rates. GITT and EIS were used to validate the rate
behaviour and showed that the diffusivity of Li+ in SiPx is
significantly greater than for pristine Si. A hypothesis is
proposed whereby Li3P, Li2SiP2 or other phosphidosilicates
species formed during cycling could be responsible for the
increased diffusivity and enhanced delithiation rate in SiPx.
However, the evidence for this is found to be inconclusive.

Supporting Information Summary

The supporting information contains the experimental section,
as well as TEM images and analysis, XRD, EDS, and charge-
discharge plots related to the results and discussion of this
article. Further details regarding the computational methods
can also be found in the supporting information.

Acknowledgements

The authors would like to thank the Norwegian Research Council
and Beyonder AS for the financial support of this project under
project No. 304644. Funding support for the manufacturing of
particles was provided by the Regional Research Fund of Vestland,
Norway under Project No. 299410.

Figure 6. Diffusivity as a function of potential for Si and SiPx. (a) Diffusivity calculated from GITT data using Equation 1. (b) Diffusivity calculated from the
Warburg constants from EIS data using Equation 2. The diffusivities are calculated at the electrode level.
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