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® The conversion is determined to result
in cyclable silicon in a Li,SiN, matrix.

® The bulk capacity and reversibility of
SiN, of any given composition is pre-
dicted.

® The matrix is found to slowly de-
lithiate at potentials exceeding ~0.5V
vs. Li*/Li.
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ABSTRACT

An extensive research effort is being made to develop the next generation of anode materials for lithium ion
batteries. A large part of this effort has been related to silicon, primarily due to its considerable theoretical
capacity; however, very limited cycling stability has prevented widespread commercial adoption. A potential
solution for this is to use convertible sub-stoichiometric silicon nitride (a-SiN,), which goes through an irre-
versible conversion reaction during the initial lithiation cycle, producing active silicon domains in an inactive,
lithium conducting matrix. Relative to pure silicon, the resulting composite material has gained cycle life at the
cost of reduced specific capacity. The specifics of the conversion reaction, however, have not yet been de-
termined; hence, the impact of varying nitrogen content remains uncertain. In this work we develop a model
reaction which relates the reversible and irreversible capacities of an electrode to the composition of the con-
version products. By fitting this model to experimental data from a large number of a-SiN, thin film electrodes
with different thickness and composition, we determine with a high probability that the matrix composition is
Li»SiN,. From this, the reversible and irreversible capacities of the material can be predicted for a nitride of a
given composition.

1. Introduction

over the last decades. Increasing power-demands of these devices, as
well as the incorporation of Li-ion batteries in electric vehicles place

The invention of the lithium ion battery has been one of the key
factors in enabling the revolution of portable electronic devices seen

ever higher demands on the batteries. This has led to a significant re-
search effort into the development of new electrode materials with
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improved volumetric and specific capacity, cycle life and rate cap-
ability, which do not compromise on safety. For Li-ion batteries, silicon
has attracted a lot of attention as anode material due to its very high
specific capacity (3579 mAh/g) compared to that of the commonly used
carbonaceous anodes (372 mAh/g) [1]. Silicon does, however, have
several issues related to the large volume change the material under-
goes during cycling. Attempts to resolve these issues are generally
based on what is termed dimensional stabilization — using nanos-
tructured materials to reduce internal stress formation [2-17]. The very
large specific surface areas of these nanostructures present a number of
new problems, which have called for further research on surface
modification and coatings [12,18-24].

A class of materials which are not necessarily nanostructured but
inherently utilize dimensional stabilization is commonly known as in-
situ convertible oxides [25-27]. These materials rely on an irreversible
conversion reaction during the first lithiation cycle which causes a
phase separation of a finely dispersed active alloy component and an
inactive matrix component [28]. This reaction was first described for
the tin based composite oxide electrode in a report by Fuji Photo Film
Co. in 1997 [26], and have later been extended to silicon sub-oxides
(SiOy) [29-31]. There have also been reports on different nitrides un-
dergoing reversible electrochemical reactions with lithium, with a wide
variety of different reaction mechanisms. Several ternary nitrides, e.g.
LisFeN, [32] and Li;MnN, [33], are assumed to function by reversible
reconstitution reactions. Some binary nitrides M3N (M = Co, Fe, Ni)
have been shown to function by partially reversible displacement re-
actions on the form M3N + Li = M + Li3N [34,35]. Others again, like
Sn3N,4 [36] and GesN4 [37], function along the same lines as the con-
vertible oxides, with the reversible capacity stemming from the lithia-
tion and delithiation of the metal formed during conversion. Titanium
nitride (TiN), on the other hand, is regarded as inactive, and has instead
been used as a structural stabilizer and conductive component [38,39].

Silicon nitride was initially regarded as an inactive material in the
context of lithium ion batteries, and has been used as an inactive
scaffolding material for silicon based anodes [40]. However, in the last
decade, several groups have reported reversible charge-discharge be-
havior of silicon nitrides of different compositions and crystallinity
[23,41-46], albeit with varying performance. As the properties of the
silicon nitride in these works differ in many aspects, a direct compar-
ison of the reported results can hardly be made. While most are of the
opinion that a conversion type reaction is taking place, there is dis-
agreement as to what the products of said reaction are; whether it is
lithiated silicon and lithium nitride (LisN) [42,46], lithiated silicon,
silicon nitride (SisN4) and LisN [41], or lithiated silicon and a ternary
lithium silicon nitride (Li,SiN5) [44].

Understanding the conversion reaction allows targeted tailoring of
the material properties, and is crucial for the continued development of
this electrode system. The purpose of this work has therefore been to
investigate the first cycle conversion reaction by comparing the per-
formance of different substoichiometric amorphous nitrides (a-SiN,)
cycled under comparable conditions. Here we introduce a model which,
when fit to experimental results, allows the separation of surface and
bulk losses; and moreover, an estimation of the matrix phase compo-
sition. Using this model in conjunction with experimental measure-
ments from a large number of different SiNy thin film electrodes of
varying composition and thickness, the composition of the matrix has
been estimated to be approximately Li:Si:N 2:1:2. Furthermore, by
analysis of the matrix delithiation at higher voltages, we have shown
that the matrix in all probability consists of a single phase, Li>SiN»,
rather than a combination of LisN and SisNy4. This information enables
us to predict the reversible and irreversible capacities of an amorphous
silicon nitride of any given composition.

2. Materials and methods

The model derived in this work is fitted to experimental data
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obtained from a number of amorphous silicon nitride thin film elec-
trodes. The long term cycling performance and degradation mechan-
isms of these films have been the subject of previous publications
[47,48], in which a thorough characterization of the films can be found;
hence this paper will only contain a brief summary of the character-
ization results, necessary for a proper evaluation of the model. The thin
film electrodes were prepared by plasma enhanced chemical vapor
deposition (PECVD, Oxford Instruments Plasmalab System133), with
silane (SiH4) and ammonia (NHs) as precursors. The films were de-
posited on rolled copper substrates, and different compositions were
obtained by varying the flow rate of the precursor gasses in the plasma.
The silane flow rate was held at 25 sccm, while the ammonia flow rate
was varied from 0 to 40 sccm in 10 sccm intervals, resulting in films of
five different compositions. Different thicknesses were made by de-
positing for different durations. Of the most nitrogen rich composition
five different thicknesses were made, nominally 40 nm, 80 nm, 120 nm,
160 nm, and 200 nm, while the other four compositions were made in
two thicknesses, nominally 40 nm and 120 nm.

The surface morphology and coverage of the pristine films were
characterized using optical microscopy and scanning electron micro-
scopy (SEM, Hitachi TM3000 & JEOL JIB-4500). The thicknesses of the
films were measured using spectroscopic ellipsometry (V-VASE® J.A.
Woollam Co.), which was conducted on films simultaneously deposited
on polished silicon wafers, as it requires a smooth surface. Selected
films were also characterized using transmission electron microscopy
(TEM) using a monochromated and probe corrected FEI Titan G2
60-300 operated at 300 kV in both projection and scanning TEM mode
(STEM). For this analysis cross section TEM samples were prepared
from the films using a Jeol JIB-4500 focused ion beam (FIB) system.
The compositions of the films were determined using X-ray photo-
electron spectroscopy (XPS) analysis, which was conducted on a Kratos
Axis Ultra DLD spectroscope using monochromated Al Ka X-rays
(1486.6 eV). Any surface contamination was removed by argon sput-
tering at 2kV and 100 pA for 2 min before characterization. The den-
sities of the films were estimated using the characteristic bulk plasmon
energy as measured in the TEM using electron energy loss spectroscopy
(EELS). Detailed descriptions of these analyses can be found in Ulvestad
et al. [47] and Ulvestad et al. [48].

Electrochemical testing was performed using @15 mm electrodes
mounted in 2032 coin cells against a lithium metal counter electrode,
separated by a Celgard 3401 separator. The electrolyte used consisted
of 1 M LiPFg in ethylene carbonate (EC)/propylene carbonate (PC)/di-
methyl carbonate (DMC) (1:1:3 by mass), with 1 wt.% vinylene car-
bonate (VC) and 5 wt.% fluoroethylene carbonate (FEC) additives. The
cells were assembled in an argon filled glove box with O, < 0.1 ppm
and H,O < 0.1 ppm, and cycled using an Arbin BT-2000 galvanostat/
potentiostat at ambient temperature. Cycling was conducted galva-
nostatically between 0.05V vs. Li*/Li and 1V vs. Li*/Li unless
otherwise indicated.

3. Results and discussion
3.1. Characterization of the pristine SiN,, films

Table 1 gives an overview of the measured thicknesses, composi-
tions and densities of the different thin films. Films deposited using the
same process parameters are assumed to have the same composition
and density. Compositions were determined using XPS to range from
pure a-Si to a-SiNg go. This analysis was conducted on the 40 nm and
120 nm films, and the average value was used for each composition.
Density determination from TEM-EELS measurements were conducted
on the 120 nm films of each composition. As a confirmation of this
method's applicability, the same measurements and analysis were
conducted on samples of pure crystalline silicon and stoichiometric c-
SisNy4 (Sigma Aldrich). The densities of these samples were determined
to be 2.38 g/cm?® and 3.24 g/cm?®, respectively, which, compared to the
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Table 1
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Film parameters determined by ellipsometry, TEM and XPS, summarized from Ulvestad et al. [47] and Ulvestad et al. [48].

Composition Thickness [nm] Refractive index Composition, x = [N]/[Si] Density, [g/cm®]
Target Measured, ellipsometry Measured, TEM Ellipsometry n (630 nm) XPS XPS, avg. Pp"

A 40 423 = 0.8 4.28 0.02 0.02 2.17

A 120 1241 = 09 4.33 0.02

B 40 55.9 + 0.1 3.31 0.38 0.39 2.15

B 120 176.6 = 0.5 180 3.24 0.40

C 40 46.5 = 0.1 2.78 0.59 0.61 2.25

C 120 1275 + 0.3 130 2.82 0.63

D 40 40.0 = 0.1 2.47 0.79 0.79 2.31

D 120 133.6 = 1.1 135 2.45 0.78

E 40 409 = 0.4 2.24 0.91 0.89 2.44

E 80 79.5 = 0.1 2.35

E 120 1142 = 0.1 116 2.37 0.87

E 160 155.2 = 0.3 2.38

E 200 190.2 + 0.7 2.27

# Calculated using the bulk plasmon energy measured using STEM-EELS, as described in Ulvestad et al. [47].

tabulated values of 2.33 g/cm® and 3.19 g/cm?, are within the expected
margin of error for such experiments. The densities were found to be
similar for all the films, as seen in Table 1, showing a slight increase
with increasing nitrogen content, as expected.

The film thicknesses were determined by ellipsometry to be gen-
erally close to the nominal values, with the exception of the a-SiNg 39
films, which were somewhat thicker. While this is expected to impact
their long term cycling stability, it should not impact their applicability
for the model. Using STEM imaging, it was confirmed that the thickness
determination by ellipsometry conducted on the films deposited on si-
licon wafers can be extended to the films simultaneously deposited on
the copper substrates. A comparison of measurements from ellipso-
metry and STEM for selected films can also be seen in Table 1.

Visual inspection, optical microscopy, SEM and TEM were used in
conjunction to examine the film on the macro, micro and nano scales.
The optical and SEM micrographs in Fig. 1, while dominated by the
structure of the underlying copper substrates, show that the film cov-
erage was even, with no sign of island formation. Due to interference
effects, the color of the film is sensitive to the film thickness, hence
visual inspection and optical microscopy was able to determine that the
thickness of the film was uniform over several centimeters down to the
micron scale. On the micron to nano scale, STEM imaging confirmed
that the films were dense and had even thickness, despite the relative
roughness of the substrates.

Peak fitting of the XPS Si 2p peak by a method described by Ingo
et al. [49] allows determination of the distribution of silicon atoms in
different coordination states/tetrahedra: Si-Sis, Si-Si3N, Si-Si,N,, Si-
SiN3 and Si-N4. As previously shown for the films used in this work
[47,48], this analysis revealed that the fraction of silicon atoms in a Si-
Si4 coordination was significantly larger than what is expected if the
atoms are randomly distributed, indicating that there is some phase
segregation of pure silicon. This was confirmed using STEM imaging, as

seen in Fig. 1, which revealed the formation of clusters with sizes up to
approximately 10 nm. Formation of silicon clusters in silicon rich a-SiNy
have previously been reported by Volodin et al. [50], Park, et al. [51],
and Gritsenko et al. [52]. Since a redistribution of nitrogen is expected
to occur during the initial conversion reaction of this material in any
case, this is not expected to have a noteworthy effect on the final state
of the electrodes and thus the applicability of the model. It may,
however, affect the rate at which this state is approached, thus un-
derlining the importance of using a low current rate.

3.2. Analysis of the conversion reaction

While there is a general agreement that one of the products of the
conversion reaction of silicon nitride is lithiated silicon, the composi-
tion of the remaining material has not been conclusively determined in
earlier reports. Yamane et al. [53] reported on the thermal formation of
different ternary lithium silicon nitrides from Si3N4 and LisN, giving
reason to believe that the formation of a ternary phase is energetically
favorable. Based on this premise, we propose that a chemical equation
of the following form best describes the initial reduction reaction:

n SiNg +y Li* + ye~ — na Li3sSi + n LiySi_oNx + cA Lis*! )

We have constructed this reaction for a thin film system, hence the
surface area of the electrodes is assumed to remain constant, regardless
of the film thickness. The final term, related to lithium lost in the for-
mation of the solid electrolyte interphase (SEI), is thus independent of
the thickness of the film (expressed here as moles of SiN,, n, related to
the film thickness, t, by n=At/V,,, where V,, is the molar volume and A
is the electrode area). Note that Li3 5Si is used as the composition of the
fully lithiated silicon, rather than the conventionally used Lis 75Si. This
value is chosen because the cells are lithiated with a cut-off at 0.05 V vs.
Li* /Li, which, as shown by Ogata et al. [54], largely avoids the for-
mation of c-Lis 75Si.

Fig. 1. Plane view optical (left) and SEM (middle) micrographs of the 156 nm SiNj go film. The structure of the surface is related to the structure of the rolled copper
substrate. The uniform color in the optical micrograph indicates a uniform film thickness. STEM image of the 176 nm SiNy 30 film (right), showing the segregation of
nano-scale inhomogeneities. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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We assume that the lithium silicide phase (Li3 5Si) provides all the
reversible capacity, while the formation of the ternary compound and
the SEI is irreversible. Given that the conversion happens to completion
during the initial lithiation of the electrode, the first cycle discharge/
lithiation capacity (Qpc), charge/delithiation capacity (Qc) and irre-
versible capacity (Q;) can be expressed by

Obc = 3.5naF + nbF + cAF = [M]m + cAF
Mg + xMy 2)
Qc = 3.5naF = [ﬂ]m
Mg; + xMy 3)
Q; = nbF + cAF = [biF]m + cAF
Mg; + xMy )

Here m = n(Ms; + x*xMy), where m is electrode mass, Mg; and My are
the molar masses of silicon and nitrogen, respectively, and F is Faradays
constant. Equations (2)-(4) are all linearly dependent on mass, and the
proportionality constants (brackets) thus represent the bulk material
contributions to the discharge, charge and irreversible capacities, re-
spectively. The value of these terms can then be determined by com-
paring electrodes of the same composition but with different thickness/
mass.
Similarly, the Coulombic efficiency (5¢) can be expressed by:

- Qo _
Qpc

3.5naF
3.5naF + nbF + cAF

3.5a
= *
35a + b

n

Nc cA

n+ 3.5a+b

(5)
The first factor of the final equation describes the ratio between the
amounts of reversibly stored lithium and total lithium in the two bulk
phases, while the second factor describes the relation between the li-
thium lost during SEI formation and the lithium stored in the bulk.
From equation (5) it is evident that as the thickness, and thus n, in-
creases, the second factor approaches unity and surface effects become
negligible. The first factor then describes the theoretical maximum first
cycle Coulombic efficiency of the bulk material.

Fig. 2a shows the first cycle discharge capacity, charge capacity and
irreversible capacity as functions of electrode mass for a-SiNg g elec-
trodes with five different thicknesses (41 nm, 80 nm, 114 nm, 156 nm,
and 190 nm), the long term cycling performance of which can be found
elsewhere [47]. Least squares fittings of equations (2)—(4) to these data
yield a bulk specific discharge capacity of 1796 mAh/g, a reversible
capacity of 1230 mAh/g and an irreversible capacity of 566 mAh/g for
of SiN go, respectively. This analysis also determined the surface loss to
be 0.0362 mAh, or 20.5 uAh/cm? From Fig. 2a it is evident that these
linear functions are well suited to express the different capacities for
different thicknesses, and thus corroborate the assumption that the
surface area is constant. In terms of the parameters a and b introduced
in equation (1), the values obtained in this fitting correspond to
a = 0.535 and b = 0.860, which for [N]/[Si] = 0.89 results in a matrix
phase composition of Lig ¢¢Sig 5oN. This composition is close to Li»SiN,,
one of the known stable compounds in the ternary lithium-silicon-ni-
tride system, and is in agreement with the findings of Suzuki et al. [44].
It has also been reported that Li,SiN, is the only phase which forms
from SizN, in liquid lithium at 600 °C [55], indicating that it is indeed
one of the more readily formed phases of the Li-Si-N ternary system.
Relative to this phase, the matrix is slightly lithium deficient and with a
silicon abundance. The corresponding fitting of equation (5) to the
experimentally measured 1st cycle Coulombic efficiencies is displayed
in Fig. 2b. The best fit parameters result in a theoretical maximum
Coulombic efficiency of SiNg gg of 69.5%.

The accuracy of fitting equations (2)—(5) to experimental data is
necessarily dependent on the correct determination of the electrode
mass. Since accurately determining the density of thin films can be
challenging, it would be beneficial to eliminate the mass from these
equations. This can be accomplished by combining equations (3) and
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Fig. 2. a) Measured 1st cycle discharge, charge and irreversible capacities as
functions of mass for the different SiNggo electrodes (markers), and linear
trends (lines). b) Coulombic efficiency as function of mass for the different
SiNy go electrodes (markers) and the corresponding least squares fit of Eq. (5)
(line). ¢) The expected 1st cycle irreversible capacity of SiNg gy for different
matrix phase compositions as functions of reversible capacity (black lines),
together with the experimental data (red markers) and linear trend (red line).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(4), resulting in an expression for the irreversible capacity as a function
of the charge capacity:

b
Capirrev = [—] Caprev + cAF

3.5a (6)

This expression results in a system where a and b cannot be determined
directly from experimental data from cells with the same composition.
It can, however, be used to compare experimental data with reactions in
which the matrix composition is one of the known ternary lithium
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silicon nitrides phases, for which a and b are known. As can be seen in
Fig. 2¢, this comparison for the SiNj g9 electrodes support the previous
result that the matrix composition is close to Li;SiNo.

If, however, we compare electrodes with both different thickness
and composition, we can expand Eq. (6) by defining two values k; and k,
as the molar ratios of silicon to nitrogen and lithium to nitrogen in the
matrix phase, respectively, so that

1—-a
k= . - a=1-kx @
and

b
kz_; —  b=kx )

By substituting these expressions for a and b in Eq. (6), we obtain

fox Cap, + cAF

Cop = k) 3 ©

In a multi-phase system close to equilibrium, lithiation to a given
electrochemical potential is expected to result in a certain combination
of phases, with the nitrogen content of the initial nitride determining
the relative amount of the phases. The factors k; and k, are then ex-
pected to be common for nitrides of varying composition, and can
therefore be determined, together with ¢, by fitting equation (9) to
experimental data for nitrides with a range of compositions and thick-
nesses. This holds as long as diffusion limitations and Ohmic voltage
drop are negligible, hence a low current rate should be used during this
cycle. Fig. 3 shows the least squares fitting of equation 13 to the ex-
perimentally measured first cycle charge capacity and irreversible ca-
pacity acquired from 28 cells of five different compositions (a-SiNg go, a-
SiNg.79, a-SiNg 1, a-SiNg 39 and pure a-Si), each of two different thick-
nesses, cycled at a current rate of C/20 (the long term cycling perfor-
mance of these cells are published in Ref. [48]). This analysis resulted
in the best fit parameters k; =0.52 and k,=0.94, corresponding to a
matrix composition of Lig 94Sig.5oN. This analysis shows the same slight
silicon abundance as was determined from the mass dependent analysis
performed for a-SiNj g9 electrodes of different thickness, but with a
somewhat more pronounced lithium deficiency.

The differential capacity analysis of the 100" cycle for a number of
SiNy electrodes can be seen in Fig. 4. The primary silicon lithiation
peaks, Si#d1 and Si#d2, are tagged in the figure. As determined by Key
et al. [56], Si#d1 is related to the lithiation of the a-Si matrix to a
composition of approximately a-Li, (Si, retaining some silicon-silicon
interaction. Si#d2 is related to the formation of a-Lis 5Si from a-Lis ¢Si,
largely isolating the silicon atoms [54,56,57]. In addition to these,
another lithiation peak, M#d1, which does not occur in silicon thin
films, appear gradually as the nitrogen content is increased, and is
therefore attributed to a lithiation of the matrix. It does account for only
a small fraction of the total capacity, even for the most nitrogen rich
films; nonetheless, considering that in the development of the model it
was assumed that the lithium silicide was the only active phase, it is
obvious that the activity of the matrix, albeit limited, will have im-
plications for the result. A partial matrix delithiation would result in a
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higher-than-expected measured reversible capacity, and therefore also
a decreased calculated irreversible capacity, resulting in an under-
estimation of both the lithium and silicon content of the matrix phase.
On one hand, this would account for the previously estimated lithium
deficiency relative to Li;SiN,. On the other hand, it also means that the
silicon abundance is likely to be somewhat larger than estimated;
however, the reversible capacity did increase slightly in the cycles
following the conversion, which would, at least partially, counter-
balance this. It should also be noted that the solid state conversion is
expected to produce a very finely dispersed phase distribution with a
considerable interface area, the effects of which are difficult to predict.

From these analyses it has been shown that the matrix composition
is close to Li»SiN,; however, this does not inherently exclude the pos-
sibility that the matrix is a mixture of LisN and SizNy4, as was proposed
by Ahn et al. [41]. If we, for the sake of argument, assume that the
current rate is low enough for the lithiation and delithiation to be re-
garded as quasi-static, the phase distribution of the electrode can be
displayed in a phase diagram. Fig. 5 shows a constructed quasi-equili-
brium Li-Si-N ternary phase diagram, which includes a-Li,Si, SizN4 and
Li3N, in addition to the known stable ternary phases. The expected li-
thiation pathways of the different a-SiNy compositions can also be seen
in this figure. The blue and red parts of the lithiation paths correspond
to the reversible and irreversible bulk capacity contributions, respec-
tively, as found by fitting equations (3) and (4) to the cells of each
composition. The endpoints of the reversible lithiation and delithiation
shows that cycling between 0.05V and 1V vs. Li*/Li most likely
happens in the two-phase area Li;SiN, + Li,Si, by lithiation and de-
lithiation of the a-Li,Si. This process is then limited by the tie lines
between Li,SiN, + Si and Li,SiN, + a-LissSi (blue lines in Fig. 5), as
hypothesized. From a thermodynamic point of view, these limits would
not exist if the matrix consisted of both LisN and SizN,4, in which case
further lithiation would then necessarily lead to the continued forma-
tion of LizN and Li3 5Si at the cost of SizN4. Since this entails no change
in the composition of the phases, but rather their relative fractions,
there is no change in potential; hence this reaction would continue until
the electrode consisted only of LizN and Liz sSi. Even though this ra-
tionale disregards kinetic limitations, given the low current rate and
small film thickness used in the experiments, it is a strong indication
that the matrix is indeed a single phase.

Further investigation into the limited matrix activity, which was
observed at higher potentials, was performed by cycling two 41 nm
SiNp.go cells at a current rate of 62.5 mA/g for 20 cycles, using the same
lithiation cut-off as previously at 0.05V vs. Li* /Li but with a higher
delithiation cutoff of 3V vs. Li*/Li. The average 1st cycle reversible
capacity of these cells was 1994 mAh/g, which is even a bit higher than
the previously estimated total lithium content of the bulk SiNj g9 of
approximately 1796 mAh/g. This shows that, under these conditions, it
is possible to completely delithiate the material, including the matrix,
as well as to recover some of the lithium bound in the SEI. This capacity
remained stable over the 20 cycles; however, differential capacity
analysis (dQ/dV), as seen in Fig. 6, revealed that a significant re-
structuring of the material occurs during these cycles. During the first
few lithiation cycles after the conversion, the dQ/dV plot is dominated

Fig. 3. a) The measured 1st cycle irreversible capacity
as a function of the measured 1st cycle charge capacity
of the different cells (markers) and the irreversible ca-
pacity as determined using equation (7) with the least
squares fit parameters and corresponding compositions
(lines). b) The modelled 1st cycle irreversible charge
1 capacity as a function of the measured 1st cycle irre-
versible capacity. The diagonal line represents the
| points where the two are equal.
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Fig. 4. The differential capacity analysis of the 100th cycle for a number of SiNy electrodes of different composition cycled between 0.05 and 1V vs. Li* /Li.

Fig. 5. A constructed lithium-silicon-nitrogen ternary phase diagram, including
the known stable ternary phases, showing the lithiation pathways of the dif-
ferent a-SiN, compositions. The red (right) and blue (left) parts of the lines
correspond to the bulk irreversible and reversible capacity, obtained by fitting
equations (3) and (4) to the experimental data for each composition. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 6. The differential capacity analysis of a 41 nm SiNj go electrode cycled
between 0.05 and 3V vs. Li*/Li.

by Si#d2, with only small contributions from Si#d1 and M#d1. This
indicates that there is limited long range phase separation, and that
most of the lithiation happens by isolation of Si-atoms in the a-SiN,
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structure. However, given that the capacities remain largely un-
changed, it is expected that the short range coordination distribution of
the different species is approximately equivalent, regardless of the long
range order. During the subsequent cycles the most prominent change
was the intensity reduction of Si#d2 at the benefit of Si#d1 and M#d1.
The latter increased markedly for approximately 20 cycles before sta-
bilizing, clearly showing the expected phase separation. During the
same cycles, the M#d1 peak position also underwent a slight change,
first towards lower voltage for ten cycles before again shifting to higher
voltage and stabilizing during the subsequent ten cycles. The initial
shift indicates a slight deterioration of the electrode kinetics, which is
attributed to a continued SEI formation during these cycles resulting
from the high voltage delithiation interfering with normal SEI forma-
tion. The subsequent shift towards higher voltage is expected to be a
result of improved kinetics in the developing phase separated structure,
as has previously been reported for similar thin film electrodes in a
related study [48].

The area of M#d1 after stabilization, determined in the manner seen
in Fig. 7, corresponds to a capacity of approximately 600 mAh/g. This
agrees very well with the predicted matrix contribution to the capacity,
which is 590 mAh/g for SiNg g9 and a matrix composition of Li»SiN,.
The sharpness of the peak indicates that the lithiation of the matrix

Potential vs Li"/Li [V]
0.6

0.9 1.2

dQdv ' [a.u]

(a-Li._Si)

a-LiSi

Fig. 7. Illustration of the relationship between the phase diagram and the dif-
ferential capacity analysis of the 20th lithiation of a SiNggo electrode cycled
between 0.05 and 3V vs. Li*/Li. Colors show the corresponding areas of the
two figures. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 8. Predicted 1st cycle bulk discharge, charge and irreversible capacities of
a-SiNy as a function of nitrogen content, as determined using the bracketed
terms in equations (10) and (11), and their sum, respectively, together with the
best fit parameters.

phase is a multi-phase reaction, rather than a gradual lithiation of
Li,SiN,, which would rather happen over a potential range. A likely
matrix reaction is therefore SisN4 + 4 Li - > 2 Li,SiN, + Si. The lack of
a similarly sharp peak during delithiation is attributed to a low lithium
ion conductivity of the delithiated matrix, which, given that the surface
of the film is delithiated first, effectively reduces the kinetics of the
further delithiation. Fig. 7 shows an illustration of the relationship
between the differential capacity analysis and the phase diagram pre-
sented previously. The differential capacity plot is from the 20th li-
thiation of a SiNj go electrode after complete delithiation to 3V vs. Li*/
Li. This figure shows how the lithiation path first passes through a three
phase region (red), where Si3N, reacts with lithium to form Li,SiN, and
Si, resulting in the sharp M#d1 peak in the differential capacity plot
(red). The lithiation continues into a two phase region (blue), in which
Li,SiN, is a primarily inactive spectator, while silicon is gradually li-
thiated, first to Li»Si and then to Li3sSi, corresponding to the more
diffuse Si#dl and Si#d2 dQ/dV peaks (blue). The blue features are
related to the main reversible reaction when cycling between 0.05V
and 1V vs. Li*/Li.

Despite the observed slight matrix activity, the plots in Fig. 3 show
good agreement between the model and experimental data, demon-
strating that the model accurately predicts the reversible capacity and
irreversible losses of a nitride with a given composition. By substituting
equations (8) and (9) for a and b in equations (3) and (4), we obtain
expressions for the expected specific charge capacity and irreversible
capacity as functions of nitrogen content (x) in the initial nitride:

c _ Cap; [ = kx)3.5F
apc, specific — m - Mg + xMy (10)
Cap, kx F cF
Cap[,speciﬁc = m = I:m + E (11)

The bracketed terms in these equations represent the first cycle bulk
specific irreversible and reversible capacities, and their sum corre-
sponds to the discharge capacity. These capacities, calculated for the
predicted matrix composition of Li;SiN, can be seen as a function of
nitride composition in Fig. 8.

4. Conclusions

In this work, we have proposed a model describing the initial nitride
conversion reaction in a thin film electrode system. Based on this
model, a number of equations have been derived, relating the mass and
composition of the electrode with its charge and discharge capacity, as

420

Journal of Power Sources 399 (2018) 414-421

well as the surface and bulk contributions to the irreversible capacity.
Despite the matrix not being completely inactive, we have shown that
the equations resulting from this model correlate well with the ex-
perimental data, and that this system is well suited for separating sur-
face and bulk contributions to the irreversible losses.

From both a mass dependent and mass independent fitting of ex-
perimental data to the model, we determined the Li:Si:N atomic ratio of
the matrix to be close to 2:1:2. Based on thermodynamic considerations,
we argued that a combination of non-ternary matrix components, e.g.
Si3N,4 and LisN, is unlikely, and that the matrix instead consists of the
ternary phase Li,SiN,. This was supported by the dQ/dV lithiation-
characteristics of the matrix after delithiation to 3.0 V vs. Li* /Li, and is
in agreement with a previous study by Suzuki et al. [44]. Based on the
determined matrix composition, a prediction of the bulk discharge,
charge and irreversible capacity of SiN, as a function of nitrogen con-
tent x was also made, as seen in Fig. 8.
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