<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Wilson, A., McKnelly, T. A., Ramachandran, S., Rodriguez, P. P., Gonugunta, P., Taheri, P., Isabella, O., Van Swaaij,
R., & Rana, M. (2026). Unravelling composition and mass-loading effects in monolithic non-stoichiometric silicon nitride
anodes for lithium-ion batteries. JPhys Energy, 8(1), Article 015028. https://doi.org/10.1088/2515-7655/ae4a4b

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/2515-7655/ae4a4b

JPhys Energy

#%¥. PURPOSE-LED
*¢# PUBLISHING"

PAPER « OPEN ACCESS

Unravelling composition and mass-loading effects
in monolithic non-stoichiometric silicon nitride
anodes for lithium-ion batteries

To cite this article: Alestair Wilson et al 2026 J. Phys. Energy 8 015028

View the article online for updates and enhancements.

Meet Evolving
Energy Demands with

Multiphysics Simulation
o

Generate and deliver more reliable energy.

Simulation reveals new, more sustainable approaches to
energy production while enabling engineers to optimise
established processes in oil & gas production, nuclear
energy development and electrical energy generation.

With multiphysics simulation, engineers can analyse
the complex phenomena behind energy production
and distribution and predict how next-generation
technologies will operate under real-world conditions.

» comsol.com/industry/energy

n

You may also like

- The ionomer as an oxygen evolution

reaction promoter: piperidinium’s impact

on mechanistic pathways on NiO, IrO,
and Fe-NiO

Mai-Anh Ha, Emily K Volk, Melissa E
Kreider et al.

- Chiral perovskites for circularly polarized

light detection
Liping Du, Ao Liu and Huihui Zhu

- Glycerol dry reforming on Ni—Fe bimetallic

catalysts exsolved from LalNii Fe, Os
perovskites: catalytic activity and

resistance to carbon deposition
Einar A Coronado-Delgadillo, César Pazo-
Carballo, Juan Seguel-Rebolledo et al.

W COMSOL i
Y

This content was downloaded from IP address 154.59.124.113 on 23/03/2026 at 11:30


https://doi.org/10.1088/2515-7655/ae4a4b
/article/10.1088/2515-7655/ae4651
/article/10.1088/2515-7655/ae4651
/article/10.1088/2515-7655/ae4651
/article/10.1088/2515-7655/ae4651
/article/10.1088/2515-7655/ae4651
/article/10.1088/2515-7655/ae4453
/article/10.1088/2515-7655/ae4453
/article/10.1088/2515-7655/ae46e0
/article/10.1088/2515-7655/ae46e0
/article/10.1088/2515-7655/ae46e0
/article/10.1088/2515-7655/ae46e0
/article/10.1088/2515-7655/ae46e0
/article/10.1088/2515-7655/ae46e0
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuc49l9vbuAFIY5F18fiIVKLuiTU4X5U3ZSNc2oM1nBoz9F7u-Hj3QoSvY7cFI9-PPMKPJY4yFB_HI0rzES6gnV_ZGDv0EFIDFVWXco-7i2tRUcGIDL-SYorcElqyMWfrg-HROtrR6M8SBgApQ1p5SBSbLvxVPbdRNeiQ3Fj569MFz0MToiavU3i2PcspaaxbAVEN4AxqcjdQSXrMp-X6hw9_yry1evZyFpBvDrv2QBNJuYuYmgPTn5x7DSXMY9e6s95leC4FPMeoXucky_jNQGERWowNgxP2L9o-CFKyq6DlYvOsaiuiKz10kBXuIk19xDx1daVNKIseigBS34JjhTOcA48EuOTZh-LmJjUeF2XV-9YkkNwekK&sig=Cg0ArKJSzJ2jpHQklljY&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.comsol.com/industry/energy%3Futm_source%3DIOP%2BEnergy%2BJournal%2B-%2BPDF%2BCoversheet%26utm_campaign%3Duk_IOP_PDF_26%26utm_medium%3DOther%26utm_content%3D1

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
30 November 2025

REVISED
31 January 2026

ACCEPTED FOR PUBLICATION
25 February 2026

PUBLISHED
6 March 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Phys. Energy 8 (2026) 015028 https://doi.org/10.1088/2515-7655/ae4a4b

Journal of Physics: Energy

PAPER

Unravelling composition and mass-loading effects in monolithic
non-stoichiometric silicon nitride anodes for lithium-ion batteries

Alestair Wilson”©, Thomas A McKnelly"’, Sowmya Ramachandran' (2, Paula Perez Rodriguez',
Prasad Gonugunta’, Peyman Taheri’, Olindo Isabella' (9, René van Swaaij"* and Moumita Rana"*

' Photovoltaic Materials and Devices group, Delft University of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands
2 Materials Science and Engineering group, Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands
> These authors contributed equally to this manuscript.

* Authors to whom any correspondence should be addressed.

E-mail: r.a.c.m.m.vanswaaij@tudelft.nl and m.rana@tudelft.nl

Keywords: lithium-ion battery, silicon anode, monolithic electrodes, anode failure mechanism, anode optimization, thin-film anodes

Supplementary material for this article is available online

Abstract

Silicon is a promising alternative to the conventional graphite anodes due to its high theoret-

ical capacity and favorable lithiation potential for lithium-ion batteries (LIBs) with liquid as well
as solid-state electrolytes. However, lithiation-induced extreme volume change causes severe
mechanochemical deformation and continuous formation of solid-electrolyte interphase leads

to cell failure. One of the strategies to mitigate this problem is alloying silicon with a suitable ele-
ment that can alter the surface electrochemistry and/or lithiation pathways, and acts as mechan-
ical buffer. Nonetheless, these benefits come with a compromise on the specific capacity, which
strongly influences the mass loading of the electrodes, highlighting the need to deconvolute the
intertwined influence of composition and mass loading when designing high performance elec-
trodes. In this work, we systematically studied the influence of composition and mass loading in
monolithic amorphous silicon and non-stoichiometric silicon nitride (SiN,) electrodes on their
electrochemical performance as LIB anodes. The incorporation of nitrogen in the electrode mat-
rix clearly improves the electrochemical stability at the expense of reduced specific capacity, while
higher mass loading accelerates capacity fading, most critically in amorphous silicon electrodes.
Postmortem analysis reveals that such capacity fading in the electrodes with higher mass loading
can be related to delamination due to evolved tensile stress during the charge—discharge cycle. Yet,
nitrogen-rich SiNy monolithic electrodes accommodate strain more effectively. These findings
demonstrate that while pristine Si delivers high specific capacity and long-term stability in thin
films, thicker (>1 pm) monolithic electrodes benefit from higher nitrogen content in SiN,,, which
provides more stable cycling and sustained capacity.

1. Introduction

Lithium-ion batteries (LIBs) underpin modern portable electronics, electric vehicles, and stationary
energy-storage systems, yet their continued advancement is increasingly constrained by the limited spe-
cific capacity of commercial graphite anodes (372 mAh.g™') [1]. Silicon, an alloy-able material for anode
applications, has emerged as promising alternative due to its exceptionally high theoretical capacity
(3579 mAh.g—1) [2], inherently-high electronic conductivity, and favorable lithiation potential of 0.4 V
vs Lit/Li [3-5]. Not only in conventional LIBs with liquid electrolyte, but also in thin-film and solid-
state batteries, silicon has exhibited promising performance enhancement [6-10]. However, reversible
storage of such huge amount of lithium can result in a volume expansion up to 300% [2, 11], leading to
severe mechanochemical deformation along with steady decline of lithium reservoir due to continuous
formation of solid electrolyte interphase (SEI). All this hinders the scope of use of silicon as next genera-
tion, high-capacity anode material.

© 2026 The Author(s). Published by IOP Publishing Ltd
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Such limitations of the silicon-based anodes have been addressed through nanostructuring, poros-
ity modulation, composite preparation with graphite, or other suitable low-capacity anode materials,
artificial SEI deposition, etc [12—17]. Recently, there have been reports on 100% silicon anodes, where
strategic incorporation of porosity, nanostructuring and restricted cycling protocol demonstrated 100%
capacity retention after 1800 cycles [18, 19]. Another approach to address electrochemical instability
issues lies in alloying of silicon with other elements [20], which can be achieved through scalable vapor
based deposition methods. For example, Ulvestad et al [13] demonstrated the incorporation of nitrogen
in silicon leads to enhanced electrochemical stability over composites containing silicon microparticles.
In a nutshell, the introduction of a suitable foreign element not only stabilizes the surface electrochem-
istry, but also acts as an active buffer by limiting the amount of accessible specific capacity [21-23].
Such mechanochemical characteristics make these materials promising for not only thin-film anodes, but
also high-capacity anodes. Implementing such materials as monolithic anodes eliminates the need for
additives along with solvent-based composite processing, and provides higher volumetric energy density
compared to composite electrodes, making them attractive for high-performance LIBs [13, 24, 25].

However, this benefit of introducing a buffering matrix in silicon-based electrodes is always accom-
panied by a compromise in the specific capacity values, which sharply decline with increased electrode
mass loading. Such trade-off was highlighted by Ulvestad et al and demonstrated by studying the revers-
ible capacity of silicon nitride nanoparticles as a function of stoichiometry [13]. Since the electrochem-
ical performance of an electrode is directly correlated with the effective ionic and electronic conduct-
ivities of the material, the composition of buffering matrix plays a crucial role in defining the advant-
age of alloy based anodes over their pristine counterpart. For example, Kilian et al reported the forma-
tion of lithium nitride (Li3N) in the buffering matrix which improved the lithium-ion transport kinet-
ics in the matrix of LIB anodes containing non-stoichiometric silicon nitride nanoparticles (SiN,-NP)
[26]. However, in these studies the use of SiN,-NP implies the use of high temperature processes for
nanoparticle synthesis followed by solvent-based slurry coating. This results in anodes either with low
mass-loadings or with reduced energy density due to added binders and additives. Monolithic films
can address some of these drawbacks but the impact of increased mass-loading is rarely addressed. For
instance, Lee et al report a 95.4% capacity retention for sputtered SiN0.85 monolithic films after 100
cycles, yet anode thickness remains low, at approximately 200 nm [27]. Therefore, for an optimized
design of such electrodes for high performance LIBs, it is essential to investigate the intertwined influ-
ence of alloy composition and film morphology on their electrochemical behavior.

To study this, we first deposited monolithic films of amorphous silicon and non-stoichiometric sil-
icon nitride, systematically tuning the nitrogen content (SiNy,, SiNg4 and SiNys) and mass loadings
by varying the deposition time (0.5, 1 and 1.5 h) using plasma enhanced chemical vapor deposition
(PECVD). Then, we compared the rate performance as well as long-term cyclability of these films as LIB
anode. The development of these monolithic electrodes provides a unique opportunity to deconvolute
the influence of composition, mass-loading as well as morphology modulation on battery performance.
Finally, to relate the electrode composition and structure to electrochemical performance, we conducted
post-mortem investigation on amorphous silicon and sub-stoichiometric amorphous silicon-nitride that
shine light on the microscale degradation mechanisms occurring during charge—discharge cycles.

2. Methods

2.1. Electrode deposition

Hydrogenated amorphous silicon and silicon nitride films (a-Si:H and a-SiN,:H, hereafter referred to

as Si and SiN,, respectively) were deposited using PECVD method on 12 um thick textured copper foil
(Civens®, figure S1) for electrochemical testing and physical characterization. Substrate temperature,
chamber pressure and RF power density were kept at 180 °C, 0.8 mbar and 75 + 2 mW-cm ™2, respect-
ively. For all a-SiN,:H depositions, total precursor gas-flow rate (¢1) was kept at 50 sccm, except for
a-Si:H deposition for which ¢ was set to 40 sccm. Film composition was adjusted by varying the gas-
flow-rate ratio R, defined as:

_ dNH,
O NH, + P siH,

where ¢np, and ¢gip, are the ammonia and silane gas-flow rates, respectively. In this work, R is varied
from 0 to 0.85, within a 4% relative error. For any given flow-rate ratio, samples were deposited for 0.5,
1.0, and 1.5 h with under 30 s variation, attributed to plasma ignition time. Mass loading was determ-

ined by weighing the copper substrates before and after film deposition using a precision weighing scale
(VWR® 611-3800, precision: £0.01 mg).
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2.2. Material characterization

Film morphology and roughness were assessed by atomic force microscopy (AFM, Bruker Dimension
FastScan) in tapping mode and analyzed using Gwyddion. Scanning electron microscopy (Hitachi
Regulus SEM, 1 kV) was used to evaluate surface and cross-sectional morphology and inspect anodes
post-mortem. Raman spectroscopy (Renishaw InVia Microscope, 514 nm excitation) confirmed film
micro-structure and bonding environments. X-ray photoelectron spectroscopy was carried out in a
Physical Electronics (PHI) 5400 (Eden Prairie, USA) instrument for binding energy in the 0-1100 eV
range to provide elemental composition and bonding states. Measurements were carried out after 20 min
long surface sputtering by argon to minimize the impact of surface oxidation on the measurement.

The XPS spectra were acquired by using non-monochromatic Al Ka radiation produced from an x-ray
source with an Al anode, operating at 200 W and 13.5 kV. The primary photoelectron lines for each
element were captured with a step size of 0.2 eV, employing a spherical capacitor analyzer configured
with a pass energy of 71.55 eV and 89.45 eV for high resolution and survey spectra, respectively. Energy-
dispersive x-ray spectroscopy (FEI NovaNano SEM with EDX detector, 15 kV) and optical microscopy
(OM) (Olympus MX63) were used for elemental mapping and surface inspection, respectively, during
post-mortem analysis after opening the cells in argon atmosphere and cleaning the anode with dimethyl
carbonate (DMC).

2.3. Electrochemical characterization

All electrochemical measurements were conducted in CR2032-type cells assembled in an argon-filled
glovebox (MBraun Labmaster 130) with oxygen and moisture levels maintained below 2.5 ppm. The
working electrodes were punched into 13 mm diameter discs (1.327 cm? surface area) and assembled
with LP40 electrolyte (LiPFg:EC:DEC in a 1:7.1:3.9 ratio with 10% w/w FEC additive), Whatman glass
microfiber filter as separator and cycled in a half-cell configuration against a lithium-metal counter-
electrode. All cells underwent 4 formation cycles at a C-rate of C/20 in a 0.01-1.5 V voltage window vs
Li/LiT. Rate capability tests were then performed by sequentially increasing the C-rate from C/10 to C/5
(0.05-1 V vs Li/LiT), with each rate applied for five consecutive cycles. The C-rate was then returned to
C/10 for 5 cycles as a resilience test to evaluate capacity recovery. Following these rate tests, stability was
assessed by cycling the cells at C/5 for 100 cycles (0.05-1 V vs Li/Lit). C-rate was calculated from meas-
ured mass loading and theoretical specific capacity of the material (3579 mAh.g~! for Si, 3628 mAh.g™!
for SiN,) [26]. electrochemical impedance spectroscopy (EIS) was carried out within a frequency range
of 1 MHz to 100 mHz using Biologic VMP 300. Distribution of relaxation times (DRT) analysis was car-
ried out using RelaxIS 3 software by rhd instruments.

3. Results and discussions

3.1. Physiochemical characterization of PECVD deposited Si and SiNy electrodes

Investigating the impact of the nitrogen content in and mass loading of SiN, films on anode perform-
ance requires reliable and consistent PECVD processing. For all samples, only deposition time, ¢ np,,
¢sim, and hence the flow-rate ratio, R, were varied. Figure 1(a) shows the measured mass loading of

the deposited films as a function of deposition time for flow-rate ratios R ranging from 0 to 0.85. For
every deposition condition, mass loading was measured by punching out and weighing 6 discs (13 mm
diameter), their weight distribution is represented as error bars in figure 1(a) and is attributed to slight
non-uniformity in the film deposition. As expected, mass loading increases linearly with deposition time
across all R values. Similar deposition rates were found for all, leading to films with different nitrogen
content having comparable mass loadings for a given deposition time.

Cross-sectional SEM images of silicon films deposited for 0.5, 1, and 1.5 h (figures 1(b)—(d)) reveal
the impact of underlying copper collector roughness (figure 1(e)) on film morphology. The conformal
nature of PECVD film growth leads to bulge-like features being formed with pronounced local variations
in film thickness. Those variations tend to level out for thicker films as conformal growth smoothens
the surface. Although precise thickness measurement is not achievable for such samples, the 0.5, 1, and
1.5 h Si depositions (figures 1(b)—(d)) were found to have average thicknesses ~570, 1550 and 3170 nm,
respectively. AFM measurements of the copper substrate and Si depositions (figures 1(e)—(g)) con-
firm this trend with the thicker Si film (1 h) having a significantly lower root mean square roughness
(R = 295 nm) than the thinner Si film (0.5 h, Ry = 385 nm). SiNx films are also expected to follow
similar trend, due to their amorphous nature yielding conformal growth on textured interfaces [28].

Raman spectroscopy and x-ray photoelectron spectroscopy measurements were carried out on nitro-
gen containing samples (0.5 h deposition time) to characterize the microstructure, bonding environment
and stoichiometry of the deposited materials. Raman spectra for SiN, deposited at R = 0.50, 0.76 and

3
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Figure 1. (a) Active material mass loading for increasing flow-rate ratios R as a function of deposition time. Cross-sectional SEM
images (~30° tilt) of Si layers deposited on rough copper foil for (b) 0.5 h, (¢) 1 hand (d) 1.5 h. AFM mapping and RMS rough-
ness (Rq) of the (e) pristine Cu current collector, (f) 0.5 h and (g) 1 h Si deposited on rough copper foil.

0.85 are displayed in figure 2(a). Each Raman spectrum was normalized with respect to the Si-Si trans-
verse optical (TO) peak at 480 cm™!. Four peaks were identified in all samples: Si-Si transverse acous-
tic (TA) peak at ~165 cm~!, Si-Si (TO) peak at 480 cm™~!, Si—-H, wagging mode at 640 cm~" Si-N
stretching peak at ~900 cm™! and finally the Si-H,, stretching modes at ~2100 cm™! [29-37]. The wide
asymmetric Si-Si TO peak centered at 480 cm™! found in every spectrum is indicative of the amorph-
ous nature of the films. The increase of Si—-N peak intensity with R, relative to the Si-Si TO peak, is
also a qualitative marker for the increase nitrogen content as ammonia gas flow is increased. The Si—
H, peak located at higher Raman shift shows a clear relative intensity increase as well as a shift towards
higher wavenumbers. Such shift can be attributed to an increase in Si-H, bonds with respect to Si-H
bonds, indicating presence of micro-voids in the material [38, 39]. Accordingly, an increase in the relat-
ive intensity of the Si—H, peak with respect to the Si-Si TO peak can signify presence of more porosity
in the SiN, samples with higher N-content. To our knowledge, there is still little understanding of the
role of hydrogen in PECVD deposited alloy materials on their electrochemical performance [40]. The
systematic study of the effects of hydrogen content and bonding configuration on cell performance was
however deemed beyond the scope of this study.

Further chemical investigation was carried out using XPS. Figure 2(b) shows the high-resolution
spectra for the Si 2p peak of SiN, deposited at R = 0.50, 0.76 and 0.85. Each peak was deconvoluted
into 3 Gaussian curves attributed to 3 valence states representative of Si-Si, Si-N and Si—O bonds in the
film [41, 42]. Despite Ar sputtering of the surface, traces of oxygen were found in the layers indicating
possible subsurface oxidation due to the microporous nature of the films seen in the Si-H Raman peak.
Similarly to what has been observed with Raman spectroscopy, increasing R leads to the bonding state
of Si atoms to shift from Si® to higher valence states [41]. Relative integrated areas of the N 1s and Si 2p
peaks were used to quantitatively assess the N:Si atomic ratio of the films [24, 42]. Full range XPS survey
spectra are included in figure S2.

Nitrogen content as a function of flow rate ratio is given in table 1. All deposited films were found
to be sub-stoichiometric ([N]/[Si] < 1.33) with a [N]/[Si] ratio consistently lower than R indicating a
preferred incorporation of silicon in the films during deposition. For better clarity, deposited electrodes
will further be referred to by their respective composition, i.e. Si, SiNg,, SiNg4 and SiNgs.

3.2. Electrochemical performance

Si and SiN, monolithic electrodes were assembled into coin cells and cycled in a half cell configuration
against Li-metal. Electrodes mass loadings corresponding to cycled cells are given in table S1. Figure 3
displays the specific capacity values of the electrodes during rate performance tests. First, the forma-
tion cycles (cycle 1-4) were carried out at C/20 in an extended voltage window (0.01-1.5 V vs Li/Li")
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Figure 2. (a) Raman spectra and (b) XPS spectra for nitrogen containing monolithic silicon anodes deposited with increasing
flow rate ratio R.

Table 1. Atomic nitrogen to silicon ratio as a function of flow-rate ratio R obtained from XPS quantitative analysis.

Flow rate ratio R (N)/(Si) ratio from XPS Electrode ID

0.00 — Si

0.50 0.219 SiNo.»
0.76 0.406 SiNo.4
0.85 0.606 SiNo.s

to ensure complete lithiation of the material (see differential capacity curves, figure S3) and promote
stable SEI formation. The thinner 0.5 h deposited electrodes (figure 3(a)) show a minimal capacity loss
during the formation cycles; after the formation cycles the Si, SiNy,, SiNg4 and SiNy¢ electrodes show
specific capacities of 3263, 2903, 2970 and 1712 mAh~g’1, respectively, along with retention of 75.4%,
68.2%, 72.2% and 58.3% of their respective end-of-formation capacity after the rate performance tests
(cycle 5-14). To evaluate the electrochemical resilience of these electrodes the cells were cycled again at
C/10 after the rate performance test (cycle 15-20). Voltage profiles for the last cycle of every C-rate step
are displayed in figure S4. As shown in figure 3(a), the specific capacity values were reproduced within
less than 2.5% error. In terms of cell performance values, the electrodes with Si shows the highest spe-
cific capacity as well as the rate performance, followed by SiNy,, SiNy4 and SiNge. The lowest specific
capacity obtained for SiNyg is attributed to the formation of a higher fraction of the inactive Li;SiN,
phase in SiN, with increasing nitrogen content [13, 43], which was also observed by Lovett et al [44].

Figure 3(b) shows the rate performance of the electrodes where the active materials were deposited
for 1 h. Unlike the 30 min deposited samples, these electrodes exhibit steep capacity degradation during
the formation cycles. After the last formation cycle, the specific capacity values of the Si, SiNg,, SiNg4
and SiNy¢ were found to be 3429, 2329, 2370 and 2146 rnAh~g*1, respectively. At the end of the rate
performance tests, the Si, SiNy,, SiNg4 and SiNg¢ electrodes retained 35.4%, 20.7%, 62.1% and 41.7%
of their end-of-formation capacity values. Note, before the rate performance test, the coulombic effi-
ciency of these cells (figure S5) can be as low as 87.2%, 83.2%, 95.8%, 93.6%. However, during the resi-
lience test the average coulombic efficiency values are stabilized at 97.3%, 99.5%, 99.2% and 99.6% for
Si, SiNj,, SiNg4 and SiNg electrodes, respectively (see figure S6).

The rate performance of the 1.5 h deposited samples are shown in figure 3(c). During the forma-
tion cycles, all electrodes show significant capacity fading, except the SiNg¢ electrode. After the form-
ations cycles the capacity of the Si, SiNg,, SiNg4 and SiNg¢ electrodes were 2528, 1799, 2227 and

5
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Figure 3. Specific (discharge) capacity during formation cycles (4 x C/20) and rate testing (5 x C/10,5 x C/5,5 x C/10) for

Si and SiNx anodes with increasing nitrogen content. For each nitrogen content films were deposited at increasing deposition
time corresponding to (a) low mass loading (tdep = 0.5 h, Tignoge ~ 0.16 mg-cm™2), (b) intermediate mass loading (tdep = 1 h,
Manode ~ 0.39 mg-cm~—2) and (c) high mass loading (tdep = 1.5 h, M4ye4. ~ 0.58 mg-cm~2). Across all compositions, increase in
deposition time leads to capacity degradation with Si and SiN0.2 exhibiting unstable formation for tdep of 1 and 1.5 h.

1300 mAh-g~!, respectively, and retained 12.3%, 21.5%, 37.5%, 52.8% of their end-of-formation capa-
city at the end of the rate performance tests. Unlike 0.5 h and 1 h deposited electrodes, the 1.5 h depos-
ited electrodes kept showing declining capacity trend even during the stability test.

From the results of the rate capability tests, followed by the resilience tests, two clear conclusions can
be drawn. First, with increasing N-content, the specific capacity values of the SiN, electrodes decrease
while gaining in capacity retention. As previously reported by Kilian et al [26], during the first few lithi-
ation and delithiation cycles, the SiN, electrode transforms into a matrix combining amorphous Si with
LiSiN, and LiN,. Considering the LiSiN, and LiN, contribute to enhanced lithium-ion kinetics and a
buffering effect in the electrode, an increasing content of such buffering matrix would lead to better
mechanochemical stability against the volume change during the lithiation and delithiation cycles. On
the other hand, a reduced content of Si in the N-rich electrodes results in lower specific capacity values.
Second, with increasing materials’ deposition time, the degradation in the electrochemical performance
of the electrodes accelerates significantly. Such degradation in electrochemical performance is highest for
the Si electrodes and lowest for the SiNg¢. Additionally, at a given C-rate, the specific capacity of N-rich
SiNx electrodes experience a sharp decline with enhanced deposition time. This trend can be attributed
to the higher fraction of high bandgap lithium nitride formed within the electrode matrix, which sub-
stantially increases the electrode resistance and limits the accessible lithium-storage capacity in thicker
electrodes.
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Figure 4. Influence of nitrogen composition and active material mass loading on anode specific (discharge) capacity and cyc-
ling stability. Cells were cycled at C/5 for 100 cycles following rate testing (see figure 3). Increasing deposition time—(a) 0.5 h,
(b) 1 hand (c) 1.5 h leads to increasing mass loading. At low mass loading silicon outperforms SiNy alloys both in specific capa-

city and stability but the trend quickly reverses at higher mass loading, with the N-rich SiNy¢ alloy reaching a stable capacity of

661 mAh-g~! after 100 cycles with a areal capacity of 0.486 mAh.cm ™2,

Long-term capacity retention of these materials was then assessed by cycling these cells for 100
cycles at C/5. Figures 4(a)—(c) display the specific capacity obtained across all anode deposition times
(4a- 0.5 h, 4b- 1 h and 4c- 1.5 h) for every Si and SiN, electrodes with different nitrogen content.
Corresponding coulombic efficiency values can be found in the supplementary materials figure S6,
with representative voltage profiles in figure S7. Both Si and SiNg, are found to maintain high capacity
after 100 cycles for low deposition time (30 min, #,p0de = 0.177 mg.cm™2 and 0.168 mgcm ™2, respect-
ively). For the same materials, 1 h deposited electrodes start showing important capacity loss and 1.5 h
depositions rapidly lead to complete cell failure. Unlike aforementioned Si and SiNy,, SiNg4 and SiNge
electrodes experience a specific capacity increase for low mass loadings (11,n04e = 0.140 mg.cm ™2 and
0.187 mg.cm ™2, respectively). SiN still exhibits this behavior even for higher mass loadings, whereas
SiNp.4 moves to a capacity degradation trend analogous to SiNy,, albeit notably outperforming the latter.
This slow performance improvement during cycling is seen in SiNg4, SiNg¢, and to some extent in the
initial cycles of 0.5 h Si (figure 4(a)). This effect can be attributed to formation of increasing amounts
of Li3N and Li,SiN, over time, allowing for better Li* ion conductivity and enhanced lithiation [13]
as the SEI stabilizes and slowly converts to these compounds. This mechanism enables SiN, with high
nitrogen content to reach better electrochemical performance, with SiNy¢ attaining specific capacities of
661 mAh.g~! after formation, rate-testing and 100 cycles at C/5 for a 0.735 mg-cm~2 mass loading.

To correlate the long-term capacity retention of these electrodes with their composition and mass
loading, the capacity retention after 100 cycles at C/5 is displayed as a function of N/Si ratio and act-
ive material mass loading in figure 5. For every cell, capacity retention was calculated from the ratio of
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Figure 5. Capacity retention as a function of mass loading and nitrogen content of Si and SiN,. Capacity retention was calculated
based on the specific capacity ratio between the 100th cycle and 1st cycle at C/5 during long term testing (see figure 4). Capacity
retention is represented by dot diameter, with the gray dashed circle representing 100% capacity retention. Capacity retention
above 100% indicates the material has a higher specific capacity after 100 charge—discharge cycles.
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the specific capacity measured after the 100th cycle vs the 1st cycle of stability testing (see figure 4). A
clear trend emerges from the tested materials, with the capacity retention for Si plummeting from 93.6%
to 8.9% for an increase in mass loading from 0.178 to 0.554 mg.cm™2. At the other end of spectrum,
sub-stoichiometric SiNg¢ alloy reaches lower specific capacity across the tested mass loading range, yet it
delivers that capacity consistently with a 117.2% capacity retention only fading to 99.2% as mass load-
ing is increased from 0.187 to 0.732 mg.cm™2. Capacity retention exceeding 100% underlines the gradual
specific capacity increase seen in figure 4. As previously discussed, it is thought to be a consequence of
increased Li™ conductivity in the electrode matrix [43, 45].

In SiNgg, this effect outweighs the common degradation mechanisms hindering battery performance
in silicon-based anodes, such as cracking, pulverization and excess SEI formation. Herein, the presence
of a lithium conducting buffering matrix helps in the retaining a steady specific capacity during extens-
ive cycling process. For reference, nanoparticle-based SiN, anodes sustaining specific capacities in the
1000 mAh.g~! range after up to 1000 cycles have been reported elsewhere [13, 26, 46]. However, the use
of binders and additives such as carbon black come at the cost of decreased volumetric density. On the
other hand, SiN, processed as a monolithic material in a thin-film configuration has also been reported
to reach stable specific capacities above 1200 mAh.g™! for up to 2000 cycles for a film thickness under
160 nm [47, 48], which must be compared to the 3 pm thickest anodes reported here.

Anodes with intermediate nitrogen content yield similar capacity retention as mass loading increases.
Despite SiNg4 not clearly out-performing SiNp, in terms of capacity retention only, a closer look at their
respective specific capacity after cycling (512 and 163 mAh-g~!, respectively, for higher mass loadings)
gives a clear advantage to SiNp4. The low specific capacity of SiNy, could partly be a consequence of
delamination during unstable formation cycles seen in figure 3 and thus cannot solely be attributed to a
lesser Lit storage capacity of the material.

To investigate the influence of nitrogen content in the Si-based matrix on lithium transport within
the monolithic structure, EIS was performed on the 1.5 h deposited electrodes, which exhibit the highest
mass loading in the sample series. EIS measurements were carried out after the formation cycle, rate-
performance tests, and long-term cycling (figure S8), and the data were further analyzed using the DRT
method (figure S9) to compare lithium-ion transport kinetics. The relaxation processes at 7 < 0.3 s
are attributed to resistances associated with the SEI layer and charge-transfer reactions, whereas the
broad low-frequency feature at 7 =~ 1-30 s corresponds to solid-state lithium diffusion within the
monolithic electrode. The diffusion resistance contribution, quantified as the area under this peak
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(Raite = [ v (7) dInT), provides a direct measure of lithium diffusion in these electrodes. For the Si and
SiNj, electrodes, Ry increases with cycling, indicating progressively hindered lithium diffusion, whereas
the SiNg 4 electrode exhibits an initial decrease in Ry after the rate-performance test, followed by a sig-
nificant increase after long-term cycling. In contrast, the SiNg¢ electrode shows a continuous decrease

in Rge upon cycling, further supporting its enhanced lithium transport and superior capacity retention
during prolonged cycling compared to the other materials.

3.3. Post-mortem investigation

To identify the failure mechanisms underlying the observed electrochemical trends, post-mortem analysis
was conducted on Si and SiNg¢ anodes after cycling. Samples with short (0.5 h), intermediate (1 h) and
long (1.5 h) deposition times were selected to represent low and high mass-loading regimes, respectively.
Coin cells were opened and anodes cleaned with DMC, and dried in argon atmosphere to conduct post-
mortem analysis. Figure 6 gathers morphological degradation and compositional distribution data from
OM, SEM, and EDX. EDX elemental mapping image is displayed for silicon only. Complete mapping
results are given in figure S10(a) and (b) along with surface average EDX spectra.

For the low mass-loading (0.5 h) samples, both Si (figure 6(a)) and SiNy¢ (figure 6(d)) anodes
exhibited good adhesion to the copper current collector, with no evidence of macroscopic delamina-
tion. Closer inspection through SEM imaging revealed the formation of discrete ‘islands’ of active mater-
ial, separated by a network of cracks. The gap between the islands was found to be in the range of 1-

2 pm. The similarity in crack morphology between the two compositions suggests that mechanical stress
induced by volume expansion during lithiation is a common degradation pathway. Crack presence leads
to increased anode/electrolyte interface and increased lithium consumption during SEI formation. The
absence of delamination indicates that the mechanical integrity of the interface is preserved at low mass
loadings despite crack formation. This observation is consistent with the stable cycling performance
observed in figure 4.

In contrast, intermediate (1 h) and high (1.5 h) mass loading Si anodes (figures 6(b) and (c))
suffered extensive delamination, with large regions of active material visibly detached from the substrate
as identified in OM images (figures 6(b) and (c)) and in low magnification SEM-EDX maps (see figure
S10(c)). Non-delaminated areas identified through SEM show residual Si ‘islands’ were sparsely distrib-
uted and separated by large cracks, indicating severe loss of electrochemically active material. The gap
between the islands was estimated to be in the range of 3-6 um for 1.5 h Si. This correlates with the
rapid capacity fade and poor retention seen in figures 4 and 5, confirming that delamination is a domin-
ant failure mode in thick Si films. The increased chemo-mechanical stress during formation and cycling,
exacerbated by the large volume expansion of Si [49], likely exceeds the adhesion strength at the film-
substrate interface.

Conversely, intermediate (1 h) and high (1.5 h) mass-loading SiNy¢ sample (see figures 6(e)—(f))
maintained excellent adhesion, with no observable macro-scale delamination from top view OM images.
The SEM and EDX analyses revealed large SiNy¢ ‘islands’ and a network of thinner cracks compared to
the Si equivalent. The gaps between the islands were in the range of 2.5-4.5 um for 1.5 h SiNg¢. Unlike
the Si electrodes, the smooth material filling the cracks was identified to be SEI which is being investig-
ated in another study by the authors. This morphological stability supports the superior capacity reten-
tion reported for SiNgg in figure 5. The enhanced mechanical robustness of SiN, films, attributed to
their lower expansion coefficient [27] and improved stress accommodation through Li,SiN,/LizN buffer
matrix [26, 45], mitigates delamination even at high mass loading despite the formation of an anode-
wide crack network.

The formation of such a network of cracks is expected in monolithic Si-based anodes as material
porosity alone cannot buffer the extreme volume change during cycling. Figure 6(g) provides a qual-
itative interpretation as to how the quasi-2D nature of the deposited film (a few microns in thickness
vs centimeter-scale width) promotes expansion in the direction of least mechanical resistance, i.e. nor-
mal to the substrate. Upon delithiation, material retraction leads to tensile stress. If these constraints
exceed material resistance cracks can start forming, allowing for volume change to occur along the x-
and y-axis as well as in the normal (z) direction [50, 51]. This leads to the formation of a crack network
whose nature will strongly depend on anode material and thickness. Previous study by Lovett et al [44]
on the structural evolution of monolithic silicon nitride anodes thoroughly investigated the formation
of particulate silicon domains at the nanoscale. However, these experiments are typically carried out on
extremely thin films, with mass loadings almost two orders of magnitude lower than this study and are
thus not designed to capture the impact of crack formation and delamination on anode performance. As
such, this post-mortem study of anodes with mass loadings in the 0.15-0.74 mg-cm ™2 range refines our

9



I0P Publishing J. Phys. Energy 8 (2026) 015028 A Wilson et al

'_C urrent collector.

Si/05h Si/1h Si/1.5h

SiNyg/0.5h SiNgs/1.5h
(9) 2 crack network
y
x’ anode material
lithiation delithiation
—_— —_—
current
collector 4
pristine state lithiated state delithiated state

Figure 6. Post-mortem inspection (top-view) of anode material after 100 cycles at C/5. Optical microscope (OM), SEM and SEM-
EDX were used for general inspection, microstructure investigation and compositional mapping (magenta indicates presence of
Si), respectively. The yellow dashed square in the OM image represent the equivalent area probed by SEM and EDX. (a) 0.5 h sil-
icon and (d) 0.5 h SiNg ¢ show no delamination from the copper current collector and exhibit similar crack formation between
Siand SiNgg ‘islands’, respectively. (b) 1 h silicon and (c) 1.5 h silicon suffered severe delamination. For 1.5 h silicon (c) non-
delaminated areas show large, sparsely spread out Si ‘islands’ while (e) 1 h SiNg¢ and (f) 1.5 h SiNg ¢ had no noticeable macro-
scale delamination and densely packed SiNg ‘islands’. (g) Schematic representation of crack formation in thin film Si-based
anodes due to z-axis limited volume expansion during first lithiation followed by isotropic volume contraction.

understanding of electrochemical data and reinforces the conclusion that nitrogen-rich SiN, composi-
tions offer significant advantages in mechanical stability and long-term performance, particularly under
high mass-loading conditions.

4, Conclusion

This work systematically investigates the coupled influence of nitrogen content and mass loading on
the electrochemical behavior and failure mechanisms of monolithic amorphous silicon and amorphous
silicon nitride anodes for LIBs. Using PECVD to precisely vary the Si:N ratio and film thickness, we
demonstrate that sub-stoichiometric SiN, compositions significantly enhance mechanical stability and
cycling performance compared to amorphous silicon, particularly under high mass-loading conditions
where conventional Si anodes typically fail [52].
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Electrochemical analysis shows that monolithic Si electrodes exhibit high initial capacities at low
mass loadings but undergoes rapid capacity decay attributed to extensive delamination with increasing
mass loading. Despite underperforming at low mass loading, nitrogen-rich alloys such as SiNg¢ main-
tain structural integrity and display stable cycling at high mass loading, achieving over 100% capacity
retention after 100 cycles at C/5. This exceptional stability is attributed to the gradual formation of
Li3N and Li,SiN, phases and subsequent improvement of Li* transport pathways, thus contributing
to additional reversible capacity. The monolithic nature of the film also achieves an areal capacity of
0.486 mAh-cm~2 for an electrode thickness in the order of 3*—4 ym. To put this into perspective, sim-
ilar composite anodes containing 60 wt.% SiNj e microparticle reached areal capacity in a similar range
(0.32-0.47 mAh-cm ™2 at C/2) for an electrode thickness in the 57 pum range [13]. The subsequent
improvement in volumetric energy density is largely attributed to the monolithic approach to material
deposition enabled by PECVD.

Post-mortem analysis through SEM and EDX on the cycled electrodes confirms delamination and
crack formation are dominant degradation mechanisms in monolithic electrodes, yet nitrogen incorpor-
ation effectively mitigates delamination by reducing volumetric strain. Nitrogen-rich SiN, electrodes thus
retain a monolithic structure, accommodating stress without loss of electrical contact due to the presence
of a buffering matrix.

Our findings establish a direct link between composition-dependent stress accommodation and long-
term electrochemical stability in SiN, monolithic electrodes. Sub-stoichiometric silicon nitride emerges
as a robust and scalable alternative to silicon when it comes to improving mass loading in monolithic
LIB anodes, combining mechanical resilience with stable capacity retention. Our findings establish that
for thin monolithic electrodes, pristine silicon wins the race of long term stability with high specific
capacity, however with increased electrode thickness (over a micron), the high content of N in the SiN,
offers a more stable long-term cycling profile with high capacity. These insights provide a foundation for
optimizing monolithic anode architectures for high-rate and long-life lithium-ion battery applications.
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