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ABSTRACT: Cycling stability is central to implementing
silicon (Si) anodes in next-generation high-energy lithium-ion

batteries. However, challenges remain due to the lack of

effective strategies to enhance the structural integrity of the
anode during electrochemical cycling. Here, we develop a
nanoscale polyamide coating, using spatial molecular layer
deposition (MLD) of m-phenylenediamine and trimesoyl
chloride precursors, to preserve the structural integrity of Si
anodes. Poly(acrylic acid) (PAA) has been widely used in Si-
based anodes as a binding agent due to its effective binding
interactions with Si particles. However, the structural integrity
of the anode is compromised by thermochemical decom-
position of the poly(acrylic acid) binder, which can occur
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during electrode drying or during electrochemical cycling. Decomposition causes a 62% decrease in the elastic modulus of the Si
anode, as measured by nanoindentation in electrolyte-soaked conditions. This study shows that an ultrathin polyamide coating
counteracts this structural degradation, increases the elastic modulus of the degraded anode by 345%, and improves cohesion.
Electrochemical analysis of polyamide-coated anodes reveals a film thickness dependence in cycling behavior. High
overpotentials and fast capacity fading are observed for Si anodes with a 15 nm coating, whereas Si anodes with a 0.5 nm coating
demonstrate stable cycling over 150 cycles with a capacity >1400 mAh g~'. Our findings identify polyamide as an effective
electrode coating material to enhance structural integrity, leading to excellent cyclability with higher capacity retention.
Furthermore, the use of the spatial MLD approach to deposit the coating enables short deposition time and a facile route to

scale-up.
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I. INTRODUCTION

There is an ever-increasing demand for energy storage
technology with higher energy density for transportation and
grid-connected renewable energy systems. This demand has
fueled research into high-energy-density electrode materials,
such as silicon (Si). Silicon has an almost 10-fold higher
theoretical energy density (3579 mAh g™') than the conven-
tional graphite anode (372 mAh g™') used in today’s lithium-
ion (Li-ion) batteries. However, silicon suffers from a ~300%
volume expansion upon lithiation and an unstable solid—
electrolyte interphase (SEI), leading to poor electrochemical
cycling stability.' ™ Because of silicon’s favorable properties,
much recent research has focused on addressing its inherent
cycling instability.
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One strategy to mitigate the detrimental effects of volume
changes in Si uses functional polymer binders that can enhance
the mechanical integrity of the electrode. Poly(vinylidene
fluoride) (PVDF) is the conventional polymer binder used in
commercially available Li-ion batteries. However, this binder is
unable to accommodate the large volume changes in silicon
anodes upon cycling. Recent work has identified alternative
binders, such as carboxymethyl cellulose (CMC) and poly-
(acrylic acid) (PAA), that can improve electrochemical
performance of Si anodes.”” Along with the improved
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mechanical properties of these two binders, the —OH and
—COOH groups in these polymers interact favorably with the
silicon surface.’™® However, PAA undergoes a reduction
reaction to form an anhydride at elevated temperatures, losing
—COOH groups and altering its mechanical properties.””"" In
a vacuum, this reaction begins at temperatures of >100°C,’
but in the presence of Li-ion battery electrolyte this reaction
begins at ~55 °C, where the reaction is catalyzed by the
decomposition products of LiPF'® The formation of the
anhydride is a concern in this system because it can lead to
poor mechanical properties and poor electrochemical cyclin%
Therefore, strategies are needed to mitigate these effects.’*

Another strategy to enhance the mechanical integrity of Si
anodes is to modify their mechanical properties and stabilize Si
surfaces through surface modification. Much research has
focused on hybrid organic—inorganic coatings deposited with
molecular layer deposition (MLD). One of the key benefits of
MLD is its ability to conformally deposit a uniform coating on
all surfaces within a high-aspect-ratio material, such as an
electrode. Aluminum alkoxide or “alucone” coatings deposited
with MLD are flexible and robust. These coatings can enhance
the mechanical properties of Si anodes and thereby enable
electrode inte§rity, leading to significantly improved cycling
performance.'””"> However, there are concerns that these
coatings can react with Li* causing Li* depletion in the cell. '
There is also a concern that conventional MLD is a time-
consuming and difficult process, where the low vapor pressure
of the organic precursors can create challenges.

To address these issues that have arisen from previous
efforts to stabilize Si with MLD, we developed a novel, all-
organic polymer MLD coating for the Si anode using a fast
deposition process. The coating developed in this work is an
aromatic polyamide material. Aromatic polyamides are known
for their excellent chemical and thermal stability, making them
suitable for the harsh, corrosive environment of an electro-
chemical cell.'” Additionally, aromatic polyamides have high
tensile strength and wear resistance.'® Polyamides have been
used in Li-ion batteries as cathode coatings,19 binders,”® and
separators.”’ The coating developed in this study restored the
favorable mechanical properties in silicon anodes that can be
lost when PAA degrades. Moreover, a spatial MLD design,
based on separating the precursors in space rather than in time,
has been used here to deposit the polyamide coating for Si
anodes. In spatial MLD, the substrate moves between zones
where each precursor is continuously supplied. Using the
spatial design, we reduced MLD deposition time from several
hours to minutes. By using an all-organic polyamide material
and depositing it using a spatial design, we were able to bring
silicon anode technology closer to viability.

Il. EXPERIMENTAL METHODS

Electrode Fabrication. Silicon composite anodes were prepared
via slurry casting of Si (Alfa Aesar, plasma synthesized, <50 nm),
carbon black (Super P, Timcal), and PAA (M, ~ 450000, Sigma-
Aldrich) with a weight ratio of 60, 20, and 20%, respectively, in 1-
methyl-2-pyrrolidinone (NMP) (anhydrous, 99.5%, Sigma-Aldrich).
The mixture was coated onto a copper foil and dried at 70 °C in air.
Electrode sheets were used as is either heat treated at 150 °C or heat
treated at 150 °C and also coated with an MLD film. Si active
materials in the electrodes have an approximate mass loading of 0.9
mg cm ™2 The electrodes were punched to 14 mm diameter discs and
dried at 95 °C overnight in a vacuum oven prior to coin cell assembly.

MLD Coating. MLD was used to deposit thin film coatings on
silicon anodes. Deposition was performed in a custom-built spatial
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MLD system enclosed within a convection oven. The operation>> and
design™ of this rotary drum system were previously described. The
nitrogen purge gas (99.998%, Airgas) separating precursor dosing
zones had a flow rate of 1000 sccm. The convection oven encasing the
entire system allowed uniform heating to the targeted deposition
temperature of 150 °C. Once loaded into the reactor, samples were
heated overnight at the deposition temperature to reach thermal
equilibrium with the system. Anode samples were mounted to the
inner drum of the spatial MLD system using Kapton adhesive tape.
Tape was applied to all sides of the copper foil upon which the anode
was mounted to seal and prevent deposition on the backside of the
copper foil. For thicknesses measurements, a reflective and flexible
witness sample was added to each deposition. The witness was a PEN
polymer film (75 um thick) metalized with titanium (sputtered, 80
nm thick (ROWO Coating). Precursors for two separate MLD
chemistries were mounted onto the system. One set of precursors was
trimethylaluminum (TMA) (97%, Sigma-Aldrich) and glycerol
(99.5%, Sigma-Aldrich) to produce a hybrid organic—inorganic
aluminum alkoxide (alucone). The other set of precursors was m-
phenylenediamine (mPD) (99%, Sigma-Aldrich) and trimesoyl
chloride (TMC) (98%, Sigma-Aldrich) to produce an all-organic
aromatic polyamide. The TMA resided outside the oven enclosure at
room temperature, while the other precursors resided within the
convection oven of the system. Each precursor was connected to the
system by two bellows globe valves on either side of the bellows
needle valve for metering flow. The precursor exposure time was
defined by the rotation speed of the inner drum upon which the
samples resided as it moved through precursor dosing zones. The two
rotation speeds used in this work, 0.5 and 5 rpm, correspond to
exposure times of 6 and 0.6 s.>*

The MLD film thickness was measured on the witness PEN sample
with spectroscopic ellipsometry (SE) (M-2000, J.A. Woollam Co.,
Inc.) SE measurements were performed over a spectral range of 240—
1685 nm with 50°, 60°, and 70° incident angles. Data were modeled
with CompleteEASE v.4.55 (J.A. Woollam Co., Inc.). A Cauchy
model was used to measure alucone films. Polyamide films were
modeled with two Gaussian oscillator curves with an anisotropic index
difference in the z-axis.

Electrochemical Cycling. Standard 2032 half-coin cells with Li
metal foil as counter and reference electrodes were used. Cells were
assembled in an Ar-filled glovebox. The electrolyte was 1.2 M LiPF in
ethylene carbonate (EC) and diethyl carbonate (DEC) in 3:7 v/v.
Fluorethylene carbonate (FEC) was used as an additive at a weight
ratio of 10%. The separator was Celgard 2325. Electrochemical tests
were conducted at room temperature using an Arbin 2000 and a
Maccor 4000 battery test station. For each condition, cycling data
were plotted as an average of three cells with standard errors.

Fourier Transform Infrared Spectroscopy (FTIR). Attenuated
total reflectance (ATR) FTIR (Nicolet 6700, Thermo Scientific)
spectra were collected with a liquid nitrogen cooled MCT/A detector.
Spectra were averaged over 200 scans with a scan resolution of ~1
cm™. MLD films for analysis were deposited on copper foils.

Mechanical Testing. Nanoindentation measurements were
conducted using a Nanoindenter G200 (Agilent) inside an argon-
filled glovebox. A depth-controlled mode was used with an
indentation strain rate of 0.0S s”', a maximum depth of 1200 nm,
and a 10 s holding at the maximum load. The maximum depth was
less than one-tenth of the electrode thickness such that the substrate
effect can be neglected. Before nanoindentation tests, thermal drift
was calibrated to be <0.5 nm s™'. Thermal drift calibrations (100 s)
were conducted after unloading. The elastic modulus and hardness
values were obtained based on the Oliver—Pharr method.*
Environmental nanoindentation measurements under wet conditions,
with the electrode immersed in the electrolyte, were performed with a
liquid cell. The technical details of environmental nanoindentation
measurements under wet conditions were previously described.”®
During the measurement, the indenter tip was submerged in the
electrolyte. Therefore, the interaction between the indenter and the
electrolyte does not influence the measurements. The electrolyte was
replaced every 40 min to avoid any precipitation of ethylene
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carbonate and LiPF that might influence measurements. Reported
modulus and hardness values, as well as their standard deviations,
were obtained by averaging over at least ten measurements.

Scratch tests were conducted with a conical indenter (cone angle of
60° and tip radius of S #m) using a NanoTest Vantage system (Micro
Materials Ltd.). A prescan was conducted with a constant load of 0.1
mN to probe the roughness and tilt of the samples for calibrating the
scratch depth profiles. During scratch tests, a normal load was applied
after SO ym scanning (at the load of 0.1 mN) with a loading rate of
0.5 mN/s. The maximum load (F,,,), scratch distance, and the
scanning velocity are 120 mN, 3000 um, and 10 um/s, respectively.
The scratch continued until F,,, was reached at a scan distance of
2450 pm. We conducted five scratch tests in each sample to assess the
reproducibility of the results.

STEM-EDS. Imaging was conducted with a Tecnai F20 TEM (FEI
Company) at an acceleration voltage of 200 kV. The system was
equipped with energy-dispersive X-ray spectrometry (EDS) for
elemental analysis. Samples were prepared by scratching the anode
surface with a Cu grid. Samples from electrochemically cycled anodes
were prepared and loaded in an Ar-filled glovebox. A Gatan vacuum
transfer holder was used to transfer these samples into the instrument
to avoid moisture and air exposure.

lll. RESULTS AND DISCUSSION

Polyacrylic Anhydride Formation. The reduction of
PAA is a well-known reaction that occurs at elevated
temperatures. Reduction occurs when carboxylic acid groups
in the polymer undergo a condensation reaction to form
polyacrylic anhydride and release H,O, according to the
reaction in Figure 1. In Li-ion battery electrodes, the formation
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Figure 1. Reaction between carboxylic acid functional groups in
poly(acrylic acid) occurs at elevated temperatures, producing
polyacrylic anhydride and water.

of this anhydride from the PAA binder negatively affects
battery performance.'”"" This reaction reduces the number of
carboxylic acid groups that can interact favorably with the
hydroxyl groups on the silicon surface and weakens the
adhesion between binders and Si particles, causing the
electrochemical isolation of silicon and capacity fading of Si
anodes. The anhydride reaction also causes polymer cross-
linking, which decreases the elastic modulus of the binder and
may reduce volume expansion compatibility."*” Additionally,
the water released upon anhydride formation can react with
the electrolyte to form HF, which aggressively corrodes battery
components.

Though this reaction usually occurs at elevated temper-
atures, it can also be catalyzed at lower temperatures by the
decomposition products of the electrolyte. Under vacuum this
reaction occurs at temperatures >100 °C.” However, when
immersed in battery electrolyte, this reaction can occur at
temperatures as low as 55 °C.'"" The formation of the
anhydride can be monitored with FTIR. Figure S1 shows FTIR
spectra of silicon composite electrodes, composed of silicon
nanoparticles, PAA, and carbon black, dried under vacuum at
different temperatures. Bands at ~1710 and ~1410 cm™'
indicate free carboxylic acid groups and bands at ~1618 and
1455 cm™! indicate hydrogen-bonded carboxylic dimers, all of
which are characteristic of PAA. These peaks are prominent in
the electrodes heat treated at 70 and 95 °C for ~12 h and
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diminished in the electrode heat treated at 150 °C. In the
electrode heated to 150 °C, the carboxylic anhydride peak is
prominent, indicated by peaks at ~1800 and ~1012 cm™.
Tests comparing cycling of electrodes after drying at 95 and
150 °C for ~12 h are shown in Figure S2. Compared to the
electrode heated to 95 °C, the electrodes heated to 150 °C
show reduced galvanostatic cycling capacity.

Improving Anode Mechanical Properties with a
Polyamide MLD Coating. In this work, a thin aromatic
polyamide coating was used to enhance the structural integrity
of the silicon composite electrode and counteract the negative
effects of anhydride formation. The MLD coating was
deposited via sequential, self-limiting surface reactions with
the precursors m-phenylenediamine (mPD) and trimesoyl
chloride (TMC). The proposed reaction mechanism for the
deposition of this polyamide thin film is shown in Figure 2. A
spatial MLD reactor design was used in these depositions. A
detailed report on the spatial reactor used in these depositions
was previously reported.”” The coating was deposited directly
onto the as-prepared electrodes. Because of the nanoscale
features and high aspect ratio in the electrodes, long precursor
exposure times were needed to deposit a conformal coating on
all surfaces within the electrode.””*® Long exposure times
present a challenge in the design of spatial ALD or MLD
reactors. The precursor exposure times in this system were
studied using the well-known MLD chemistry, alucone,
deposited with the precursors trimethylaluminum and glycerol.
A description of galvanostatic cycling of alucone-coated
electrodes deposited with different exposure times is included
in the Supporting Information (Figure S3). These tests
indicated that the best electrochemical performance was
realized with the longest exposure times studied, 6 s. The
best polyamide MLD coating, with a thickness of 0.5 nm, was
deposited with the 6 s exposure time.

The polyamide MLD coating has several favorable proper-
ties as a silicon electrode coating. Aromatic polyamides are
generally considered chemically stable. To illustrate, a 354 nm
MLD coating on Cu was soaked in electrolyte for 24 h. After
soaking, the coating appeared unscathed. No significant mass
change was observed after soaking. A large mass increase in the
coating would be expected if it were to react strongly with
electrolyte. Indeed, the FTIR spectra of this sample remained
unchanged after soaking, suggesting that there was no
appreciable chemical change in the material (Figure S$4).
Aromatic polyamides are also generally considered insoluble in
organic solvents. The insolubility of the MLD coating increases
the structural integrity of the electrode when immersed in
organic solvent. Figure S5 shows electrodes soaked in NMP
solvent for 48 h and then sonicated for 2 min. The pristine
electrode completely dissolved in the solvent. The electrode
that was heat treated at 150 °C, and therefore contained
polyacrylic anhydride, showed partial solubility in the solvent.
In comparison, an electrode coated with 0.5 nm of MLD was
the most stable and was largely insoluble.

Polyamides also have favorable mechanical properties.
Mechanical testing, shown in Figure 3, indicates that some
of the negative effects of anhydride formation can be mitigated
by coating the electrode with a very thin MLD coating.
Nanoindentation measurements, shown in Figure 3A, were
performed on electrodes under wet conditions to better mimic
the electrolyte environment in batteries.”® Compared to an
electrode dried at 70 °C, an electrode dried at 150 °C had a
lower elastic modulus but higher hardness. The elastic
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Figure 2. Reaction mechanism for the deposition of an aromatic polyamide thin film using the precursors trimesoyl chloride and m-
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Figure 3. Mechanical testing of silicon composite electrodes before
and after heating at 150 °C and with a 0.5 nm polyamide coating. (a)
Elastic modulus and hardness values from nanoindentation under wet
conditions, with electrodes soaked in electrolyte. After heating to 150
°C the elastic modulus of the electrode is reduced. However, with a
polyamide coating this effect is mitigated. (b) Scratch testing indicates
increased cohesion of the electrode coated with polyamide.

modulus was reduced by 62%, from 2.28 + 0.47 to 1.42 + 0.29
GPa. The MLD coating increased the elastic modulus of the
electrode dried at 150 °C by 345% to 4.90 = 1.01 GPa. The
coating also increased the hardness by about 50%, from 0.08 +
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0.01 to 0.12 + 0.03 GPa. The higher elastic modulus and
hardness of the coated electrode indicate that the coating
improves the mechanical properties of the electrode. Higher
elastic modulus and hardness may make the electrode more
resistant to the mechanical deformation and cracking
associated with lithiation and delithiation of silicon.””*° The
improved mechanical properties of the coated electrode may
contribute to the improved electrochemical cycling stability of
the MLD-coated electrodes described below.

We conducted scratch tests on the electrodes to investigate
the influence of the MLD coating on the cohesion strength of
Si electrodes. As shown in Figure 3B, the MLD-coated
electrode had a smaller scratch depth under the same normal
load and distance as compared to the uncoated one. The
coated electrode also had a smaller scratch width compared to
the uncoated electrode, as shown in Figure S6. The scratch
resistance of the MLD-coated electrode indicates that it has a
larger load-bearing capacity than the uncoated one. SEM
images of the scratch tests, shown in Figure S6, show a distinct
difference in scratch resistance between the coated and
uncoated electrodes. The first 500 pum of scratch distance,
scratched at a constant loading rate of 0.5 mN um™', showed
considerable electrode material detachment from the active
layer of the uncoated electrode. In comparison, the coated
electrode showed little electrode material detachment in the
same distance and with the same loading rate. On the basis of
these results, it is reasonable to infer that the MLD coating
strengthens and improves the cohesion of the composite
electrodes.

Extended Electrochemical Cycling of Polyamide-
Coated Anodes. Enhancement in electrochemical perform-
ance of polyamide MLD-coated Si anodes was probed with
galvanostatic cycling, as shown in Figure 4. Tests were
conducted using a half-cell configuration with lithium metal
as the counter electrode. All electrodes were heat treated to
150 °C for ~12 h and therefore contained polyacrylic
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Figure 4. Galvanostatic discharge and charge cycling of pristine
silicon composite electrodes compared to those coated with 0.5, 3,
and 15 nm of polyamide showing extended capacity retention with a
thin 0.5 nm polyamide coating. The first five cycles were run at a C/
25 rate, and the following cycles were run at a C/10 rate. The 0.5 nm
coating was deposited with long precursor exposure times, and the
other two coatings were deposited with short precursor exposure
times. For each condition, cycling data were plotted as the average of
three cells with standard error bars.

anhydride. Electrochemical cycling performance of an un-
coated, pristine electrode was compared with the MLD-coated
electrodes with three different coating thicknesses. The three
MLD coating thicknesses were 0.5, 3, and 15 nm, as measured
with spectroscopic ellipsometry on Ti-coated PEN witness
samples that were included in each deposition. Note that the 3
and 15 nm polyamide coatings were deposited with a 0.6 s
exposure time, while the 0.5 nm coating was deposited with a 6
s exposure time. The coatings deposited with shorter exposure
times may be less conformal than those deposited with longer
exposure times, as discussed in the previous section and Figure
S3. For the first five cycles, current was driven at a C/2S$ rate
(143 mA g™'), with the following cycles at a C/10 rate (358
mA g'). Electrodes were cycled between 0.010 and 1.000 V
against a lithium—metal counter electrode, with a 10 min
voltage hold at the lower cutoft voltage of 0.010 V and a 30
min voltage hold at 1.000 V.

Galvanostatic cycling behavior indicates a marked increase
in performance when the Si electrode is coated with 0.5 nm of
MLD polyamide. The pristine electrodes experienced a rapid
capacity fade after ~50 cycles and lost reversibility within 100
cycles. The electrodes coated with 3 nm of MLD showed
favorable cycling performance in the first ~50 cycles, but the
capacity rapidly faded after that in a similar fashion to the
uncoated electrode. The electrodes coated with 15 nm of MLD
showed steady capacity fade beginning in the initial cycles. The
electrodes coated with 0.5 nm of MLD demonstrated stable
cycling over 150 cycles, with a capacity of 1427 + 88 mAh ¢!
at the 150th cycle. We did not measure electrochemical cyclin
past 150 cycles due to the known instability of Li metal’"**,
and marked a small increase in capacity variability approaching
cycle 150. Between cycles 6 and 100, these cells cycled at ~1.6
mAh cm™. At cycle 100, these cells retained 80% of their
initial average capacity. The electrodes coated with 0.5 nm of
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MLD also maintained higher Coulombic efficiencies (CE) as
compared to the pristine electrodes. Initial CE was low in both
the coated and uncoated electrodes. The low CE in the first
few cycles is likely a result of the high Si content in the
electrodes. In the first few cycles, Si contributes to the lower
CE through its phase transformations, side reactions, and SEI
formation.”>** The 0.5 nm coated electrodes cycled with
~97% efficiency between 10 and 150 cycles.

A comparison of voltage profiles among the coated and
uncoated anodes, shown in Figure SA, confirms that the
electrochemical cycling performance of the anode is signifi-
cantly improved with the ultrathin (0.5 nm) polyamide
coating. During the first lithiation, the pristine anodes have
voltage profiles with relatively flat voltage plateaus at ~0.1 V vs
Li/Li*, which is consistent with the first lithiation of silicon
particles at room temperature.”® The first lithiation voltage
profile of the 0.5 nm coated anodes has a similar voltage
plateau at ~0.1 V vs Li/Li*. However, in contrast to the
pristine anodes, the 0.5 nm polyamide coated anodes have less
capacity for the first lithiation due to less capacity contribution
above 0.3 V vs Li/Li*. The polyamide coating can suppress
detrimental side reactions that occur in the first electro-
chemical cycle due to its insulation properties and different
surface chemistry.*® In contrast, Si anodes with a thick coating
(15 nm) have a distinct voltage profile for the first lithiation,
with an inflection point at ~0.5 V vs Li/Li" and a sloping
voltage profile between ~0.6 and ~0.1 V vs Li/Li". The voltage
dip at ~0.5 V vs Li/Li" may indicate a kinetically limited step
in the initial lithiation reaction, which has been seen in other
systems with high overpotentials.””** The slope between ~0.5
and ~0.1 V vs Li/Li* may be the result of absorption or
chemical reaction of Li* at the surface of the polyamide
coating.”® The unusual behavior of the 15 nm coated electrode
in the first cycle likely contributes to its higher capacity.
However, as displayed in Figure S4, FTIR data suggest there is
no observed interaction between the bulk polyamide coating
and the electrolyte. After initial lithiation, the 15 nm coated
anode shows typical lithiation and delithiation behavior.
Further study is planned to investigate the reactivity of MLD
polyamide materials within the electrochemical environment.
The voltage profiles confirm the fast-fading electrochemical
performances of both the pristine and the 15 nm coated Si
anodes. The major contribution to capacity degradation of the
pristine Si anode is likely the loss of electronic contact, a
product of large volumetric changes upon cycling.'

The enhanced electrochemical reversibility in the 0.5 nm
coated anodes is also illustrated in the differential capacity
plots, as shown in Figure 5B. The differential capacity plots for
both coated and uncoated electrodes indicate typical electro-
chemical behavior for Si anodes, including phase trans-
formations between lithiated and delithiated phases.*” The
lithiation overpotential for the anode with a 0.5 nm polyamide
coating is smaller and more stable than the pristine and 15 nm
coated electrodes. At cycle 6, lithiation onset occurs at 0.55,
0.42, and 0.34 V vs Li/Li* for the 0.5 nm coated, pristine, and
1S nm coated electrodes, respectively. At cycle 10, lithiation
onset occurs at 0.51, 0.37, and 0.27 V vs Li/Li* for the 0.5 nm
coated, pristine, and 15 nm coated electrodes, respectively. At
cycle 100, though the lithiation onset for the 0.5 nm coated
electrode is 25 mV later than it was at cycle 6, the cells in the
other conditions have reached failure. The increased over-
potential seen in all three conditions is likely a product of
increased contact resistance due to continual SEI formation.
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Figure S. (a) Voltage profiles and (b) dQ/dV analysis of representative cells comparing cycling of pristine silicon composite electrodes compared
to those coated with 0.5 and 15 nm of polyamide. The first five cycles were run at a C/2S rate, and the following cycles were run at a C/10 rate.
Voltage fade and lithiation overpotential are mitigated by the 0.5 nm MLD coating and enhanced by the 15 nm MLD coating.
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Figure 6. STEM-HAADF-EDS of silicon nanoparticles extracted from a silicon composite electrode coated with 15 nm of polyamide. Silicon
nanoparticles appear uniform and spherical. The N signal is solely from the polyamide coating. Elemental mapping shows a uniform distribution of
polyamide coating over the silicon nanoparticles.

However, the thin 0.5 nm MLD coating appears to largely increase in overpotential in the cells with the 0.5 nm coated
mitigate overpotential effects with extended cycling as electrodes upon cycling. The increasing overpotential likely
compared to the pristine electrode. There is a small but steady leads to an increase in incomplete delithiation upon cycling
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and is likely the cause of the decreasing cycling capacity.” In
comparison, the 15 nm MLD coating appears to increase
overpotential effects, indicating that the thickness of the
coating is critical to ensure cycling reversibility for Si anodes.

The poor cycling performance of the electrodes with thick
MLD coatings illustrates the necessity of controlling the
thickness of the coating. Because aromatic polyamides are well-
known to be nonconductive,’”*' thicker coatings may
significantly increase the resistance in the cell. Indeed, there
is clear evidence that MLD coatings can increase cell
resistance.”” While the thicker MLD coatings in this study
had detrimental effects on electrochemical performance, the
thinner MLD coating extended cycling capacity and reduced
voltage fade. The coating may impart beneficial effects on
electrochemical cycling by aiding mechanical integrity and by
reducing potential side reactions through modification of the
electrode surface.*® However, these beneficial effects may be
outweighed by the added resistance caused by the coating
when thicker. The interplay between the advantageous and
disadvantageous effects of the coating are clearly evident in
electrochemical cycling of the electrodes coated with 3 nm of
MLD, which showed favorable performance initially and then
rapidly declined. It is possible that the added resistance from
the MLD coating is minimized when the coating is very thin,
allowing the advantageous effects to dominate.

Elemental Mapping of Polyamide-Coated Anodes.
Figures 6 and 7 show the HAADF-STEM-EDS elemental

Overlay. ...« ™

STEM-HAADE

Figure 7. STEM-HAADF-EDS of silicon nanoparticles extracted from
a silicon composite electrode initially coated with 15 nm of polyamide
prior to electrochemical cycling. The Si particles show a distinct
morphology change. Despite this morphology change, the nitrogen
signal representative of the polyamide coating is still present in the
area of the Si particles.
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mapping of silicon nanoparticles extracted from a 15 nm
coated electrode before and after galvanostatic cycling,
respectively. Before cycling, spherical silicon particles of ~50
nm in diameter are uniformly distributed. Elemental mapping
shows the presence of silicon, oxygen, nitrogen, and carbon.
The source of the oxygen signal may be from the native oxide
on silicon, the carboxylic acid groups in PAA, and the amide
groups in the MLD coating. The source of the carbon signal
may be from carbon black or PAA. Only the nitrogen signal is
solely indicative of the presence of the MLD coating. Though
the nitrogen signal has a low intensity, elemental mapping in
Figure 6 suggests that the coating is evenly dispersed and
conformally coated over the entire silicon particle. After
cycling, additional elemental signals are present as a result of
exposure to the electrolyte and formation of the SEI, as shown
in Figure 7. The additional elements present are phosphorus
and fluorine, which are common species in the SEI layer of Si
anodes. The silicon undergoes a morphology change from
spherical nanoparticles to irregularly shaped particles after
cycling. Elemental mapping reveals the continued presence of a
nitrogen signal from the MLD coating on the cycled particles.
Though the nitrogen signal is attenuated, likely a result of the
formation of the SEI, the nitrogen signal appears to continue to
overlap with the surface of the silicon particle. Furthermore,
the STEM results indicate that the MLD polyamide coating
may maintain intimate contact with the silicon particles during
electrochemical cycling.

IV. CONCLUSIONS

The polyamide MLD coating developed in this work enables
reversible cycling of Si anodes by improving its mechanical
strength and structural integrity. This work examined the effect
of an ultrathin polyamide coating on electrodes with thermally
degraded PAA binder. With the ultrathin polyamide coating,
the Si electrodes exhibit improved cohesion and the elastic
modulus of the anode was increased by 345%. The coating
imparts favorable mechanical properties to the Si anodes. We
also examined the impact of the thickness of the coating on
electrochemical cycling stability. While a 15 nm coating caused
high overpotentials and rapid capacity fading, an ultrathin 0.5
nm coating enabled stable cycling over 150 cycles.
Furthermore, the polyamide coating was deposited with a
spatial MLD chamber, permitting fast deposition and a viable
route to scale-up. The MLD coating explored in this work
differs from previous studies of MLD coatings in three ways:
(1) this MLD coating is an all-organic polymer and does not
contain any metals, (2) this MLD coating is S times thinner
than the alucone MLD coatings explored previously, and (3)
the MLD coating was deposited with a spatial reactor. The
mechanism that allows this thin coating to impart stable
cycling is likely related to its increased elasticity, low solubility,
and chemical resistance. Future work on this coating may use
in situ techniques to examine the mechanisms responsible for
the favorable properties of the MLD coating.
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