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Double Nitrogenation Layer Formed Using Nitric Oxide for
Enhancing Li* Storage Performance, Cycling Stability, and

Safety of Si Electrodes

Rahmandhika Firdauzha Hary Hernandha, Bharath Umesh, Jagabandhu Patra,
Chung-Jen Tseng, Chien-Te Hsieh, Ju Li, and Jeng-Kuei Chang*

To enhance Li storage properties, nitrogenation methods are developed for Si
anodes. First, melamine, urea, and nitric oxide (NO) precursors are used to
nitrogenize carbon-coated Si particles. The properties of the obtained particles
are compared. It is found that the NO process can maximize the graphitic
nitrogen (N) content and electronic conductivity of a sample. In addition,
optimized N functional groups and O—C species on the electrode surface
increase electrolyte wettability. However, with a carbon barrier layer, NO
hardly nitrogenizes the Si cores. Therefore, bare Si particles are reacted with
NO. Core-shell Si@amorphous SiN, particles are produced using a facile and
scalable NO treatment route. The effects of the NO reaction time on the
physicochemical properties and charge—discharge performance of the
obtained materials are systematically examined. Finally, the Si@SiN, particles
are coated with N-doped carbon. Superior capacities of 2435 and 1280 mAh
g~ are achieved at 0.2 and 5 A g, respectively. After 300 cycles, 90% of the
initial capacity is retained. In addition, differential scanning calorimetry data

electronic devices, electric vehicles, and
grid-scale energy storage systems.'™
However, the desired battery performance
(e.g., that which would reduce the range
anxiety of electric vehicle drivers) is beyond
that of state-of-the-art LIBs that use layered-
oxide positive electrodes and carbonaceous
negative electrodes.’! The replacement of
conventional graphitic electrodes, which
have a practical capacity of ~360 mAh g1,
with a higher-capacity anode material is
highly desired. In this context, Si-based
electrodes are of great interest because of
their high theoretical capacity (%3579 mAh
g71), appropriate lithiation/delithiation
potential, high abundance (28% of Earth’s
crust by mass), low cost, and nontoxicity.!*®!
However, Si anodes experience huge vol-
ume variation (>300%) during cycling,

indicate that the multiple nitrogenation layers formed by NO significantly
suppress electrode exothermic reactions during thermal runaway.

1. Introduction

Lithium-ion batteries (LIBs) have become mainstream energy
storage devices for a variety of applications, including portable

which causes mechanical disintegration
of the electrodes, repeated solid-electrolyte
interphase (SEI) breakdown/formation,
electrolyte consumption, and cyclable Li*
loss, limiting the electrode lifespan.’) Many approaches
have been applied to overcome these problems, includ-
ing electrode microstructure control,'%13) electrode surface
modification,'* 1l binder engineering,'!® and electrolyte
composition optimization.'2!l Numerous Si nanostructures
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have been developed to release the induced stress and strain
during electrode cycling; however, their porosity (empty buffer
space) decreases the electrode volumetric capacity and lowers
the initial Coulombic efficiency (CE). A more practical and
cost-effective method for modifying Si anodes to increase
mechanical/chemical stability and cyclability is highly desired.

Inorganic Si functional composites such as Si ox-
ides/oxycarbides (e.g., SiO, SiO,, SiO,, SiOC),?2?}] Si carbide
(SiC),[2*%] and Si nitrides (e.g., Si;N,, SiN,)[?6-28] have attracted
increasing attention because these Si-containing ceramic mate-
rials efficiently increase electrode cycling stability. Among them,
Si nitrides have received a lot of research interest. Stoichiometric
Si;N, has excellent strength (>1 GPa) and high toughness
(~7.0 MPa m?'/2).[2%30] It was reported that incorporated a-Si;N,
serves as a framework to support active Si particles and facili-
tates Li* transport within the electrode.?'**] In addition, Si;N,
prevents mechanical collapse and Si particle aggregation./2634]
However, crystalline Si;N, is relatively electrochemically inactive
(specific capacity: 100 mAh g='),3* which decreases the elec-
trode specific capacity. The synthesis temperature for crystalline
a-Si;N, is >1200 °C and that for crystalline -Si;N, is >1400 °C,
making fabrication energy-consuming and necessitating the
use of sophisticated equipment. Therefore, amorphous-like
SiN,, which has a high specific capacity of >1100 mAh g1, is
preferred. Generally, the synthesis temperature for SiN, is less
than 1000 °C. The on-site generated N-containing SEI in the first
charging process protects the SiN, electrode, leading to superior
cyclability.®¥] The present study develops a facile and efficient
route for nitrogenizing Si particles to create an amorphous-like
SiN, layer on Si cores.

Few studies have examined the creation of an amorphous-like
SiN,, layer on Si particles. Paik et al. used ammonia (NH,) gas
to treat Si nanotubes,** forming an SiN/SiO,N, surface layer
on the tubes. The obtained material showed a high initial ca-
pacity of 2131 mAh g=! (CE: 86.3%) at 0.2 C. After 20 cycles,
the electrode retained 96% of its initial capacity. Ng et al.?*l and
Huo et al.?% adopted a similar nitrogenation method to react a
gaseous NH; precursor with polycrystalline Si particles, produc-
ing amorphous SiN, shells on Si cores. The Si/SiN, composite
anode had a decent capacity of 1400 mAh g=! at 0.5 A g7! af-
ter 200 cycles, which can be attributed to improved stress man-
agement and electrode conductivity owing to the nitrogenation
layer.®¥] However, the NH; precursor is considered hazardous
and highly corrosive.’’-3?] Moreover, it is flammable and toxic
and thus may have an environmental impact.*’l Liu et al. syn-
thesized a microscale N-doped Si composite using an alternative
method.*!] The mechanical milling of sintered Si-xLiNH, mix-
tures under a CO, atmosphere led to the in situ formation of an
amorphous Li,CO,/SiO, shell (thickness: 10 nm), which con-
tained dispersed SiN, clusters, on the Si particles. The resulting
eggshell composite anode exhibited an initial reversible capacity
of 1820 mAh g=! at 0.1 A g~! and a great rate capability of 1117
mAh g=! at 2 A g~1.[*ll However, the LiNH, precursor showed
low nitrogenation capability and was sensitive to air and mois-
ture (it thus requires an inert atmospherel*?l). The air-tight ball-
milling process requires a delicate chamber design and is thus
impractical for large-scale production. A better precursor and a
more scalable nitrogenation strategy for Si particles need to be
developed.
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In the present study, carbon-coated Si particles are nitroge-
nized using various N-containing precursors, namely melamine,
urea, and nitric oxide (NO). Because bare Si particles show low
electronic conductivity and poor cycling stability, carbon coating
is commonly applied. Therefore, we adopt carbon-coated Si parti-
cles as the starting material. The effects of precursor type on the
physicochemical properties and charge—discharge performance
of the obtained materials are systematically examined. It is found
that the surface carbon layer can block the interaction between
NO gas and Si particles. Therefore, we use NO to treat bare Si
powder. The NO treatment time is varied to study its effect on
electrode performance. The underlying mechanism of this effect
is examined. Then, the NO-nitrogenized Si particles are coated
with N-doped carbon to optimize the electrode charge—discharge
properties. This is the first attempt to create a double nitrogena-
tion layer on Si cores using NO gas. Because high-energy-density
Si anodes can pose a high safety risk for batteries,[*}] we use
differential scanning calorimetry (DSC) to evaluate the thermal
properties of various nitrogenized Si samples after lithiation.
The electrode with a double nitrogenation layer shows signifi-
cantly suppressed exothermic reactions compared with those of
the pristine Si electrode after the same lithiation process. The
proposed nitrogenation method is facile, cost-effective, and scal-
able for practical applications. Importantly, the rate capability, Li*
transport kinetics, redox transition reversibility, and cyclability of
the electrode, which are crucial for next-generation LIBs, are con-
siderably enhanced.

2. Results and Discussion

Figure 1a shows the X-ray diffraction (XRD) patterns of pris-
tine Si, carbon-coated Si particles (Si/C), and carbon-coated
Si particles nitrogenized using melamine (Si/C-N-M), urea
(Si/C-N-U), and NO (Si/C-N-NO), respectively (see Section 4.1
for details). The peaks at 28.4°, 47.4°, and 56.1° are indexed
as the (111), (220), and (311) plane diffractions, respectively, of
cubic Si (JCPDS-27-1402). Due to the low crystallinity of the coat-
ing layers, no corresponding diffraction signals were detected.
Figure 1b shows the Raman spectra of the samples. All the coated
samples exhibit a D-band signal at #1345 cm™! and a G-band
signal at #1595 cm™!, which are associated with defective carbon
bonding and the Raman-allowed in-plane vibration of sp? carbon,
respectively.**l The D-to-G-band intensity ratios of Si/C, Si/C-
N-M, Si/C-N-U, and Si/C-N-NO are 0.98, 1.02, 1.02, and 1.03,
respectively, reflecting the increase in the disordering of the car-
bon atoms with the incorporation of nitrogen (N) heteroatoms.
The quantity of the coating layers was evaluated using thermo-
gravimetric analysis (TGA); the data are shown in Figure 1c. The
samples with surface coating layers underwent a clear weight
loss of approximately 10 wt% at around ~550-700 °C, which is
attributed to the burnout of the carbon-based coating layers.[**]
Figure 1d-h shows the morphology and particle size distribution
of various samples examined using scanning electron mi-
croscopy (SEM) and dynamic light scattering (DLS), respectively.
Irregularly granular morphologies due to mechanical milling
were observed for all samples. The D, values for the pristine Si,
Si/C, Si/C-N-M, Si/C-N-U, and Si/C-N-NO particles are 100, 111,
113, 112, and 110 nm, respectively. The diameter increase of the
Si powder after the coating process confirms that a surface layer
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Figure 1. a) XRD patterns, b) Raman spectra, c) TGA curves of Si, Si/C, Si/C-N-M, Si/C-N-U, and Si/C-N-NO samples. SEM/DLS data for d) Si, e)
Si/C, f) Si/C-N-M, g) Si/C-N-U, and h) Si/C-N-NO samples. High-resolution TEM images for i) Si, j) Si/C, k) Si/C-N-M, I) Si/C-N-U, and m) Si/C-N-NO

samples.

formed on the particles. Figure 1li-m shows high-resolution
transmission electron microscopy (TEM) images of various
samples. While the Si cores are highly crystalline (as indicated by
the lattice images and diffraction pattern shown in the figure),
amorphous coating layers (thickness: ~5 nm) were observed for
the Si/C, Si/C-N-M, Si/C-N-U, and Si/C-N-NO samples. The N
doping did not significantly alter the thickness and crystallinity
of the coating layers. The tap densities of these samples were
found to be approximately 0.28, 0.57, 0.64, 0.67, and 0.69 g cm 3,
respectively (see Table S1, Supporting Information). The surface
coating, especially with N doping, seems to reduce the electro-
static repulsion between Si particles, leading to an increase in tap
density.

The surface chemical composition of the samples was exam-
ined using X-ray photoelectron spectroscopy (XPS). The results
(see Table S2, Supporting Information) indicate that the N con-
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tent of the Si/C-N-M, Si/C-N-U, and Si/C-N-NO samples is ~3.8
at%. Figure 2 shows the high-resolution XPS scans (Si 2p, N 1s,
C 1s, and O 1s spectra) for various samples. As shown, the Si
2p spectra can be deconvoluted into several components. The
peaks at 99.2, 102.3, 103.3, and 105.0 eV are associated with
Si—Si, Si—N, Si—0, and O—Si—O species, respectively.*24¢] Inter-
estingly, the Si—N signal appeared for the Si/C-N-M and Si/C-N-
U samples, but not for the Si/C-N-NO sample. The N 1s spectra
can be deconvoluted into four components. The peaks at 397.7,
399, 400.9, and 403.1 eV are associated with Si-N, pyridinic,
pyrrolic, and graphitic N species, respectively. The existence of
pyridinic, pyrrolic, and graphitic N species for Si/C-N-M, Si/C-N-
U, and Si/C-N-NO confirms that the N atoms of the precursors
diffused into the carbon layers. Again, there is no Si—N signal
for Si/C-N-NO, reflecting that in the presence of a carbon barrier
layer, NO hardly nitrogenized the Si core. However, Si/C-N-NO

2310062 (3 of 14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. XPS data for a) Si, b) Si/C, c) Si/C-N-M, d) Si/C-N-U, and e) Si/C-N-NO samples.

has a relatively high content of graphitic N, which is known to
effectively increase the electronic conductivity of the carbon
layer.[**8] The Si/C-N-M and Si/C-N-U were prepared using a
wet chemical method, where an ethanol solution containing glu-
cose and a nitrogen precursor (either melamine or urea) was
used. During the process, the nitrogen precursors react with Si
particles to form Si—N species. The C 1s spectra can be decon-
voluted into four components. In addition to the C—C peak at
284.7 eV, C—0, N—C—O0, and O—C=O0 signals are found at 286.2,
287.1, and 288.7 eV, respectively.l’®) The N—C—O bonds of the

Adv. Sci. 2024, 2310062

Si/C-N-M, Si/C-N-U, and Si/C-N-NO samples confirm that N was
doped into the surface carbon layers. Of note, a comparison of
the Si/C-N-M and Si/C-N-U samples indicates that the latter has
higher concentrations of Si—N (in Si 2p spectra) and N—C—O
(in C 1s spectra) species. These results suggest that the urea pre-
cursor (vs melamine precursor) has a higher nitrogenation abil-
ity. The O 1s spectra can be deconvoluted into two components,
namely O—C and O—Si peaks at 532.0 and 532.9 eV, respectively.
The relatively high O—C content of the Si/C-N-NO sample can be
attributed to the oxidizing power of the NO gas.

2310062 (4 of 14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Charge-discharge curves of a) Si, b) Si/C, c) Si/C-N-M, d) Si/C-N-U, and e) Si/C-N-NO electrodes measured at various rates. f) Comparative
rate performance and g) EIS spectra of various electrodes. h) Cycling stability data for various electrodes measured at 1.0 A g~".

Figure Sla—e (Supporting Information) shows the initial three
charge—discharge curves of various electrodes measured at a cur-
rent rate of 0.2 A g~!. The first-cycle CE values of the pristine Si,
Si/C, Si/C-N-M, Si/C-N-U, and Si/C-N-NO electrodes are 75%,
83%, 85%, 86%, and 87%, respectively. The efficiency loss is as-
cribed to SEI formation and the irreversible trapping of Li* ions
within the electrodes.l*’! Si/C-N-NO having the highest initial CE
can be ascribed to it having the highest electronic conductivity
among the electrodes (see Table S3, Supporting Information),
which promotes redox reversibility. This could be associated with
the relatively high graphitic N content of Si/C-N-NO (Figure 2e).
The N, adsorption/desorption data for Si/C and Si/C-N-NO are
shown in Figure S2 (Supporting Information). Although the lat-
ter shows a higher Brunauer—-Emmett-Teller surface area (80 vs
45 m? g71), its first-cycle reversibility is better. Figure 3a—e shows
the charge—discharge profiles of the electrodes recorded at vari-
ous current rates after two conditioning cycles. The reversible ca-
pacities obtained at 0.2 A g~! are 2015, 2177, 2268, 2294, and 2389
mAh g! for the pristine Si, Si/C, Si/C-N-M, Si/C-N-U, and Si/C-

Adv. Sci. 2024, 2310062

N-NO electrodes, respectively. With increasing current rate, the
specific capacities decreased, as shown in Figure 3f and Table 1.
The capacity values of these electrodes decreased to 101, 588, 749,
826, and 950 mAh g!, respectively, at 5 A g~!, corresponding
to 5%, 27%, 33%, 36%, and 40% of the capacities found at 0.2
A g7!. Besides electronic conductivity (Table S3, Supporting In-
formation), electrolyte wettability is a crucial factor that affects
the interface resistance and electrode rate capability. The contact
angle measurement results shown in Figure S3 (Supporting In-
formation) indicate that the N doping clearly increased the elec-
trolyte wettability of the electrodes. The surface of the Si/C-N-NO
electrode has an optimal N composition and high O—C content,
and thus has superior wettability and may cause redox faradaic
reactions.l’*5!l As a result, the best charge-discharge properties,
especially at a high rate, were obtained for the Si/C-N-NO elec-
trode.

The causes of the rate capability difference between var-
ious electrodes are further examined using electrochemical
impedance spectroscopy (EIS) and the galvanostatic intermittent

2310062 (5 0f14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Reversible specific capacities of pristine Si, Si/C, Si/C-N-M, Si/C-N-U, and Si/C-N-NO electrodes measured at various current rates.

Current rate [A g7] Pristine Si Si/C Si/C-N-M Si/C-N-U Si/C-N-NO
(mAh g™] [mAh g™'] [mAh g™'] [mAh g™'] [mAh g™']

0.2 2015 2177 2268 2294 2389

0.5 1412 1809 2009 2101 2239

1 1093 1430 1732 1795 1888

2 773 1092 1433 1449 1535

3 521 837 1193 1260 1378

5 101 588 749 826 950

High rate retention? 5% 27% 33% 36% 40%

Capacity retention after 300 cycles 0% 30% 32% 41% 53%

9a comparison between reversible capacities at 5.0 and 0.2 A g™'.

titration technique (GITT). Figure 3g shows the EIS data of the
electrodes acquired after two conditioning cycles. The Nyquist
spectra consist of a semicircle at high frequency and a sloping
line at low frequency, which can be characterized by the equiva-
lent circuit shown in the figure inset, where R,, R, CPE, and W
represent the electrolyte resistance, charge transfer resistance, in-
terfacial constant-phase element, and Warburg impedance asso-
ciated with Li* diffusion within the electrode, respectively.>2l The
R, values derived from the fitting results are 61, 39, 33, 29, and
25 Q for the Si, Si/C, Si/C/N-M, Si/C/N-U, and Si/C/N-NO elec-
trodes, respectively. Figure S4 (Supporting Information) shows
the GITT data of the electrodes measured during lithiation and
delithiation. The apparent Li* diffusion coefficients (Dy;*) can
be assessed based on these data (the calculation details are de-
scribed in the note of Figure S4, Supporting Information).l*! As
shown in Table 2, the Si/C/N-NO electrode has the highest D;;*
values (i.e., 4.69 and 4.92 x 1071% cm? s~ for lithiation and delithi-
ation, respectively), followed by the Si/C/N-U, Si/C/N-M, Si/C,
and pristine Sielectrodes. The R, and D;;* data reflect the charge
transfer kinetics at the interface and within the bulk electrode,
respectively, explaining the rate capability variation between the
examined anodes.

Figure 3h shows the cycling stability data of the electrodes
measured at 1.0 A g~!. The pristine Si showed almost no ca-
pacity after 130 cycles, whereas the Si/C, Si/C-N-M, Si/C-N-U,
and Si/C-N-NO electrodes retained 30%, 32%, 41%, and 53% of
their initial capacities, respectively, after 300 charge—discharge cy-
cles. Figure S5a (Supporting Information) shows the EIS spec-

Table 2. R, and D;* values of pristine various electrodes.

tra of the electrodes after 300 charge—discharge cycles. As can
be seen, the Nyquist circles evolve upon cycling (Figure 3g). The
relatively small change in the R, values of the Si/C-N-NO elec-
trode (Figure S5b, Supporting Information) suggests that the N-
doped carbon layer prepared using NO can stabilize the elec-
trode/electrolyte interface, increasing cyclability.

The data above confirm that NO gas is a good precursor for
doping the anode material. Moreover, NO at a concentration of
only 1500 ppm is sufficient for inducing positive effects and the
synthesis process is facile and scalable. However, with the car-
bon coating layer, nitrogenation hardly takes place in the Si cores.
Therefore, in this section, we treat pristine bare Si with NO gas
for various periods of time. The samples treated for 0.5, 1, and
2 h are denoted as Si/NO-0.5 h, Si/NO-1 h, and Si/NO-2 h, re-
spectively. Furthermore, we apply a glucose coating and NO heat-
ing to Si/NO-1 h, producing Si/NO/C-N with a double nitrogena-
tion layer (i.e., an SiN, inner layer and an N-doped carbon outer
layer). Figure 4a shows the XRD patterns of the samples. All the
observed peaks are attributed to polycrystalline Si. No extra peaks
appear after the NO treatment. However, as shown in Figure 4b,
the Si diffraction peaks become broader and weaker with increas-
ing NO treatment time, indicating the amorphization of the Si
particles and the formation of an amorphous nitrogenation layer.
Table S2 (Supporting Information) shows the XPS results, which
reveal that the N content of the samples increases with increasing
NO treatment time (i.e., 2.5 at% at 0.5 h and 5.0 at% at 2 h). As
shown in the Raman spectra (Figure 4c), the peak related to the vi-
bration band of polycrystalline Sil*! shifts from 520 to 515 cm™!

Electrode R, after conditioning [Q] R., after 300 cycles [Q] Lithiation/delithiation D;* [x 1071° cm? s71]
Si 61 116 1.25/1.84
Si/C 39 68 2.45/3.34
Si/C-N-M 33 50 3.30/3.75
Si/C-N-U 29 42 3.81/4.01
Si/C-N-NO 25 36 4.69/4.92
Si/NO-0.5h 23 33 4.78/5.21
Si/NO-1h 17 23 5.81/6.33
Si/NO-2h 19 26 4.13/5.66
Si/NOJC-N 15 19 6.72/7.04

Adv. Sci. 2024, 2310062
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Figure 4. a) XRD patterns, b) Si (111) diffraction intensity, c) Raman spectra, and d) TGA curves for various samples. High-resolution TEM images for

e) Si/NO-0.5 h, f) Si/NO-1 h, g) Si/NO-2 h, and h) Si/NO/C-N samples.

with increasing NO treatment time. This is associated with Si
lattice distortion and the formation of SiN, on the particles.[*!]
Figure 4c also shows that carbon D and G bands appear for
Si/NO/C-N, confirming the existence of an N-doped carbon coat-
ing on this sample. According to the TGA data in Figure 4d, the
N-doped carbon layer accounts for 10 wt% of the Si/NO/C-N
sample. The DLS data in Figure S6 (Supporting Information)
show that the D, values for the Si/NO-0.5 h, Si/NO-1 h, Si/NO-
2 h, and Si/NO/C-N samples are 110, 118, 127, and 130 nm, re-
spectively. A comparison with the D, value of pristine Si (i.e.,
100 nm) suggests that some reaction product layers formed af-
ter the NO treatment. Figure 4e-h shows high-resolution TEM
images of the prepared samples. As shown, the surface amor-
phous SiN, layer thickness increases from &5 to ~15 nm when
the NO treatment time is increased from 0.5 to 2 h. The Si/NO/C-
N sample shows a double nitrogenation layer (an inner SiN  layer
and an outer N-doped carbon layer). These two layers are well
integrated, with intimate contact between them. Figure S7 (Sup-
porting Information) shows low-resolution TEM images of the
Si/NO-1 h and Si/NO/C-N samples, demonstrating the integrity
of the surface layers. Table S1 (Supporting Information) shows
the tap densities of various samples. They indicate that the NO-
produced double nitrogenation layer can significantly consolidate
the Si particles (0.28 g cm™ for pristine Si and 0.84 g cm™ for
Si/NO/C-N). A denser material is favorable for making a more
compact electrode, which is beneficial for electrode volumetric
performance.l>]

Figure 5 shows the XPS spectra of the Si/NO-0.5 h, Si/NO-1 h,
Si/NO-2 h, and Si/NO/C-N samples. The Si 2p spectra contain
clear Si—N bonding signals, confirming that NO can effectively
nitrogenize Si if the carbon barrier layer is absent. Itis noted that
the Si—N peak intensity increases with increasing NO treatment
time. The N 1s spectra of the Si/NO-0.5 h, Si/NO-1 h, and Si/NO-
2 h samples show that with increasing NO treatment time, the

Adv. Sci. 2024, 2310062

Si—N signal overwhelms the N—Si—O signal. This indicates that
the N atoms gradually diffused through the surface oxide layer
to the Si cores. The N 1s spectrum of Si/NO/C-N confirms suc-
cessful N doping both in the carbon layer and in the Si matrix. As
shown in the O 1s spectra, the Si—O component dominates for
the samples without a surface coating, whereas the C—O compo-
nent is the major species for the Si/NO/C-N sample.

Figure S8a—c (Supporting Information) shows the initial
charge—discharge curves of the Si/NO-0.5 h, Si/NO-1 h, and
Si/NO-2 h electrodes measured at 0.2 A g~!. The first-cycle CE
values are 81%, 85%, and 83%, respectively. The appropriate for-
mation of Li;N, which is derived from the conversion reaction of
SiN, during the first lithiation, can help passivate the electrode
surface. However, an excessive irreversible conversion reaction,
such as that for the Si/NO-2 h electrode (due to its higher N
content), could reduce the CE. Figure S8d—f (Supporting Infor-
mation) shows the charge—discharge profiles of these three elec-
trodes measured at various current rates after two conditioning
cycles. Although the reversible capacities obtained at 0.2 A g~!
are similar for all electrodes, the capacities reduced to 1028, 1230,
and 1151 mAh g~!, respectively, at 5 A g~! (see Table 3). Of note,
these high-rate properties are higher than those of the Si/C/N-M,
Si/C/N-U, and Si/C/N-NO electrodes shown in Table 1. The di-
rect nitrogenation of bare Si particles seems to be more effective
in improving electrode performance, probably because the cre-
ated amorphous SiN, layer on the outermost particles could be
more readily transformed to a Li;N-based SEI, which is known
to have high Li* conductivity.>®] According to the literature,[>>-2]
the Li* conductivities of LiF, Li,CO;, Li,0, Li SiO,, and Li;N are
~1071°-107°%, #1078, #10712-107%, ~1077-107°, and ~107*-1072
S cm™!, respectively. In addition, the higher tap density of the
Si/NO samples (Table S1, Supporting Information) could facili-
tate Li* and e~ conduction among the particles, resulting in supe-
rior high-rate performance. Figure S9a (Supporting Information)
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95UB017 SUOIWIOD BA 118810 3ol jdde ay) Aq peuenob ae sooiLe VO '8sN JO San. 1oy Akeid1T8UIIUQ AB]IAA UO (SUONIPUCO-PUR-SWIBIALIOY" A8 | 1M Ale.d1|Bul [UO//ScY) SUORIPUOD pue sWwie 1 841 88S *[7202/70/0€] Uo Akeidiauljuo AB]iIM ‘0jouyde L Jo aImisu| spesnuydesseN AQ 2900TEZ0Z SAPR/Z00T 0T/I0p/u0o" A3 1M Al 1jpuluo//Sdny Wwoj papeojumod ‘0 ‘v¥8e86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED APV g

SCIENCE NEWS —_— D
www.advancedsciencenews.com www.advancedscience.com

(a) i . ” O 1s

Intensity (a.u.)

©106 104 102 100 98 — 404 402 400 398 396
Binding energy (eV)

Figure 5. XPS data for a) Si/NO-0.5 h, b) Si/NO-1 h, c) Si/NO-2 h, and d) Si/NO/C-N samples.

534 532 530

shows the EIS data of the electrodes acquired after two condition- lithiation and delithiation, namely 5.81 and 6.33 x 1071 cm? 57,
ing cycles. The R, values for the Si/NO-0.5 h, Si/NO-1 h, and  respectively, among the three electrodes (Table 2). The increased
Si/NO-2 h electrodes are 23, 17, and 19 Q, respectively (Table 2). R, and reduced D;;* values for the Si/NO-2 h electrode can be at-
The GITT data (see Figure S10, Supporting Information) indi-  tributed to the excessive amount of Li; N formed, which increases
cate that the Si/NO-1 h electrode has the highest D;;* values for ~ both the Li* transport distance across the SEI and electrode

Table 3. Reversible specific capacities of Si/NO-0.5 h, Si/NO-1 h, Si/NO-2 h, and Si/NO/C-N electrodes measured at various current rates.

Current rate [A g7'] Si/NO-0.5 h [mAh g™ Si/NO-1h [mAh g~] Si/NO-2 h [mAh g7'] Si/NO/C-N [mAh g1
0.2 2390 2405 2397 2435
0.5 2240 2255 2247 2285
1 1889 1904 1896 1934
2 1689 1704 1696 1734
3 1532 1547 1539 1577
5 1028 1230 1151 1280
High rate retention? 43% 51% 48% 53%
Cycle retention after 300 cycles 54% 77% 70% 90%

9q comparison between reversible capacities at 5.0 and 0.2 A g™.
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Figure 6. a,b) Charge—discharge curves of Si/NO/C-N electrode recorded at 0.2 A g~'. ¢) Comparative rate performance of various electrodes. d) Cycling

stability data for various electrodes measured at 1.0A g~

resistance. As shown in Figure S11 (Supporting Information),
the SEI thickness of the Si/NO-2 h electrode is clearly higher than
that of the Si/NO-1 h electrode.

Since an NO treatment time of 1 h is optimal for Si particles,
we applied a glucose coating followed by NO heating to Si/NO-
1h, producing Si/NO/C-N. Figure 6a shows that the first-cycle CE
of this electrode is as high as 89%, which can be ascribed to the
good passivation of Li;N and high conductivity of the N-doped
carbon coating (see Table S3, Supporting Information). More-
over, the double nitrogenation layer minimized the mechanical
breakdown of the particles, increasing electrochemical reversibil-
ity and thus the CE. As shown in Table S4 (Supporting Informa-
tion), the initial CE of 89% is among the best values reported
in the literature. A high first-cycle CE is crucial for Si-based an-
odes and determines their practical applicability.l%}] As shown in
Figure 6b, the reversible capacities of the Si/NO/C-N electrode
obtained at 0.2 and 5 A g~! are 2435 and 1280 mAh g™, respec-
tively. This superior performance (Figure 6¢) is associated with
the relatively low R, (Figure S9a, Supporting Information) and
high D;;* (Table 2) among the electrodes.

Figure 6d shows the cycling stability data of the electrodes mea-
sured at 1.0 A g~!. After 300 charge—discharge cycles, the Si/NO-
0.5 h, Si/NO-1h, Si/NO-2 h, and Si/NO/C-N electrodes retained
54%, 77%, 70%, and 90% of their initial capacities, respectively.
The impedance evolution of the electrodes after cycling was also
investigated (see Figure S9b, Supporting Information). As shown
in Figure 6e, the increase in R, for Si/NO/C-N is greatly sup-
pressed compared with those for the other electrodes. SEM im-
ages of various electrodes before and after cycling are compared
in Figure S12 (Supporting Information). The morphology of the

Adv. Sci. 2024, 2310062

1. ) Variation of R, values for various electrodes with respect to charge-discharge cycle number.

Si/NO-0.5 h electrode was distorted after cycling. The Si parti-
cles clearly expanded and agglomerated. Moreover, the electrode
surface was covered by a thick SEI layer, which can increase the
electrode impedance and lead to marked capacity deterioration.
In contrast, with the double nitrogenation layer, the structure
of the Si/NO/C-N electrode was highly preserved after cycling,
which explains its exceptional cyclability. Figure S13 (Supporting
Information) shows cross-sectional SEM images of the Si/NO-
0.5h and Si/NO/C-N electrodes after 50 charge—discharge cycles.
Much less volume expansion and better integrity of the latter elec-
trode are confirmed. As shown in Table S4 (Supporting Informa-
tion), the cycling stability of the Si/NO/C-N electrode is among
the best reported for Si-based anodes. Under harsh conditions
(a capacity of >1900 mAh g~! and a rate of 1.0 A g!), where
substantial and rapid electrode volume variation occurred, satis-
factory cyclability was still achieved for the Si/NO/C-N electrode,
which showed a steady CE of 99.9% up to 300 cycles. Note that
we did not optimize the binder and electrolyte recipes and did not
use any sophisticated electrode architectures to maximize the cy-
cle life. If these strategies are adopted, further improvement in
electrode cycling stability can be expected.

Figure 7a,b compares the XPS data of the Si/NO/C-N elec-
trodes after two conditioning cycles and after 300 charge-
discharge cycles. As shown in the Si 2p data, the Si—O and Si—N
species are consumed and Li SiO, (at 101.2 eV) emerges after
conditioning (compared with the data of the as-prepared elec-
trode shown in Figure 5d). The N 1s spectrum indicates the clear
formation of Li;N (at 399.7 eV),3%%4%) which is a highly favor-
able SEI component as it provides high mechanical robustness,
great passivation ability, and high Li* conductivity.3*%¢] Besides

2310062 (9 0f14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. XPS spectra of Si/NO/C-N electrodes a) after two conditioning cycles and b) after 300 charge—discharge cycles.

Li,SiO, and Li;N, LiF, Li,CO;, and Li—O species are constituents
of the SEI (according to the Li 1s, C 1s, and O 1s spectra). As
shown, after 300 charge—discharge cycles, the XPS characteris-
tics are close to those of the electrode that underwent only condi-
tioning cycles. This indicates that the SEI layer on the Si/NO/C-N
electrode is robust and steady, which is in line with the observed
great electrode cyclability.

Cu current collector

Pristine Si

Si/NO/C-N
e Si

Figure 8 shows the structural evolution of the pristine Si and
Si/NO/C-N electrodes upon cycling. The former electrode has
low electronic conductivity and loose interparticle connectivity.
The uncontrolled volume variation of the Si particles during lithi-
ation/delithiation causes serious mechanical degradation. The
repeated breakdown and reformation of the SEI lead to SEI ac-
cumulation and thus a thickness increase, which isolates the Si

Si/NO/C-N after cycling

e Conventional SEI

o SiN,

e N-doped carbon
e Li;N layer

® Li;N-rich SE

Figure 8. Schematic illustration of structure evolution for pristine Si and Si/NO/C-N electrodes upon charge—discharge cycling.
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Figure 9. DSC data of various lithiated electrodes conducted under N, gas
with a heating rate of 5 °C min~".

particles and hinders Li* and e~ transport, resulting in rapid
electrode performance deterioration. In contrast, the Si/NO/C-
N particles are covered by an inner SiN, layer and an outer N-
doped carbon layer, which provide good electronic conduction,
ensuring a close connection between the active material particles
and promoting electrolyte wettability (see Figure S14, Supporting
Information). Upon charging/discharging, percolation conduc-
tion pathways formed within the electrode. The produced Li;N
(converted from SiN,) is responsible for the high Li* conductiv-
ity and great passivation ability,**! which lead to high charge—
discharge performance. The multiple amorphous nitrogenation
layers (SiN,,/Li; N/N-doped carbon), which are protective and flex-
ible, buffer the Si volume change and wrap the particles to pre-
vent their pulverization. Consequently, the electrode interface is
stabilized and good cyclability is achieved.

To assess the safety properties, the interfacial exothermic reac-
tions between various lithiated electrodes and the electrolyte were
examined using DSC. Figure 9 shows the obtained data for the
pristine Si, Si/NO-0.5 h, Si/NO-1 h, Si/NO-2 h, and Si/NO/C-N
samples after two conditioning cycles and in the lithiation state.
The pristine Si showed an exothermic reaction starting at ~78 °C,
which is attributed to the breakdown of the SEI layer.l®’”] After-
ward, multiple exothermic reactions, which included the ther-
mal decomposition of the electrolyte and direct interaction be-
tween the highly active, lithiated Li, Si with the electrolyte,[®-70]
occurred, leading to a second peak at ~150 °C. The total heat re-
leased was as high as #1073 ] g~!. For Si/NO-0.5 h, the exother-
mic onset temperature increased to ~105 °C. However, probably
due to the incomplete coverage of Li; N (i.e., the SEI composition
is not uniform), the first exothermic peak related to SEI became
split. As shown, increasing the NO treatment time increases the
exothermic onset temperature and reduces the total heat gener-
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ated. Of note, the exothermic peak associated with SEI was sig-
nificantly diminished when the NO treatment time was 1 h or
longer. In addition, the Li;N-rich layer seems to alleviate the inter-
action between the lithiated electrode and the electrolyte, decreas-
ing the second exothermic peak intensity. As shown in Figure 9,
adding the N-doped carbon coating on the Si/NO-1 h particles
further enhanced thermal stability. The measured exothermic on-
set temperature and the total heat generated for the Si/NO/C-N
sample are ~186 °C and ~176 ] g™}, respectively. This is the first
work to study the thermal properties of N-doped Si anodes and
show that the formed Li;N-based SEI can greatly promote elec-
trode safety.

To evaluate the potential of the proposed anode for prac-
tical applications, an Si/NO/C-N]||LiNi,¢Co,,Mn,,0, full cell
was constructed with an anode-to-cathode capacity ratio of 1.15.
Figure 10a,b shows the charge—discharge profiles measured dur-
ing conditioning cycles at 0.1 C and during operation at various
C rates (1 C = 200 mA g! for LiNi,4Co,,Mn,,0,). As shown,
the reversible specific capacities (based on both the anode and
cathode materials) of the cell are 180, 175, 167, and 158 mAh g~!
at0.1,0.2, 0.5, and 1 C, respectively. The gravimetric energy den-
sity of this cell calculated based on the discharge profile at 0.1 C
is approximately 585 Wh kg~!, where the mass does not include
the electrolyte, current collectors, binders, conductive agents, and
separator. This promising energy density indicates the merit of
the Si/NO/C-N anode. Figure 10c shows the cycling stability of
the cell measured at 0.5 C. The Si/NO/C-N]||LiNi, 4Co,;Mn, 0O,
cell retains #90% of its initial capacity after 300 charge—discharge
cycles. The Si particles with a double nitrogenation layer formed
using NO gas have great cyclability for high-energy-density LIB
applications.

3. Conclusion

Urea, melamine, and NO were, for the first time, confirmed to
be valid precursors for nitrogenizing Si materials. Among them,
NO is particularly interesting. NO at a concentration of only
1500 ppm in the carrier gas (at 850 °C) is sufficient for modifying
the materials and altering their electrochemical performance. We
found that bare Si particles are more suitable than carbon-coated
Si particles as a raw material for the nitrogenation reaction us-
ing NO for the optimization of Li* storage properties because the
carbon layer blocks the interaction between NO and the Si cores.
Accordingly, the rate capability, R, D;;*, and cycling stability of
the Si/NO series of electrodes are superior to those of the Si/C-N-
NO electrode. However, the NO treatment time of the Si particles
should be appropriately controlled. Over-nitrogenation led to ex-
cessive formation of Li;N during cycling, increasing both the Li*
transport distance across the SEI and electrode resistance. The
Si/NO/C-N sample with a double nitrogenation layer (an inner
SiN, layer and an outer N-doped carbon layer) had high electronic
and Li* conduction between particles; the layers promoted elec-
trolyte wettability and provided good protection for the Si cores
(alleviating pulverization and uncontrolled SEI accumulation).
An excellent initial CE of 89% and high capacities of 2435 and
1280 mAh g=! at 0.2 and 5 A g1, respectively, were obtained. The
constructed Si/NO/C-N||LiNi, 3Co,;Mn,;0, full cell showed a
high energy density of 585 Wh kg! and retained ~90% of its
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Figure 10. a) Initial charge—discharge curves measured at 0.1 C and b) charge—discharge profiles measured at various rates of Si/NO/C-
NJ|LiNig gCog 1Mng 1O, full cell. ¢) Cycling stability of Si/NO/C-N||LiNig §Cog 1Mng 10, full cell measured at 0.5 C for 300 cycles.

initial capacity after 300 charge—discharge cycles. Of note, accord-
ing to the DSC data, the formed N-containing SEI was thermally
robust and mitigated the interaction between the lithiated elec-
trode and the electrolyte. The measured exothermic onset tem-
perature and total heat generated for the Si/NO/C-N electrode
are ~186 °C and ~176 ] g~!, respectively, which are much better
than those (~78 °C and ~1073 ] g™!) for the pristine Si electrode.
The proposed NO nitrogenation method is facile, effective, and
scalable. The obtained Si/NO/C-N anode material with a double
nitrogenation layer has great potential for high-energy-density,
long-life, and high-safety LIB applications.

4. Experimental Section

Nitrogenation of Carbon-Coated Si and Bare Si Particles: Micrometer-
size Si powder (Dsq: 1.8 um; purity >99.9%) was provided by Super Energy
Material Inc., Taiwan. Planetary ball milling was performed for 24 h to re-
duce the Dy value of the Si particles to ~100 nm (the obtained sample is
denoted as pristine Si). The nitrogenation of the carbon-coated Si particles
was performed using one of two methods. In the wet chemical method,
an ethanol solution containing glucose and a nitrogen precursor (either
melamine or urea) was prepared. The Si powder, glucose, and nitrogen
precursor (melamine or urea) were mixed in a weight ratio of 6:3:1. The
mixture was stirred for 5 h and the resulting material was filtered, dried,
and then calcined at 850 °C under Ar for 5 h. The obtained samples are de-
noted as Si/C-N-M and Si/C-N-U, respectively. In the gas reaction method,
an Si/C sample was first prepared using the wet chemical procedure above
but without any nitrogen precursor. Then, it was heated at 850 °C for 5 h

Adv. Sci. 2024, 2310062

under an NO-containing flow, which consisted of 3000 ppm NO/He gas
(50 cc min~') and 10% H,/Ar gas (50 cc min~'). This sample is denoted
as Si/C-N-NO.

The nitrogenation of bare Si powder was conducted by heating the pris-
tine Si at 850 °C under the same NO-containing flow for 0.5, 1, or 2 h. The
resulting samples are denoted as Si/NO-0.5 h, Si/NO-1 h, and Si/NO-2 h,
respectively. The Si/NO-1 h sample was further subjected to glucose load-
ing and 5 h of NO heating at 850 °C to create a double nitrogenation layer.
This sample is denoted as Si/NO/C-N.

Preparation of Electrolyte, Electrodes, and Cells: Battery-grade LiPFg,
ethylene carbonate (EC), diethyl carbonate (DEC), and fluoroethylene car-
bonate (FEC) were purchased from Kishida Chemical Co., Ltd. The sol-
vents were treated using molecular sieves to remove residual water be-
fore use. The LiPFg (1 M) was dissolved in EC/DEC mixed solvent (1:1 by
volume) with 5 wt% FEC additive to form the electrolyte. The electrode
slurry was made of 80 wt% active material powder, 10 wt% conducting
Super P, and 10 wt% sodium polyacrylate binder in deionized water. The
slurry was cast onto Cu foil using a doctor blade and then vacuum-dried
for 8 h at 100 °C. The obtained electrodes were punched to fit the re-
quired dimensions of a CR2032 coin cell. The amount of active material
loading was ~2 mg cm~2. The thickness values of all electrodes were ap-
proximately 60 um. Li foil and a glass fiber membrane were used as the
counter electrode and separator, respectively, in a half-cell configuration.
For full-cell construction, the developed negative electrode was paired with
a LiNiggMng 1Coq 1O, positive electrode with a capacity ratio of 1.15:1.
The negative electrode was prelithiated to 10% capacity in a half cell prior
to the full-cell assembly. The coin cells were assembled in an Ar-filled glove
box (Vigor Tech. Co. Ltd.), where the moisture and oxygen content levels
were maintained at below 0.2 ppm.

Material and Electrochemical Characterizations: XRD (Bruker D2
Phaser) was used to determine the crystal structures of the samples. SEM

2310062 (12 O‘F14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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(JEOL JSM7800F Prime) and TEM (JEOL F2100F) were used to study the
morphology and microstructures. The particle size distribution was mea-
sured using DLS (Otsuka ELSZ-2000), with ethanol used as the disper-
sant. The Raman spectra were collected using a spectrometer (LabRAM
HR 800) with an excitation laser wavelength of 633 nm. TGA (TA Instru-
ments Q500) was conducted under air with a heating rate of 5 °C min~".
XPS (Thermo Fisher Scientific ESCALAB Xi*) was employed to examine
the surface chemistry of the samples. The X-ray source was Al K, radia-
tion (1486.6 eV). The contact angles between various electrodes and 1 M
LiPFg EC/DEC/FEC electrolyte were measured using a digital goniometer
(Sindatek Model 100SB). DSC (NETZSCH 3500) was conducted under N,
gas with a heating rate of 5 °C min~". The cycled electrodes were removed
from the coin cells and rinsed in the glove box with the EC/DEC solvent.
The electrodes were then transferred to the XPS chamber using an air-tight
vessel. The EIS measurements were conducted using a potential perturba-
tion amplitude of 10 mV within a frequency range of 106~1072 Hz (with a
BioLogic VSP-300 potentiostat). A battery tester (NEWARE CT-4000) was
used to study the charge—discharge properties, such as capacity, CE, rate
capability, and cycling stability, of various cells at 25 °C. The GITT was
used to assess the apparent Lit diffusion coefficients (Dy;*) of various
electrodes.

Statistical Analysis:  The CV, EIS, GITT, and charge—discharge measure-
ments of various electrodes were repeated at least three times to ensure
validity. The data deviation was typically within ~3%. The reported values
are the medians. All the XPS spectra were calibrated with the binding en-
ergy of the C Ts peak (284.7 eV). The data fitting was done using XPSPEAK
4.1 software. For XRD data, the background subtraction and phase identi-
fication were conducted using the EVA and TOPAS programs provided in
the Bruker software package. Origin software was used for data analysis
and processing.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Table S1. Tap density of various samples.

Sample Tap density (g cm>)

Si 0.28
Si/C 0.57
Si/C-N-M 0.64
Si/C-N-U 0.67
Si/C-N-NO 0.69
Si/NO-0.5h 0.72
Si/NO-1h 0.79
Si/NO-2h 0.80
Si/NO/C-N 0.84
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Table S2. Elemental composition of pristine Si, Si/C, Si/C-N-M, Si/C-N-U, Si/C-N-NO,

Si/NO-0.5h, Si/NO-1h, Si/NO-2h, and Si/NO/C-N samples measured using XPS.

Sample Si (at%) C (at%) N (at%) O (at%)
Si 68.2 7.0 0.0 24.8
Si/C 22.6 43.1 0.0 343
Si/C-N-M 22.1 41.3 3.7 32.9
Si/C-N-U 21.6 43.1 3.9 314
Si/C-N-NO 26.9 28.7 3.8 40.6
Si/NO-0.5h 30.7 15.4 2.5 51.4
Si/NO-1h 29.5 11.4 4.4 54.7
Si/NO-2h 28.0 11.1 5.0 55.9
Si/NO/C-N 19.8 30.1 4.1 46.0

Table S3. Electronic conductivity values of pristine Si, Si/C, Si/C-N-M, Si/C-N-U, Si/C-N-NO,

S1/NO-0.5h, Si/NO-1h, S1/NO-2h, and Si/NO/C-N samples.

Sample Electronic conductivity (x 107! S cm™)
Si 1.35
Si/C 3.21
Si/C-N-M 4.02
Si/C-N-U 4.18
Si/C-N-NO 4.63
Si/NO-0.5h 2.88
Si/NO-1h 3.19
Si/NO-2h 3.21
Si/NO/C-N 5.02
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Table S4. Performance comparison of Si/NO/C-N with various N-doped Si-based anodes

reported in the literature.

Capacity
Initial Initial retention
reversibl . (%) /
. Coulombi
No . Synthesis e number of
Material : c Reference
method capacity . cycle /
’ | efficiency
(mAh g (%) current
h rate (A g~
1
)
Nitrogenation on Si
Ball milling Mater. Lett
1| -SisNe (reduce size 83 ~40 N/A | 2003,57,
with time 30633069
dependent)
. Solid State
a-SizNaw +
. - ~27% / lon. 2007
2 30 % Si Ball milling >800 ~40 ’
composites 50/0.08 1781,1111207—
: Solid State
a-SizNap +
. - ~47% | lon. 2007
3 30 % Si Ball milling ~1000 ~50 ’
composites 50/0.08 1781,1111207—
Manual mix of Int. J
Siz-xMxN4 . 45.4% / | Electrochem.
41 (M=Fe) “S;Z'”g;';g da”d 470.6 05 15070.1¢C | sci. 2007, 2,
478-487
. 0 Electrochim.
Binder-free Hot filament 62% / _%10 / Acta 2010,
S | a-SiN/BCNT CVD & 607 NIA— | 2X 107 A | o5 9969
sputtering cm 9974
J. Power
72.2% /
. Pulsed Laser Sources
6 a-SiNo.o2 Deposition 1800 75 100é 0.2 2013, 231,
186-189
J. Mater.
A _CVD, 45206 | Shem-A
7 | SiNx/graphen | dispersion, and >3000 70 200705 2014, 2,
e heat treatment ' 14577
14584
Two-step DC J Power
8 N1-Si/CMAs | sputtering on Cu 2789 80 40% / 200 Sources
(a-SiNo.73) Micro-cone /02C 2016, 325,
arrays (CMAS) 64-70
N/A
. Plasma . Electrochim.
-SiN_-H
O | Enhanced CVD | 2 69.1 (Cavgzzlty Acta 2018,
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increasing | 268, 241—
until 200" 247
and
decreasin
g until
350"
cycle)
Energy
C Qs Two-step gas— 81.3% / Storage
Si@S1,N,@C
10 | SI@SEN,@C | Chdreaction | 20938 | 915 | 200705 | Mater 2020,
24, 565-573
Part. Part.
. Syst.
SIN - 0
11 Mo Gas-phase 1212 w55 | 8213000 oy et
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Figure S1. Initial three charge-discharge cycles of (a) Si, (b) Si/C, (c) Si/C/N-M, (d) Si/C/N-

U, and (e) Si/C/N-NO electrodes measured at 0.2 A g 2.
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Figure S2. (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves of Si/C

and Si/C-N-NO samples.
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Figure S3. Contact angle measurements of (a) pristine Si, (b) Si/C, (c) Si/C/N-M, (d) Si/C/N-

U, and (e) Si/C/N-NO electrodes toward electrolyte.
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Figure S4. GITT data for (a,b) pristine Si, (c,d) Si/C, (e,f) Si/C/N-M, (g,h) Si/C/N-U, and (i,))
Si/C/N-NO electrodes measured during lithiation and delithiation processes. Please see the note

below for the D" calculation.
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Note: The apparent Li* diffusion coefficients (Dvi*) of the electrodes can be calculated based

on the GITT. The following equation is used to evaluate the D" values.

4 mV_, AEg ,
Duis = = G Gg)’

In the equation, m is the mass of the electroactive material, and M (28.08 g mol™) and V (12.06
cm?® mol™) are the molar mass and molar volume of Si, respectively. T represents the time for
which the constant current pulse is applied (600 minutes). 4Es and 4E, denote the change in the
steady-state voltage (Eo) of the cell for each applied galvanostatic current pulse and the total
transient voltage change of the cell during the step, respectively. S stands for the geometric

surface area of the electrode (i.e., 1.33 cm?).
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Figure S5. (a) EIS spectra of various electrodes acquired after 300 charge-discharge cycles. (b)

Variation of Rt values for various electrodes with respect to charge-discharge cycle number.



5|() Si/NO-0.5h
I 110 nm
2
W
c
[1}]
il
=
0 100 200 300
Particle size (nm)
3: (c) SiINO-2h
,_l'_'ﬂ_, 127 nm
2
w
c
Q
'
£
0 1700 200 300

Particle size (nm)

WILEY-VCH

= |(b) SiINO-1h
E..r 118 nm
2
wn
c
[1}]
el
=
0 100 200 300
Particle size (nm)
3 (d) Si/NO/C-N
© , 130 nm
S— o 4...
n ! %
[1h] ./ ol
- j ,
|y — ~o—I
0 100 200 300

Particle size (nm)

Figure S6. DLS daata for (a) Si/NO-0.5h, (b) Si/NO-1h, (c) Si/NO-2h, and (d) Si/NO/C-N

samples.
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Figure S7. Low-resolution TEM images of (a) Si/NO-1h and (b) Si/NO/C-N samples.
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Figure S8. Initial three conditioning cycles performed at 0.2 A g and charge-discharge

profiles measured at various rates for (a,d) Si/NO-0.5h, (b,e) Si/NO-1h, and (c,f) Si/NO-2h

electrodes.
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Figure S9. EIS spectra acquired after (a) conditioning cycles and (b) after 300 charge-discharge

cycles for Si/NO-0.5h, Si/NO-1h, Si/NO-2h, and Si/NO/C-N electrodes.
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Figure S10. GITT data for (a,b) Si/NO-0.5h, (c,d) Si/NO-1h, (e,f) Si/NO-2h, and (g,h)

Si/NO/C-N electrodes measured during lithiation and delithiation processes.
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Figure S11. High-resolution TEM images for (a) Si/NO-1h and (b) Si/NO-2h samples after

two conditioning cycles.

100 nm

Figure S12. SEM images of (a,e) Si/NO-0.5h, (b,f) Si/NO-1h, (c,9) Si/NO-h, and (d,h)
Si/NO/C-N electrodes. (a)—(e) are pristine electrodes and (e)—(h) are the electrodes after 300

charge-discharge cycles.
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Figure S13. Cross-sectional SEM images of (a) Si/NO-0.5h and (b) Si/NO/C-N electrodes after

50 charge-discharge cycles.
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Figure S14. Contact angle measurements of (a) Si/NO-0.5h, (b) Si/NO-1h, (c) Si/NO-2h, and

(d) SI/NO/C-N electrodes toward electrolyte.
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