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ABSTRACT: Silicon-based precursor derived glass-ceramics or PDCs
have proven to be an attractive alternative anode material for Li ion
batteries. Main challenges associated with PDC anodes are their low
electrical conductivity, first cycle loss, and meager C-rate performance.
Here, we show that thermal conversion of single source aluminum-
modified polysilazane on the surfaces of carbon nanotubes (CNTs)
results in a robust Si—Al-C—N/CNT shell/core composite that offers
extreme C-rate capability as battery electrode. Addition of Al to the
molecular network of Si—C—N improved electrical conductivity of Si—
C—N by 4 orders of magnitude, while interfacing with CNTs showed 7-
fold enhancement. Further, we present a convenient spray-coating
technique for PDC composite electrode preparation that eliminates
polymeric binder and conductive agent there-by reducing processing
steps and eradicating foreign material in the electrode. The Si—Al-C—
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N/CNT electrode showed stable charge capacity of 577 mAh g~' at 100 mA g~' and a remarkable 400 mAh g~' at 10 000 mA
g~', which is the highest reported value for a silazane derived glass-ceramic or nanocomposite electrode. Under symmetric cycling

conditions, a high charge capacity of ~350 mA g~' at 1600 mA g~' was continuously observed for over 1000 cycles.
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B INTRODUCTION

The future success of battery operated vehicles and portable
electronic devices will require invention of lightweight, safer,
high capacity, long lasting and high power electric sources.
From a practical standpoint, advanced lithium ion battery
technology (a-LIB) seems to be the most viable option.'”®
Therefore, considerable improvements to the present-day LIB
electrode and electrolyte materials and design are needed to
achieve high rate capability, short charging time, high energy
density, and long cycle life”™"" Accordingly, much of the
research emphasis has been on the development of high
capacity anode materials; particularly silicon anodes because of
its high theoretical lithium discharge capacity of 3850 mAh-g™!
(>10 times that of commercial graphite).'”'" Traditional silicon
however has other shortcomings such as low electrical
conductivity, large volumetric changes that cause cracking,
and unstable solid electrolyte interphase (SEI) formation that
leads to poor C-rate and capacity fading."'™"* Consequently,
several silicon nanostructured electrode design and 3-D
assemblies involving shell/core nanowires, nanorods, micro-
spheres and particles etc. have been proposed and fabri-
cated.""™** These new designs have considerably alleviated
many of the issues, however, the relatively low volumetric
energy densities and challenges associated with their large-scale
production and high manufacturing cost must be overcome
before such technologies can be commercialized.
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Among other anode materials for a-LIBs, silicon-based
precursor derived glass ceramics (or PDCs) such as silicon
carbonitride (or Si—C—N) have shown incredible electro-
chemical performance in recent years. These glass-ceramics,
known for their aberrant nanodomain structure (characterized
by two interpenetrating amorphous phases of Si—C—N mixed
bonds and excess disordered carbon), show Li dischar%e
capacities almost twice that of commercial graphite anode.”*™>°
The presence of carbon embedded in phases of Si—C—N mixed
bonds in the matrix makes these materials incredibly good in Li
storage than free-standing carbon. PDCs however suffer from
poor rate performance, high first cycle loss, and voltage
hysteresis that is generally attributed to low electrical
conductivity, and formation of Li-irreversible phases during
the first discharge.”” One way to overcome these issues is
perhaps by alteration of molecular structure of the preceramic
polymer with a quaternary element that can improve the
conductivity and rate capability of the pyrolyzed ceramic. It is
well-known that introduction of foreign elements (e.g, B, Al
Hf, etc.) into the molecular network of Si—C—N have benefits
such as extraordinary resistance to crystallization and oxidation
resistance (1400—1700 °C),**™** creep resistance™ *® and
most importantly have better electric property.*”** Enhanced
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Figure 1. Schematic showing overall approach toward synthesis of Si—Al-C—N/CNTs composite and electrode preparation by spray-coating
technique. (L to R): Al doped polymeric precursor wets the CNT surface forming a uniform layer. During heating in flowing N,, the polymer first
cross-links at 300 °C forming a 3-D network where Al is preferentially enriched in string-like regions separated by Al-poor regions. Later, during
pyrolysis the reaction of aluminum alkoxide with Si—H and N—H bonds facilitates homogeneous distribution of aluminum in flexible chainlike
blocks along with large Si—N rings throughout the matrix. The as-obtained ceramic/CNT is then sonicated in toluene/NMP mix to form stable
dispersion, which is then spray coated onto a Cu foil (approximately 6 in. X 2 in.) kept on a hot plate.

electrical conductivity due to Al doping of Si—C—N would
prove vital in improving electron transport in the electrode at
nanolevel, there-by boosting its electrochemical performance.
Further improvements in rate capability of PDC electrode
could be expected by nanostructuring;*'>*** blending PDCs
with carbon nanotubes (CNTs) in the form of shell/core
geometry is expected to further enhance electrical conductivity,
Li-ion accessibility ie., provide smooth channels for ion-
transportation, and offer an elastic support for spatial
expansion/contraction during intercalation/extraction of Li
ions.* ™7

To test this hypothesis, we demonstrate the processing and
electrochemical behavior of Si—Al-C—N/CNT hybrid compo-
site that shows incredible capacity along with long cyclic
stability even at unmatched current density of 10000 mA-g~".
We also demonstrate an alternate approach to PDC anode
preparation. In traditional cells, where the electrode is prepared
by slurry coating a mixture of active material with conducting
agent (generally carbon black) and polymeric binders in 8:1:1
ratio, our anode is prepared by spray coating of the as-prepared
composite dispersions directly onto the metal current collector

foil.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Aluminum propoxide (99.9%)
was purchased from Sigma-Aldrich. Poly(ureamethylvinyl)silazane
(Ceraset) was obtained from Clariant Corporation. All materials
were used as received without further purification.

Scanning electron microscopy (SEM) of the synthesized material
was carried out on Carl Zeiss EVO MA10 system with incident voltage
of 5—30 kV. TEM images were digitally acquired by use of a Phillips

CM100 and FEI CM200 operated at 100 kV. The FTIR spectra were
collected using Thermo-Nicolet Nexus 870FT-IR spectrometer. FTIR
samples were prepared by mixing ~1 wt % of the finely powdered
sample with FTIR grade KBr powder. Thermogravimetric analysis was
performed using Shimadzu 50 TGA (Columbia, MD) (limited to 1000
°C). Sample weighing, ~5 mg, was heated in a platinum pan at a rate
of 10 °C/min in air flowing at 10 mL/min. XRD spectrum was
obtained using Bruker powder X-ray diffractometer (Madison, WI)
operating at room temperature, with CuKe radiation and nickel filter.
The pyrolyzed samples were finely crushed with mortar and pestle and
laid on the palette for analysis. Raman spectra were measured using a
LabRAM ARMIS Raman spectrometer using 633 nm laser excitation
(laser power of 17 mW) as the light source. SS-NMR Experiments
were carried out on a Bruker Avance II 300 spectrometer (Billerica,
MA) operating at a static magnetic field of 7.05 T. The surface
chemical composition was studied by X-ray photoelectron spectros-
copy (XPS, PHI Quantera SXM) using monochromatic Al Ka X-ray
radiation.

Preparation of Si—Al-C—N/CNT. The “as-obtained” 1 g of
CNTs (Arkema) were dispersed in 1 g L™' sodium dodecyl
benzenesulfonate (NaDDBS) (Sigma-Aldrich) aqueous solution,
followed by sonication for 1h to remove any unwanted agglomer-
ations. The dispersed nanotubes were then washed repeatedly with DI
water to eliminate any excess NaDDBS or related impurities, followed
by slow drying that yielded a dry CNT mass. These dried nanotubes
(approximately 1 g) were then dispersed in toluene (125 mL) for
further functionalization. The Al-modified polymeric precursor was
prepared by following a procedure somewhat similar to that described
by Dhamne et al;* aluminum propoxide was added to polysilazane in
10:90 weight ratio followed by physical mixing at room temperature.
The precursor was then slowly added and stirred in the S wt % CNT
dispersed in toluene. After the mix was stirred for approximately 24 h,
it was dried in inert atmosphere at 80 °C. The dried mix was then
transferred to a tube furnace where it was heated to 300 °C for
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Figure 2. Material characterization. (a) FTIR comparison of Si—Al-C—N/CNT (before and after pyrolysis) and CNTs along with the as-obtained
polysilazane precursor. (b) Al NMR spectra of Si—Al—C—N/CNT and Al modified polysilazane polymer. (c) X-ray photoelectron spectroscopy
plot of Si—Al-C—N and Si—Al-C—N/CNTs. Peak characteristic to Al 2s and Al 2p could be observed in both the specimens. (d) High-resolution

XPS of Si—Al-C—N/CNTs composite showing the characteristic C 1
Al-C—N and presence of CNTs in Si—Al-C—N/CNTs. (f) Compar
D- and G-peaks are clearly observed. (g) Thermogravimetric analysis p
resolution TEM images of Si—Al—-C—N/CNT. Inset: SAED pattern
images showing the spray coated Si—Al-C—N/CNT electrode on

s and Al 2p peaks. (e) XRD data confirming the amorphous structure of Si—
ison of Raman spectra of CNTs and Si—Al-C—N/CNTs. The characteristic
lot of CNTs and Si—Al—-C—N/CNTs hybrid composite. (h) low and (i) high
and EDX spectra obtained from the corresponding TEM images. (j) SEM

Cu current collector foil. The EDX spectra of the spots shown in the

corresponding SEM image indicating the material to be Si—Al-C—N.

approximately 4 h for cross-linking of the precursor, followed by a
pyrolysis at 1000 °C for S h in nitrogen atmosphere at 5 °C min™'
heating and cooling rates to yield Si—Al-C—N/CNT composite.
These heating and cooling rates are typical for PDC composites.*"**

The Si—Al-C—N powder specimen was prepared in a similar
manner as described above. Briefly, liquid Al-modified polymeric
precursor was cross-linked in a vertical tube furnace at approximately
300 °C in N, for 4 h resulting in an infusible mass, which was ball
milled for 2 h and pyrolyzed at 1000 °C for 5 h in N, resulting in a fine
black Si—Al-C—N powder. The polymer to ceramic yield was
approximately 60—70%.

Anode Preparation. The Si—Al-C—N/CNT composite material
was gently crushed using mortar-pestle to obtain a fine powder
(approximately 1—2 ym in size, as determined by the SEM). It was
then dispersed in a toluene/NMP mixture (1:1 by weight) (ACS
reagent) and sonicated for 1 h to obtain uniform dispersions. After
keeping the dispersion stable for 12 h, the solution at the top was
decanted (concentration observed to be ~8 mgmL™') and later
carefully sprayed on heated copper foil by use of an airbrush at 15 psi
air pressure. The spraying was done with passes (with a single pass
lasting for approximately S s followed by 10 s of break) while the
substrate surface temperature was raised to approximately 180 °C.

Frequent stops between the passes allowed the solvent to evaporate
and thereby form a uniform compact coating. Spray coating was
carried out until the appropriate dark black coating thickness was
visually realized. The coated copper foils were then maintained at 150
°C on a hot plate for approximately 12 h to ensure removal of volatile
components. The material loading was measured to be approximately
0.2 mg cm™ “Neat” Si—C—N, Si—Al-C—N particles, and MWCNT
electrodes were also prepared in a similar manner without conducting
agent or binders. However, Si—C—N, Si—Al-C—N dispersions were
not stable and the coating adhesion to the copper foil was generally
poor.

Coin—Cell Assembly. Half-cell batteries were made by punching
14.3 mm diameter out of the foil for use as working electrode. A few
drops of electrolyte solution of 1 M LiPF (Alfa Aesar) dissolved in
(1:1 v/v) dimethyl carbonate: ethylene carbonate (ionic conductivity
10.7 mS cm™') was used. A glass separator, soaked in electrolyte was
placed between the working electrode and pure lithium metal (14.3
mm diameter), which acted as counter electrode. Washer, spring and a
top casing were placed on top to complete the assembly before
crimping. The whole procedure was carried out in an Ar-filled
glovebox.
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Electrochemical performance of the assembled coin cells was tested
using a multichannel BT2000 Arbin test unit sweeping between 2.5 V
to 10 mV vs Li/Li* using following cycle schedule: (a) Asymmetric
mode: Li was inserted at 0.1 A g™ (w.r.t. weight of the coating), while
the extraction was performed at increasing current densities of 0.1, 0.2,
0.4,0.8,1.6,3.2, 6.4, and 10 A g™' for 5 cycles each, and returning back
to 0.1 A g”' for the next 10 cycles. (b) Symmetric mode: Later, all the
cells were subjected to symmetric cycling at a current density of 1.6 A
g~! for up to 1000 cycles, returning back to 0.1 A g~* for the last 100
cycles.

B RESULTS AND DISCUSSIONS

Synthesis and Characterization. Supporting Information
Figure S1 illustrates the proposed reaction mechanism for Al-
doping of poly(ureamethylvinyl)silazane. The addition of
aluminum propoxide to polysilazane results in formation of
covalent bond between nitrogen and aluminum. Because of
steric hindrance it is assumed that aluminum propoxide can
undergo reaction with polysilazane at few N—H bonds forming
aluminum containing chainlike structures. The schematic in
Figure 1 describes the overall approach toward synthesis of Si—
Al-C—N/CNT ceramic composite and its subsequent spray
coating method for electrode preparation. It is well established
that CNTs sidewalls are chemically reactive due to the 7 orbital
misalignment between carbon atoms in CNT.>* Thus, a strong
van der Waals interaction between the aromatic groups in
toluene and the 7—x stacking of the CNTs sidewalls exists. A
noncovalent interaction between the amine domains from the
hydrophobic polymer backbone (locked in place by toluene)
and CNTs sidewalls is now possible. This process results in
functionalization of CNTs surface with as-synthesized liquid Al-
modified polysilazane. During cross-linking step at 300 °C, the
propoxy ion from aluminum propoxide combines with weakly
bonded hydrogen in Si—N polymer backbone, there-by
releasing propanol as a byproduct. This thermal cross-linking
leads to a 3D network where aluminum is preferentially
enriched in string like regions separated by aluminum-poor
regions. On further pyrolysis at 1000 °C, reaction of aluminum
alkoxide with Si—H and N—H bonds facilitates distribution of
aluminum in flexible chainlike blocks along with large Si—N
rings throughout the matrix.*>%¢~5%

A range of spectroscopic analyses was performed to confirm
the presence of Al in the polymer, its cross-linking behavior,
and the functionalization of CNT's with Si—Al—C-N ceramic as
proposed in Figure 1. We compared the FTIR spectra of Si—
Al-C-N/CNT with its cross-linked polymer counterparts and
“neat” CNTs (Figure 2a). The small peak at 3680 cm™ and a
broad peak between 3480 and 3400 cm ™' are characterized to
free and bonded —OH stretching, most likely due to moisture
absorption. The FTIR spectrum of polysilazane is similar to
what has been previously reported in the literature.5"** The
peaks ascribed to vinyl groups are the C—H vibrations at 2950
cm™", The peak attributed to Si-NH-Si group is Si—N vibration
at 1160 cm ™. Si-CHj characteristic peak was observed at 1253
cm™" and methyl vibrations at 2954 and 2910 cm™". The large
peak at 2111 cm™ is attributed to Si—H. The broad band
between 640 and 1000 cm™' is resultant to merger of two
bonds: Si—C and Si—N. The major noticeable difference in the
Si—Al-C-N/CNT spectra is the peak at 1620 cm™ which
corresponds to C=C bond. Further, the Si-CH; groups (1253,
2954, and 2896 cm™') and Si—H peak at 2114 cm™" could not
be prominently observed due to elimination of H, and methyl
groups during pyrolysis. The peaks that cover Si—C, Si—N, Al—
N, and C—C at the lower wavenumber range (<1400 cm™")

suggest mixture of bonds.®*~% Further characterization of the

composite was carried out by use of solid-state NMR (*’Al).
Figure 2b compares the *’Al NMR spectra of Si—Al—C-N/
CNT before and after pyrolysis. The spectra obtained before
pyrolysis shows one distinct peak at 51 ppm, corresponding to
AIN; structures. While after pyrolysis a new peak centered at 8
ppm corresponding to AINg evolved along with AINj. These
results suggest the presence of both pentavalent and hexavalent
Al but no 4-fold coordinated aluminum nuclie (generally
observed at 100 ppm) could be characterized in the ceramic
structure.****%” On the basis of the FTIR and NMR, analysis
we can confirm the broad structure of the amorphous ceramic
shell deduced in Figure 1. Additional analysis involved XPS of
the Si—Al-C—N/CNT composite material as presented in
Figure 2c and d, the survey scans of the specimen showed
existence of Si, Al, and C elemental peaks arising from the
valence energy levels for the respective atoms. The atomic
percentage of Al in Si—AI-C—N and Si—AlI-C—N/CNT
composites were observed to be 1.11 and 0.79 at. %,
respectively. A bar chart in Supporting Information Figure S2
shows the relative percentage of all the elements in Si—Al—C-N
and Si—Al-C-N/CNT composites obtained using XPS. The
surface atomic composition was observed to be
SiAly47C, 57N 35017 The peak at about 74.4 eV in the high-
resolution Al 2p spectrum as shown in Figure 2d confirmed the
presence of AlI-N and some Al-O bonds in the composite
material. This unambiguously attests the successful introduc-
tion of Al into the final ceramic material. The binding energy of
the C 1s photoelectrons at ~284.5 eV suggest —sp’ carbon
peak. Further, X-ray diffraction (XRD) spectrum of Si—Al—C—
N in Figure 2e substantiated that the material was indeed
amorphous which is a typical of PDCs glass-ceramics. The
Raman spectrum of the prepared Si—Al—C-N/CNT composite,
Figure 2f, displayed characteristic D (~1350 cm™') and G
(~1600 cm™) band, further corroborating the presence of
CNTs in the pyrolyzed composite.

Further analysis of the hybrid composite involved
thermogravimetric analysis (TGA), presented in Figure 2g,
highlighted the extreme thermal stability of Si—Al-C—N
ceramic at 1000 °C flowing air, with negligible weight change.
While the TGA spectrum of Si—Al-C—N/CNT had a linear
relationship between residual mass and oxidation temperature,
which was observed to be 680 °C. After the weight loss at about
680 °C, the composite specimen showed stability in their
weight. The TGA residual weight was 79% for Si—Al-C—N/
CNT specimen. The TGA data for “neat” CNTs on the other
hand indicate 98% weight loss at ~680 °C. Thus, it can be
concluded that the composite structure prepared by function-
alization of nanotubes with Si—AI-C—N ceramic improved
oxidation resistance of CNTs by approximately 80 °C. The
weight loss at 680 °C is attributed to the combustion of CNTs
in the composite, which suggests that the composite had
approximately 30% CNTs by weight (about 25% more than the
initial CNT loading in the Al-polymeric precursor).

Transmission electron microscope (TEM) images in Figure
2h and 2i represent CNTs after functionalization by Si—Al—-C—
N ceramic. HRTEM image in Figure 2i confirmed the
formation of composite nanowire-like structure consisting of
Si—Al-C—N shell on CNT core (additional images in
Supporting Information Figure S3). This is further proved by
EDX analysis of the image which showed peaks at 0.27, 0.37,
0.52, 1.49, and 1.75 keV, which corresponds to C, N, O, Al and
Si, respectively. The TEM diffraction pattern for the composite

dx.doi.org/10.1021/am5052729 | ACS Appl. Mater. Interfaces 2014, 6, 16056—16064



ACS Applied Material

s & Interfaces

Research Article

25¢

- N
(¢} o

-
o

Voltage (|V| Vs Li/Li*)

ot
&

Q
o

o
(=}

S |/ 3 Delithiation
S —_—
Ry — =
/ / 1% cycle-100 mAg™ z Lithiation
/ 2" cycle-100 mAg™ 2-1000
40" cycle-10000 mA < 1
0 ) 000 9‘1 3 1% cycle-100 mAg’
1020™ cycle-100 mAg % -2000 2™ cycle-100 mAg”
a 40" cycle-10000 mAg
T T -3000 1020" cycle-100 mAg™
Lithiatio, 0.22
— 0.05
= N ) -4000 &- L L L L )
500 1000 1500 0.0 0.5 1.0 15 2.0 25
S
Specific Capacity (mAhg™) b Voltage ([V] Vs Lilli")
o\o 100 K -
S50 1
i
O 800 8 CNT 1
000 Si-Al-C-N Coonooonn,

O
= 500 F OOOQOOQQQO \ ]
S o 0000, ]
8 40F 500 mag” . 00000 _

T ‘o 400 mAg B 100 mAg™
O & 300f 800 MAg™ 1 g Ag' 3.2 Aq” B ]
o < <A8 6.4 Ag 10 Ag"
& £ 200f ]
(8]
[0
Q.
)
C

xX

ui

O 600 _

Si-AlI-C-N/CNT
> CNT 0 )
S ool Si-Al-C-N 1000 1025 1050 1075 1100 1
Q - T YO0 L0000
8 g.’ mIUlIImllUm“““m“”m VOREORENONNNNOONNNNNONNONNRRRI NN NN 000NN 000 T
o <
£ E 200 1.6 Ag” 1
[0}
Q.
%)
d o
200 400 600 800 1000
Cycle Index

Figure 3. Electrochemical data. 1st, 2nd, 40th, and 1020th cycle (a) voltage profile and (b) differential capacity curve for Si—Al-C—N/CNT hybrid
composite electrode. Charge capacity comparison of all electrodes: (c) asymmetrically cycled at different rates for every S cycles and (d)
consecutively cycled symmetrically at 1600 mA g~* for 1000 cycles. Columbic efficiency is plotted for all the material on the upper portion of the
respective graph. The detailed view in the inset shows the extreme stability of Si—Al-C—N/CNT after 1000 cycles. All capacities are based on the

total mass of the coated material.

Table 1. Summary of the Experimental Results Compared with Various Precursor-Derived Si—C—N Glass-Ceramic and

Composite Electrodes for LIB

Ist cycle chlarge

material (mAh g™')
Si—Al-C—N/CNT (present 577
work)
MWCNT (present work) 162
Si—Al-C—N (present work) 96
graphite® 298
SiCN-1100 °C*' 263
SiCN-1300 °C/0,* 291
SiCN-1100 °C** 254
SiCN-1000 °C* 456
SiCN-graphite* 312
SiCN—graphene50 420
Si(B)CN-CNT®! 362

agents

no

no
no

yes
yes
yes
yes
yes
yes
yes
yes

binder and conductive

16060

capacity at max. current density tested max. number of cycles
-1

(mAh g7') tested
400 (10000 mA g™') 1100
98 (10000) 1100

50 (10000) 1100
240 (50) 50

100 (36) 50

250 (72) 60

95 (360) 10

171 (100) 30

200 (720) 275

440 (40) 50

430 (100) 30
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was featureless thus confirming the amorphous nature of Si—
Al—C—N. Figure 2j shows the SEM image of the spray-coated
specimen, which suggests that the uniform particle sized
composite material, has evenly covered the copper foil. The
EDX spectra in the inset from the marked spot in the
corresponding SEM image showed peaks at 0.27, 0.37, 0.52,
1.49, and 1.75 keV, which corresponds to C, N, O, Al and S;j,
respectively.

Electrochemical Cycling Results. Electrochemical behav-
ior of the synthesized hybrid ceramic was studied by cycling it
in a half-cell configuration against pure lithium metal. The
loading of the active material was measured to be approximately
0.2 mg cm™2. Figure 3a and 3b shows the charge/discharge
profile and differential capacity curves of first two cycles for the
hybrid composite electrode. First cycle discharge and charge
capacity were observed to be 1294 and 577 mAh g~'. This
suggests that large percentage of Li is still consumed during SEI
formation; however, this initial loss of Li maybe lowered by
prelithiation in future studies. The capacity is among the
highest reported for any polymer derived ceramics (Table 1).
Further, the differential capacity curve showed reduction peaks
typical to PDCs at 50, 220, and 800 mV and oxidation peak at
500 mV. The charge/discharge profile and differential capacity
curves of spray coated “neat” CNTs, Si—Al-C—N, and SiCN
ceramic (without binder or conducting agents) are compared in
the Supporting Information Figure S4. Even though the first
cycle discharge capacity of CNTs was relatively high at ~670
mAh g7, it suffered from a large first cycle loss showing charge
capacity of ~200 mAh g™'. In case of the ceramic particle
anodes the electrochemical performance was extremely low
relative to the hybrid composite anode. The spray coated Si—
C—N electrode performed poorly (first cycle charge capacity of
50 mAhg™" at 100 mAg™") and its cycling was stopped after first
two cycles. Both the neat CNTs and Si—Al-C—N ceramic
electrodes’ differential capacity curves had a major reduction
peak at 0.05 V which is attributed to Li ion intercalation and
another peak at 0.8 V which is attributed to SEI formation as
this peak disappeared during the second cycle. In case of Si—
Al—C—N there were additional peaks centered at 1.44, 1.74,
and 2.07 V.

On further cycling (Figure 3c), Si—Al-C—N/CNT main-
tained its high capacity at ~564 mAh g~' (with 98% of the
initial capacity retained) which is relatively high when
compared to “neat” CNTs and Si—Al-C—N with charge
capacities of ~140 and ~88 mAh g™, respectively after S cycles
at 0.1 A g~'. Later, the current density was gradually increased
to 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 10 A g_1 for each S cycles
consecutively. Impressively, Si—Al-C—N/CNT hybrid compo-
site showed reversible capacity of 400 mAh g™' even at 10 A g™*
which was approximately 70% of the first cycle charge capacity.
When the cells were cycled back at 0.1 A g7', all the cells
regained their initial charge capacities at 540, 130, and 77 mAh
g™! for Si—Al-C—N/CNT, CNTs and Si—Al—C—N, respec-
tively. Similar trend was observed in areal charge capacity data,
which is presented in Supporting Information Figure SS.

Long-term cycling behavior was studied by cycling sym-
metrically at 1.6 A g~ for approximately 1000 cycles (Figure
3d). Si—Al-C—N/CNT had an impressively stable and high
charge capacity of ~342 mAh-g~' (60% capacity retention)
than CNTs and Si—Al—C—N anode at ~91 and 37 mAh g_l,
respectively. A slight rise in capacity for the initial cycles at high
current density could be due to creation for defects in the
partially or uncoated nanotubes® that allowed additional Li
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storage sites. Nonetheless, all the cells regained most of their
initial capacity when they were cycled back to the lower current
density of 0.1 A g™ after 1000 cycles. Si—Al-C—N/CNT was
the best performing anode with 468 mAh g™' (81% retention
w.rt. first cycle) at 0.1 A g™' after 1000 cycles at 1.6 A g™
during both discharge and charge half cycles. The Si—Al-C—
N/CNT electrode represents considerable improvement over
other polysilazane derived siliconcarbonitride ceramic and
composite electrodes (with carbon nanotube and graphene
prepared through slurry coating) reported in the literature.%' %

The improvement in electrochemical performance of Si—Al—
C—N/CNT electrode can be attributed to following synergistic
effects: (1) 3-dimensional nature of the PDC electrode due to
interfacing with CNTs and increase in surface area, making the
electrode more ion-accessible while still maintaining an integral
electrical and mechanical contact with the ceramic shell
throughout the electrode and the copper current collector
foil, respectively, and (2) the robust nanodomain structure and
improved electrical conductivity due to Al doping of Si—C—N
that improved ceramic’s Li-cyclability and simultaneously
provided protection to high current carrying CNTs against
exfoliation at extreme C-rates. The electrical conductivity of
Si—Al-C—N ceramic (measured using four-point technique)
was ~1.39 X 107> S cm™' which is many folds higher than
polysilazane-derived Si—C—N with a reported conductivity of
approximately 1 X 1077 S cm™.**%% With CNTs embedded
in the matrix, the conductivity further increased to approx-
imately 1.55 S cm™" which is close to the measured conductivity
of neat MWCNTs of approximately 4.22 S cm™’, there-by
making the composite conducting enough to eliminate
conductive agents during electrode preparation.

Later, the cells were disassembled in their lithiated state to
study the effect of long-term cycling on their morphology and
chemical structure. Figure 4 shows the optical photograph,
high-resolution SEM and TEM image of Si—Al-C—N/CNT
electrode after 1100 cycles along with EDX using HRTEM,
respectively. SEM and optical images of all other cycled
electrodes are presented in Supporting Information Figure S6.
Remarkably, Si—AI-C—N/CNT and CNTs specimens looked
intact with no large or micro surface cracks. Further, stable SEI
layer formation and the presence of glass fiber separator could
be observed (Figure 4a) in the optical image. However, in the
case of Si—Al-C—N and Si—C—N particle electrodes,
delamination of material from the copper current collector
was clearly evident. This was hardly surprising considering the
dispersions made with Si—Al—C—N or Si—C—N particles were
relatively unstable and the adhesion of the spray-coated
particles to the current collector foil was generally poor
(Supporting Information Figure S6). On closer examination
using SEM, some micro cracks were observed on the surface of
the cycled electrode and the charge capacity degradation as
observed in the long term cycling data could be attributed to
these cracks. TEM image of the cycled Si—AlI-C—N/CNT
electrodes in Figure 4c,d and Supporting Information Figure S7
indicated SEI formation on the surface of nanotubes.
Remarkably, HRTEM images in Figure 4d showed that when
compared to the composite material before cycling, the overall
composite nanostructure still looked largely intact with
complete CNT core structure and unbroken Si—AI-C—N
coating being retained. EDX analysis of the HRTEM image in
Figure 4e showed presence of Si and Al which further
articulates the presence of intact coating on the surface of
CNTs. Phosphorus and fluorine at 0.68 and 2.02 keV were also
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Figure 4. Postcycling microscopy. (a) Optical, (b) SEM, (c) low, and
(d) high resolution TEM images of dissembled Si—Al-C—N/CNT
electrode after 1100 cycles. Optical image shows glass separator
residue as white cotton like material on the surface of electrode. TEM
shows CNTs to be still long and intact while the HRTEM shows that
the core—shell structure is largely intact. (e) EDX of HRTEM
highlights the presence of Si and Al elements in the shell along with
high levels of F and P originating from the electrolyte/SEI layer
formation. The cell was dissembled in lithiated state.

detected originating from the SEI layer formation on individual
nanotubes.

B CONCLUSION

Synthesis of Si—Al-C—N/CNT shell/core composite by
controlled thermal conversion of Al-modified polysilazane
single-source precursor on the surfaces of carbon nanotubes
is demonstrated. Electron microscopy and multiple spectro-
scopic techniques revealed the morphology and chemical
structure of the pyrolyzed glass-ceramic shell. TGA analysis
highlighted the incredible thermal stability of the composite in
flowing air up to 700 °C. Further, we showed that stable
dispersions in NMP/Toluene at a concentration of approx-
imately 8 mgmL™ could be spray-coated on Cu current
collector foil as a fast method of binder-free electrode
preparation for Li-ion battery anode. Si—Al—C-N/CNTs
electrode had an impressive charge capacity of 400 mAh g™
even at 10,000 mA g~ which was 70% of its initial reversible
capacity. Long-term symmetrical cycling for 1000 cycles at
1600 mA ¢! showed an equally impressive stable charge
capacity of ~350 mAh g™ with near 100% efficiency. Lastly,
postcycling electron microscopy of the electrode showed that
the coating was largely intact, highlighting the robust nature of
precursor-derived ceramics toward repeated Li-ion cycling.

B ASSOCIATED CONTENT
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Reaction schematic, TEM images of as-synthesize Si—Al—C—
N/CNT material, discharge/charge voltage profiles corre-
sponding to CNTs, Si—Al-C—N, and Si—C—N spray coated
electrodes, areal-capacity plots, and Post cycling electrode
images. This material is available free of charge via the Internet
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