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Abstract: Polymer-derived and micro-cracked silicon carbonitride (SiCN) materials have
been successfully synthesized via pyrolyzing from poly(diphenylcarbondiimide) and
post-treating with different molar concentration of NaOH aqueous solution (0.2-5.0 mol
L™"). The as-prepared SiCN materials have been used as anodes for lithium ion batteries.
Electrochemical charge-discharge measurements indicate that the SiCN with the 0.5 mol L™
of NaOH treating (SiCN-0.5-NaOH) shows the best electrochemical performance. It
exhibits a high initial specific deinteralation capacity of 1159.5 mAh g™ and stable capacity
of 900 mAh g at 0.1 C current density (40 mA g), which is 8.1 times as large as untreated
SiCN anode, and 3.1 times as large as the traditional graphite anode. In addition,
SiCN-0.5-NaOH anode exhibits excellent high-rate performance. At 2C current density
(800 mA g"), the extracted capacity stables above 600 mAh g, showing much greater
performance than the traditional graphite anode. Transmission electron microscope (TEM),
Fourier transform infrared spectra (FTIR) and X-ray photoelectron spectrometer (XPS)
results show that nonconductive SizN4 was removed from SiCN matrix by the chemical
reaction with NaOH solution. The morphology and structure measurements show its surface
is rough, and many micro-sized cracks are formed. The special performances of
NaOH-treated SiCN anodes are attributed to following two possible reasons: the one is
non-conductive SizNy4 phase elimination from SiCN matrix by NaOH treatment; the other is
the lithium ion transfer channel enrichment and volume expansion buffered by the
formation of micro-cracks. Our treating method for high conductive SiCN materials can be

generalized to other silicon-based material anodes for the application of Li-ion batteries.

Keywords: polymer-derived; silicon carbonitride; sodium hydroxide treatment; anode;
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1. Introduction

Lithium ion batteries, as one of the promising candidate for new energy storage devices,
have received great attention in recent years because of the increasing energy consumption
and environment concerns resulted from fossil fuel burning in our world [1-3]. There is an
urgent need for new electrode materials to face up growing safety, capacity and high rate
performances requirement in battery industry [4, 5]. Even though gained great success
during the past decade, the current graphite anode is characterized by low capacity (372
mAh g’ in theory and 340 mAh g' in practical use) and low kinetics at high
charge-discharge rate, limiting its use in high energy and power density applications [6].

As one of alternative anode materials, polymer-derived silicon carbonitrides (SiCN)
have been studied in the middle of 1990s [7, 8], and a rebirth of research boom is being
spurred since 2006 [9-25]. They are prepared by the controlled pyrolysis of
inorganic-organic hybrid polymers containing Si, H, C and N in an inert atmosphere at
relatively low temperatures [26]. They are featured as amorphous materials with carbon
content dependent electrical conductivity, excellent thermal persistence, high strength, and
oxidative and corrosive resistance [27-30]. They are promising for safe use under extreme
conditions. Lithium ion batteries with SiCN anode show enhanced reversible capacity
(400-500 mAh g') and relatively electrochemical cycling stability as compared to
conventional graphite-based anode [31]. As one of the novel silicon-based anodes, it has
unique Si-C-N network structure, in which embed numerous lithiation sites from the
dangling bonds of silicon, and the space between nano-sized graphene layers. All of them

are beneficial to the insertion/exaction of the lithium ions [24].



Despite the high first extracted capacity of SiCN in the range of 700-1000 mAh g, the
irreversible capacity at first cycle is large and the coulombic efficiency is low (about
40-50%), which maybe caused by its low electrical conductivity and the volume expansion
during charge-discharge process [9, 10]. To resolve this issue, decreasing the
non-conductive component and increasing carbon content in SiCN matrix are two feasible
strategies. For the former, removing the non-conductive Si3N4 phase — one of the three
amorphous phases (Si3N4, SiC and graphite) in well-prepared SiCN matrix — is the
efficient way to improve the integral conductivity of SiCN [30, 31]. For the latter, using
carbon-rich polymer as the precursor will improve the carbon content in the final product of
SiCN effectively [32-33].

Hence, in this paper, we focus on the preparation of micro-cracked SiCN materials
without SizN4 phase by carbon-rich polymer precursor via chemical synthesis. In our
previous research, we found that hydrofluoric acid can react with Si3N4 phase by etching
SiCN matrix, leading to enhanced capacity and cycle stability [25]. However, the
hydrofluoric acid is toxic and harmful to the environment. To solve this problem, we
employ sodium hydroxide solution instead of hydrofluoric acid, and design a nontoxic and
facile chemical method to remove the Si3N4 phase from the SiICN matrix. In addition, an
extra benefit comes as an additional effect of micro voids and cracks is expected to form on
the surface and bulk of SiCN material which will not only provide improved ion transport
channels for the Li" intercalation/deintercalation, but also buffer the volume expansion
during cycling. The SiCN materials without nonconductive phase Si3Ny4 are expected to

exhibit excellent electrochemical performances as anodes for lithium ion batteries.



2. Results and discussion
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Figure 1. (a) DSC of the cross-linked SiCN polymer precursor; (b) FTIR spectra of the SiCN polymer
precursor, SiCN, and NaOH-treated SiCN (SiCN-0.5-NaOH); (¢) XRD patterns of the SiCN, and
NaOH-treated SiCN materials (SiICN-x-NaOH, x=0.2, 0.5, 0.8, 1.0, 5.0).

The thermal behavior of polymer precursor was analyzed by differential scanning
calorimetry (DSC) as shown in Figure la. As indicated by the DSC curve, we can see the
cross-linked SiCN polymer precursor, poly(diphenylcarbondiimide), started to decompose
at 400 °C. From the DSC curve, the polymer has one exothermic peak at 400-700 °C, which
corresponds to the decomposition of organic groups and carbon framework from the
polymer precursor. After heating at 1000 °C, all SiCN polymer precursors are transformed

into inorganic SiCN material.

To further investigate the polymer precursor to ceramic transformation and the NaOH
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effect on the changes of internal bonds of SiCN, FTIR are employed as shown in Figure 1b.
Before pyrolysis, the SiCN precursor has many organic groups of -OH, N-H, Si-H,
Si-CH=CH,;, Si-CHj3, -CH=CH,, Si-N, and Si-C. After pyrolysis, only Si-N and Si-C bonds
appear in the SiCN matrix, the weak absorption for -OH bond is attributed to a small
amount of absorbed water. Obviously, during the pyrolytic process, the polymer precursor
was transferred into a ceramic, which involves breaking of above organic bonds, resulting
in the absence or decrease of intensity with corresponding peaks in the FTIR spectrum of
SiCN. After NaOH-treating, the Si-N bond is absent in Figure 1b, confirming the reaction
completion.

In the XRD pattern of untreated SiCN material (Figure 1c), the diffraction peaks are
broad, which suggests an amorphous structure. The Si;N4 and SiC crystal lattices that are
observed in the TEM images (Figure 3) are not found in the XRD pattern. This is because
the SisN,4 and SiC phase are covered up by the large amount of amorphous phases because
their low crystallinity. It is interesting to compare the XRD pattern before and after NaOH
treatment. There is no noticeable change from the pristine SiCN to the NaOH-treated SiCN
materials, which indicates that the amorphous structure remained original state and no new

phase was formed in the SiCN matrix during the NaOH-treating process.
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Figure 2. SEM images of SiCN (a, b), and SiCN-0.2-NaOH (c, d), SiCN-0.5-NaOH (e, f),
SiCN-0.8-NaOH (g, h), SiCN-1.0-NaOH (i, j), SICN-5.0-NaOH (k, ).

The morphologies of the untreated SiCN and NaOH-treated SiCN materials were
characterized by SEM with the images shown in Figure 2. As shown in Figure 2a, c, e, g, k,
and 1, the particle sizes of all the heterogeneous SiCN materials are within the range from 5
to 20 pm. The surfaces of the untreated SiCN are dense and rigid (Figure 2a and b), while
the surfaces of the NaOH-treated SiCN are rough and loose with a lot of micro-cracks
(Figure 2d, f, h, j and 1). Consequently, the unique surface morphology was formed during
the NaOH-treating process. With the increasing of the NaOH concentration, the surface
become rougher and the cracks become bigger. As shown in the SEM images, the cracks in
SiCN with 0.2 mol L' NaOH-treating (Figure 2d) are slender and short, while they are
wider and longer in SiCN with 0.8 mol L' NaOH-treating (Figure 2k). When the
concentration of NaOH increases to 5 mol L™, the even longer and wider crack can be

clearly observed (Figure 2k). These micro-cracks and voids lead to large surface areas of



the SiCN materials that were further proved by N, adsorption-desorption analysis. The
SiCN-0.5-NaOH has a BET surface area of 5.5722 m?/g, which is 12.37 times as large as

that of the SiCN without NaOH treatment.
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Figure 3. TEM images of SiCN (a, b) and SiCN-0.5-NaOH materials (¢, d).

TEM images of the SiCN and SiCN-0.5-NaOH materials are shown in Figure 3. It can
be clearly seen that the nano-sized crystals are dispersed evenly in the SICN matrix (Figure
3a and c). In the structure of untreated SiCN (Figure 4b), apparently, the crystal lattices of
SiC, Si3N4 and graphite are dispersed unevenly. It is worth to note that no graphite and
Si3Ny lattice is observed in the TEM image of NaOH-treated SiCN material. Both graphite
and Si3N4 must be either transformed or eliminated by chemical reaction. For graphite, it is
possible that it transforms to amorphous carbon. However, for SizNa, the only possibility is
that it is eliminated by the reaction with NaOH during the treatment (SizsN4 and NaOH
maybe react as the equation (1) shown in the following).

Si3Ny + 6 NaOH + 3 H,0 = 3 Na,SiO; + 4 NHt ()
8
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Figure 4. XPS analysis of SiCN in the Si2p (a) and Cls (b) regions; XPS analysis of NaOH-treated
SiCN-0.5-NaOH in the Si2p (c¢) and C1s (d) regions.

Table 1. Atomic percent of elements on the surface of SICN and SiCN-0.5-NaOH materials determined

by XPS analysis.

In atomic percent from XPS
Samples
C N Na
SiCN 14.33 71.27 13.19 1.21 0
SiCN-0.5-NaOH 6.03 72.90 2.13 16.43 2.51

XPS analysis is employed to compare the element valences in SiCN before and after

NaOH-treating. There is no evident Si-N peak observed for the treated SiCN material

(SiCN-0.5-NaOH, Figure 4c). However, an intense Si-C peak increase and a new Si-O peak



arises in the XPS spectrum of pristine SiCN (Figure 4a). It is clear evidence that NaOH
reacts with SizNy to form a compound containing silicon, carbon and trace of oxygen and
sodium. This can be further investigated by the atomic percent analysis of elements on the
surface of SiCN materials, the result of which is shown in Table 1. By comparing the
element contents before and after NaOH treatment, we can conclude that both oxygen and
sodium contents were increased, while the silicon and nitrogen contents were decreased
after the NaOH treatment, a possible explanation is the former is gained from NaOH and
the latter is lost because of the SizN4 removal. In addition, the change of carbon content
before and after NaOH-treating is not dramatically, which hints the carbon is unlikely be
involved in the evaporated may not take part for the chemical reaction of NaOH with SiCN.
It is also interesting to compare the fitting Cls spectra (Figure 4b and 4d). C=C or C-C,
Si-C and C-O peaks are all exhibited in both treated and untreated spectra, however, the
C-OH peak exists only after NaOH treating which implied the -OH from the NaOH solution
during treating process is responsible for the -OH group in the final product.

From above TEM, FTIR and XPS analysis, it strongly suggests that the SizN4 phase is
removed by NaOH. The reaction of Si3N4 and NaOH in molecular level is schematically

shown in Figure 5.
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Figure 5. Schematic representation of the molecular level interface of the reaction of SiCN and NaOH.

As a side effect of above reaction, there are a lot of voids lefts in the SiCN structure,
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which is consistent with the SEM and TEM observation (Figure 2 and 3). The surface
pattern change has profound influence on the electrochemical behavior of the materials.
The micro-cracks which emerged into the surface of the NaOH-treated SiCN materials is
instrumental in offering Li" conduct channels, and buffer the volume expansion
simultaneously during the charge-discharge process. However, large cracks may bring
structure damage during Li" intercalation/deintercalation. Therefore, appropriate size of
cracks is a balance between the transportation and structure strength and is important for the
electrochemical performance of anode material, which will be discuss in the following part

of electrochemical measurements (Figure 6-10).
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Figure 6. The capacity-potential curves of the first cycle for SICN (a) and SiCN-0.5-NaOH (b) anodes at
a current density of 40 mA g'l.

Figure 6 presents the cycling performance of SiCN and SiCN-0.5-NaOH anodes at the
first cycle where the charge and discharge potential curves are plotted against capacity. As
Figure 6 shows, the charge-discharge potential curves of both the SiCN and
SiCN-0.5-NaOH anodes display gentle slopes demonstrating their amorphous structures,
which are consistent with the XRD patterns in Figure lc. The charge and discharge
potential plateaus of untreated SiCN is short (Figure 6a), which indicates low capacity,
while the charge and discharge potential plateaus of SiCN-0.5-NaOH anode (Figure 6b) are
significantly longer than that of untreated SiCN, which manifests higher capacity. The
discharge potential plateau for the SiCN-0.5-NaOH anode in the first cycle is about 1.7 V
while no such plateau exhibits in the same range in the curve of SiCN anode, indicating
there may be a unique phase transformation on the surface of NaOH-treated SiCN during

discharge process.
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Figure 7. (a) Cycle performances of the SiCN and SiCN-x-NaOH (x=0.2, 0.5, 0.8, 1.0, 2.0, 5.0) anodes
at a charge-discharge current density of 40 mA g'l; (b) graphs of the extracted capacity vs. NaOH
concentration for SICN-x-NaOH (x=0.2, 0.5, 0.8, 1.0, 2.0, 5.0) anodes at cycle 1, 2, 20, 50 and 100; (¢)
high-rate performances of SiCN and SiCN-0.5-NaOH anodes at charge-discharge current densities of 0.1,
0.2,0.5,1 and 2 C (1 C=400 mA g'l); (d) graphs of the coulombic efficiency vs. cycle number for the
SiCN and SiCN-0.5-NaOH anodes.

Figure 7a shows the cycle performances of the SiCN and SiCN-x-NaOH (x=0.2, 0.5, 0.8,
1.0, 2.0, 5.0) anodes at a charge-discharge current density of 40 mA g'. The initial specific
de-insertion capacities of the NaOH-treated SiCN are 1093.9, 1159.5, 1092.8, 997.7, 900.9,
78.7 mAh g, respectively. The NaOH-treated SiCN anode are giving much higher capacity
than the pristine SiCN anode (384.1 mAh g), except for the SiICN-5.0-NaOH treated anode.

It is remarkable that the treated SiCN exhibit fundamentally improved cycling stability. The

cycling stability of untreated SiCN anode is less satisfying, where capacity drops
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dramatically to 50 mAh g from the 2™ cycle, However, the capacity decay for most of the
treated SICN materials is acceptable. Some treated samples show outstanding performance,
among which, the SiCN-0.5-NaOH anode shows the best cycle stability and reversible
capacity. While the first de-inserted capacity of the SiCN-0.5-NaOH anode (1159.5 mAh
g!) is 3 times better than the untreated SiCN anode (384.1 mAh g), the cycling stability is
fundamentally improved with a decay as little as 16.7% at the second cycle. The capacity at
the second cycle is still up to 965.3 mAh g and the cycling performance is considered to
be stable above 900 mAh g from the 3™ to 50™ cycle. Even after 100 cycles, the extracted
capacity of the SiCN-0.5-NaOH anode is still up to 812.3 mAh g, which is 8.1 times
greater than the untreated SiCN anode (100.4 mAh g'), and 3.1 times as large as the
traditional graphite anode. The excellent electrochemical performance attributes to the
ceramic structure of NaOH treated SiCN, hence the electrode materials are tolerant to
pulverization after many cycles. The explanations are supported by SEM. The SEM images
of the SICN and SiCN-0.5-NaOH anodes before and after cycling are shown in Figure 8,
the material pulverization can be clearly seen in the untreated SiCN anode after several
cycles. Meanwhile, the pulverization of the SiCN-0.5-NaOH anode is negligible.

Figure 7b shows the dependence of extracted capacity vs. NaOH concentration for the
SiCN anodes in different charging/discharging cycles. From the graphs, we can see that the
SiCN materials treated with 0.2-1.0 mol L™ NaOH have better capacity than SiCN without
NaOH treating. The SiCN-0.5-NaOH anode exhibits the best cycle stability, indicating it
may have an appropriate number and size of cracks for Li" transport. However, the

SiCN-5.0-NaOH anode has the worst capacity and cycle stability, which is even worse than
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the untreated SiCN anode. A possible explanation is that the treating with high
concentration of NaOH (5 mol L") damages the network of SiCN material and results in
poor electrochemical performance structure. Hence, the NaOH concentration for SiCN
treating is a key factor for obtaining good electrochemical performance. For this work, the
optimal NaOH concentration concluded is in the proximity of 0.5 mol L™".

Figure 7c shows the high-rate performances of the SICN and SiCN-0.5-NaOH anodes at
different current densities of 0.1, 0.2, 0.5, 1 and 2 C (1 C=400 mA g'l). As shown, the
SiCN-0.5-NaOH anode has excellent electrochemical performance at high rates especially
comparing with the untreated SiCN anode. The SiCN-0.5-NaOH anode delivered a capacity
of 1159.5, 937.9, 857.8, 766.1 and 668.9 mAh g'l at 0.1, 0.2, 0.5, 1 and 2 C, respectively,
suggesting complete recovery of the first cycle capacity of around 915.2 mAh g when the
current rate was brought back to 0.1 C. In contrast, the untreated SiCN anode shows less
satisfying capacity that is below 100 mAh g under the same charge-discharge rates. From
these results, it is demonstrated that NaOH-treating improves the high-rate capability of
SiCN anode dramatically.

Figure 8d shows the coulombic efficiency (%) of SiCN and SiCN-0.5-NaOH at 1-100
charge-discharge cycles. Except for the first cycle, the coulombic efficiency of
SiCN-0.5-NaOH is about 97-100%, and the average coulombic efficiency is 97.83 % which
is higher than that of SiCN (93.43%), indicating NaOH treating improves the coulombic

efficiency of SiCN anode.
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Figure 8. SEM images of the untreated SiCN anode before (a) and after (b) charge-discharge cycling;
the SiCN-0.5-NaOH anode before (¢) and after (d) charge-discharge cycling.

CV profiles of untreated SiCN and SiCN-0.5-NaOH anodes in the first scanning cycle
are shown in Figure 9a. An evident cathodic peak is located at around 0.7 V and can be
attributed to the formation of a solid electrolyte interphase (SEI). The SEI usually occurs on
the electrode surface at the first few cycles due to the reaction of electrode material and
electrolyte, and typically results in irreversible capacity [6]. From Figure 9b, the peak
indicating the SEI formation occurred in the first scanning cycle. The peak areas decrease

with increasing the cycle number, indicating the loss of extracted capacity.
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Figure 9. (a) Cyclic voltammetry curves of SICN and SiCN-0.5-NaOH anodes at a scan rate of 0.05 mV
s for the first cycle; (b) Cyclic voltammetry curves of SICN-0.5-NaOH anodes at a scan rate of 0.05

mV s for the first and second cycles.

As Figure 10 shows, EIS tests were carried out to evaluate the electrochemical kinetics
properties of the untreated SiCN and SiCN-0.5-NaOH materials at 50% depth of discharge
(DOD). The Nyquist plots for both electrodes consist of two semicircles and a straight line,
corresponding to a high-frequency semicircle, an intermediate-frequency semicircle and a
low-frequency straight line associated with the diffusion process of lithium ions in anode (a
Warburg region). The smaller semicircle for SiCN-0.5-NaOH anode indicates a lower
electrochemical resistance than untreated SiCN anode [34]. The results were fitted to an
electrochemical model using ZView module from Sai software [24, 25] set. The fitting
model is an equivalent circuit electrochemical model, which is depicted, in the inserted
figure of Figure 10. Rs at the high-frenquency intercept on the real axis represented bulk
resistance depending on electrolyte solution, active material, and current collector and so on.
R1I at high frequency was the migration resistance of lithium ion through the SEI, while R2
at middle frequency was the charge transfer resistance in the anode-electrolyte interface,
both arcs are associated with the interface between the electrolyte and the active particles

[35, 36]. The constant phase element (CPE! and CPE2) replaces the conventional
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double-layer and passivation film capacitance [37]. Table 2 shows the EIS fitting results of
SiCN and SiCN-0.5-NaOH anodes. Compared to untreated SiCN, SiCN-0.5-NaOH anode
demonstrated smaller R/ value, which indicates faster electrochemical kinetics,

corresponded with high-rate performance.
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Figure 10. EIS Nyquist plots of experimental data of SiICN and SiCN-0.5-NaOH anodes (The inserted
figure is the equivalent circuit for EIS data fitting).

Table 2. EIS fitting results of SiCN and SiCN-0.5-NaOH anode.

Parameter SiCN SiCN-0.5-NaOH
Rs/Q 5.368 5.522
R1/Q 233.6 152.6
R2/Q 675.3 1.01x107

CPEL-T/ pF 14.83 20.93
CPE2-T/ pF 251.61 820.46
Wo-R/Q 233.7 477.6

There are three reasons for good electrochemical performance of NaOH-treated SiCN
anodes: 1) the nonconductive SizNs phase has been removed by NaOH treating as
evidenced by TEM, XPS and FTIR results; 2) the micro-sized cracks not only provide new

channels for the insertion or extraction of Li" but also buffer the detrimental effects of the
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large volume changes, resulting in improved capacity and enhanced cycling stability; 3) the
rich carbon which embeds in the SiCN matrix can not only offer more active sites for
lithium ion storage, but also may make the material structure more stable than carbon-less
material, forming a continuous network for the storage of lithium ions.

In this work, we conclude that detailed control over the characters of anode, the number
of pores and cracks in SiCN matrix are important to improve the electrochemical
performance. The pores and cracks can be easily adjusted by the pore-forming solution
concentration and reaction time. Because the dependence of performance on crack
number/size is monotonic, the detailed control over number of pores and cracks is helpful
to adopt the most appropriate preparation conditions. The appropriate number and sizes of
cracks can not only improve efficient Li’ transfer but also promise a better structural
stability of SICN matrix during cycling.

The process of our NaOH-treating for SICN materials involves no highly toxic chemical
reagent and it is easy to operate for practical use. Compared with HF-treating for porous
SiCN which we have done before [25], our NaOH-treating is safer and more
environmental-friendly, and even the electrochemical performance of NaOH-treating SiICN
is better than HF-treating one. Therefore, our treating method for micro-cracked or porous
SiCN materials can be generalized to other Si-based material anodes for the application of
Li-ion batteries.

3. Experimental Section
3.1 Reagents and chemicals

Diphenyldichlorosilane and dichloromethylvinylsilane were purchased from Alfa-Asear
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Corp., US and used without purification. Ethylenediamine (EDA), triethylamine (TEA),
toluene, hydrofluoric acid, 2, 2-azo-bis-iso-butyronitrile (AIBN) and sodium hydroxide
(NaOH) solid were purchased from Tianjin Kewei Corp., China. The water present in EDA,
TDA, and toluene was removed by distillation prior to use. AIBN were used without
purification.
3.2 Preparation of the polymer-derived SiCN

The polymer-derived SiCN  material was prepared by pyrolyzing a
poly(diphenylsilylcarbondiimide) precursor, which was synthesized by the aminolysis
reaction of EDA, TDA and dichlorosilanes. The synthesis details are as following: a
solution of EDA (4.81 g, 0.08 mol) and TEA (16.16 g, 0.16 mol) in 100 mL toluene was
placed in a 500 mL three-neck round bottom flask fitted with a reflux condenser, a dropping
funnel and an argon inlet. The mixed solution was magnetically stirred. To this solution,
dichloromethylsilane (8.38 mL, 0.04 mol) and dichloromethylvinylsilane (5.18 mL, 0.04
mol) in 50 mL toluene was then added slowly from the dropping funnel (about 40 min) to
keep the reaction temperature below 40 °C. The reaction mixture was refluxed at 60 °C for
40 min, and then refluxed at 100 °C for 90 min. After that, the reaction mixture was cooled
to ambient temperature. All the reaction was under argon atmosphere. The triethylamine
hydrochloride N(C,Hs);-HCI salt was filtered off and the filtrate was rotaevaporated to
remove the solvent and other volatile components. The remaining yellow oil was dried at
room temperature under argon atmosphere overnight to obtain
poly(diphenylsilylcarbondiimide) precursor. Then the as-prepared poly(silylcarbondiimide)

precursor was cross-linked into a colloidal solid at 80 °C using AIBN as a radical initiator.
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Then the cross-linked precursor were placed in an Al,Os crucible and pyrolyzed in an
alumina tube furnace in an argon flow at 1000 °C for 1 h at a heating rate of 5 °C/min. Then
the as-prepared SiCN were powdered and sieved with a 200-meshed standard sieve.
3.3 Removing Si;Ny from SiCN matrix

Treating of the SiCN powders was conducted by using different concentration of NaOH
aqueous solution. 1.0 g of the as-prepared SiCN powders was put into 0.2-5.0 mol L™ 20 ml
NaOH aqueous solution in a Teflon container. The mixture was stirred at room temperature
for 24 h, then filtered and washed with distilled water to remove any excess. The sample
was dried in an oven at 100 °C for 24 h. For convenience, we use the denotation of
SiCN-x-NaOH (x=0.2, 0.5, 0.8, 1.0, 2.0, 5.0) for the samples treated by 0.2, 0.5, 0.8, 1.0,

2.0 and 5.0 mol L' NaOH solution, respectively. The chemical synthesis route is shown in

Figure 11.
HoN
2 \/\NH2 + x N
1,2-ethylenediamine /—N Ph
’ A AIBN ’
: : r
o triethylamine . Si N=C=N
/ cl 100 °C, reflux 80 °C
Cl—Si
+ /\Sll Ph n
Cl
Ph | - poly(diphenylsilylcarbondiimide)
. . Cl
dichloromethylsilane . )
dichloromethylvinylsilane
Ar (1000 °C, 1h
NaOH
treated SICN <% SiCN

room temperature, 24 h

Figure 11. Schematic procedure for the synthesis of NaOH-treated SiCN materials.

3.4 Material characterization
The structural morphologies of these NaOH-treated SiCN materials were characterized

with a scanning electron microscopy system (SEM, FEI Nova Nano 230) with an
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accelerating voltage of 15 kV and a transmission electron microscope system (TEM, FEI
Tecnai G”> F20, Philips, Eindhoven, the Netherlands) operating at 200 kV.
Thermogravimetric analyses (TGA) and Differential Scanning Calorimetry (DSC) were
conducted under argon atmosphere with a TGA Q500 system (TA, US). Fourier transform
infrared (FTIR) spectra were collected by a Nicolet IR200 automatic infrared spectrometer
(Thermo, US) using the KBr pellet method. The X-ray powder diffraction patterns were
recorded on a Rigaku D8A X-ray diffractometer (Bruker, Germany) and Cu Ka radiation
(A= 0.1540 nm) in the 26 range of 10-80°. The XPS measurements were carried out with an
X-ray photoelectron spectrometer (Thermo fisher) using a monochromatic Al Ka (1486.7
eV) source at a voltage of 15 kV and an emission current of 10 mA. Brunner-Emmet-Teller
(BET) measurements was analyzed by an ASAP2020 analyzer (Micromeritics, USA) at
liquid nitrogen temperature.
3.5 Electrochemical measurements

The as-prepared SiCN powders were used as the anode materials for lithium ion batteries.
The anode electrodes were fabricated by mixing the powdered active material (untreated
SiCN, SiCN-0.2-NaOH, SiCN-0.5-NaOH, SiCN-0.8-NaOH, SiCN-1.0-NaOH and
SiCN-5.0-NaOH, respectively) with acetylene black (ENSACO, Switzerland) and
polytetrafluoroethylene (PTFE, Sigma-Aldrich, Switzerland) binder in the weight ratios of
70:20:10. The testing coin-type cells (size: CR 2032) were assembled in an argon filled
glove box, with the as-prepared anodes, Li foil as counter and reference electrodes, Celgard
2300 (Celgard, Charlotte, NC) film separator and 1.15 M LiPFs in 1:1:1 (by volume)
ethylene carbonate (EC)/propylene carbonate (PC)/dimethyl carbonate (DMC) electrolyte.
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The active material content in the electrode was approximately 5.0 mg. Galvanostatic
charge-discharge cycle tests were carried out on a LAND 2001A battery testing system
(Wuhan Jinnuo Corp., China) at current densities of 0.1C, 0.2C, 0.5C, 1C and 2C (1C=400
mAh g) in the potential range of 0.0-3.0 V vs. Li"/Li.

The cyclic voltammetry (CV) test was performed on an electrochemical workstation
(Solartron 1287, Solartron Metrology Corp., UK) at scan rate of 0.05 mV s with the
potential range from 0.0 to 3.0 V.

The electrochemical impedance (EIS) was conducted by an electrochemical
workstation (CHI 604E, Chenhua Corp., Shanghai, China) with the frequency range from
10 mHz to 100 KHz. All the tests were performed at room temperature.

4. Conclusion

The high-conductive SiCN materials have been synthesized by pyrolysis and NaOH post
treatment of carbon-rich poly(diphenylsilycarbondiimide). The whole prepare process are
easy to handle and involves no highly toxic chemical regents. The nonconductive Si.N,
phase of SiCN matrix is successful remove by NaOH-treating process. The treated
materials show excellent electrochemical properties as anodes for lithium ion batteries.
Especially, treating SiCN with 0.5 mol L' of NaOH aqueous solution results in the best
performances. The initial extracted capacity, the Coulombic efficiency, reversible capacity
and the high-rate capability have been prominently improved by the NaOH treating. The
outstanding electrochemical performance of SiCN-0.5-NaOH anode is ascribed to removing
of nonconductive Si.N, phase and the formation of micro-sized cracks on the material rough

surface which can offer enough channels for Li- transfer and alleviate the structural collapse
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during charge-discharge cycling. The chemical synthesis and post-treating method reported
in this work represents a new improved method for the preparation of general
polymer-derived silicon-based material electrodes with high electrochemical performance
for lithium ion batteries.
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