#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

In situ preparation of double gradient anode
materials based on polysiloxane for lithium-ion
batteriesT

i '.) Check for updates ‘

Cite this: Nanoscale Adv., 2023, 5, 4158

Sigi Guan, 22 Chen Xu,? Yuanjiang Chen,? Yongjin Zhang,? Lixiang Li, ©2°
Han Zhang, ©2 Baigang An,*®® Haiming Yang,®® Weimin Zhou,®® Chengguo Sun,*
Dongying JuP and Xin Gengi}*@°

Although silicon has a high volumetric energy density as an anode material for Li-ion batteries, its volumetric
expansion and sluggish Li* migration kinetics need to be urgently addressed. In this work, cage-like
structure materials (HRPOSS) derived from the in situ hydrogen reduction of polyhedral oligomeric
silsesquioxane (T8-type POSS) were constructed as an Si@C anode for Li-ion batteries. Benefiting from
the intriguing features of the Si/N double gradient and even-distributed silicon, HRPOSS-6 exhibited faint
volume changes and fast ion-electron kinetics. Moreover, the uniformly immobilized nano-silicic and
concentration gradient were favorable for accelerated ion migration. Therefore, HRPOSS-6 exhibited
good electrochemical performances given that its cage structure could relieve the volume expansion.
HRPOSS-6 demonstrated a high reversible capacity of 1814.1 mA h g~ and long cycling performance
after 200 cycles with 635 mA h g* at a current density of 0.5 A g%, Accordingly, this Si/C/N composite
exhibited great potential for high energy Li-ion batteries, where the corresponding full-cell (HRPOSS-6//
LiNig.6C0g.2Mng 205) showed a cycle life of 200 cycles with over 80% capacity retention at rate of 1C.
This work exploits the concentration gradients of dual elements for the capacity improvement of Si
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1. Introduction

For the extensive usage of Li-ion batteries in portable elec-
tronics such as mobile phones and laptops, and the automotive
market, there is an urgent demand for high-energy density
batteries.” In this case, graphite anodes provide excellent
stability and safety, but their capacity does not exceed the
theoretical value of 372 mA h g~'.* Furthermore, to meet the
consumer demand for lighter, larger capacity and faster
charging/discharging, there is still strong interest in developing
new materials to achieve these goals.*®* Among the different Li-
ion storage hosts, silicon-based anode materials have the
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advantages of relatively low discharge potential plateau and
exceptionally high theoretical specific capacity.” However, they
also suffer from large volume expansion/contraction (~300%)
during lithiation/delithiation, which leads to particle pulveri-
zation, higher resistance to ionic transport, and plummeting
coulombic efficiency.®?

Thus, to solve the above-mentioned issues, several strategies
have been carried out, such as (i) composites of nano-silicon
particles, which were coated on matrix materials to inhibit the
expansion of silicon (mechanical stress) or provide free space to
alleviate volume expansion (tensile stress),’*™® (ii) inter-
connected conductive networks and hierarchical mesoporous

structure  of  three-dimensional (3D) porous  Si/C
nanoarchitectures’*®” and (iii) space-confined catalytic
strategy, which encapsulates uniformly silicon nano-

particles.®'®'* However, despite the tremendous progress
toward these strategies, these approaches exhibit some intrinsic
drawbacks. Thus, it is necessary to discover new Si@C anode
materials to realize a reversible capacity and maintain the
electrochemical long-term cycle stability and rate performance.

Here, we propose a facile and efficient approach for the
preparation of an Si anode, which was constructed using an Si/N
double gradient and silicic even-distribution to simultaneously
buffer the volume expansion during lithiation and expedite the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram for the synthesis of HRPOSS.

charge/ion migration. Specifically, y-amino-
propyltriethoxysilane underwent hydrolysis and condensation
reaction, two basic reactions to form a broken chain linear
oligomer. Subsequently, monocycle, polycyclic and POSS with
a cage-like structure (T8 type) were produced. As illustrated in
Fig. 1, we fabricated these fascinating features via the hydrolysis
of POSS, and then hydrogen reduction. The desired character-
istics were derived simultaneously, namely, the Si/N double
gradient structure, which is desirable to reduce the volume
expansion, increase the electronic conductivity through silicic
even-distribution and achieve the N@C@Si integral structure.
The concentration gradient of HRPOSS was investigated by XPS
relative atomic concentration with Ar-ion sputtering. The
bonded silicon was uniformly anchored in the silicon oxy-
carbide (SiO,C, ,) and improved the particle agglomeration
caused by the uneven volume expansion. Also, the concentra-
tion gradient also promoted the reaction kinetics.

2. Experimental
2.1 Synthesis of HRPOSS

In this work, the precursor was prepared via the hydrolysis and
condensation processes of y-aminopropyltriethoxysilane
(CoH,3NO;Si). Firstly, hexadecyl trimethyl ammonium bromide
(CTAB, 1.6 g) and 720 mL of methyl-alcohol were mixed in
a glass container, vigorously stirred for about 60 min, and then
30 mL CyH,3;NO;Si was added. Then, 80 mL hydrochloric acid
(HCl) was slowly added to the mixture as a catalyst. The reaction
was terminated by slowly adding 500 mL tetrahydrofuran (THF)
after 5 days at ambient temperature together with the precipi-
tation of white precipitates (POSS). The solution was filtered,
and the white precipitate was gathered and dried at 75 °C under
vacuum to remove the residual solvent.

The precursor was calcined to form monolithic HRPOSS
under 5% H,/Ar flow at 1100 °C for different sintering times of
1.5, 3, and 6 h. The products were denoted as HRPOSS-1.5,
HRPOSS-3, HRPOSS-6, and HRPOSS-7.5, respectively.

2.2 Structural and microstructural characterization

X-ray diffraction (XRD) measurements of the samples were
performed using a D8 Advance XRD (Bruker, Germany) with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CuKa radiation. Micro-Raman spectra were recorded with
a HORIBA Xplora Plus (Horiba, Japan), using an Ar-ion laser
with a wavelength of 532.4 nm. Spectra were recorded in the
Raman shift range of 0 to 4000 cm ™. The amount of free carbon
in HRPOSS was estimated by thermogravimetric analysis (TGA)
in an air flow. Thermogravimetric analysis (TGA) was performed
using a TGA Q600 SDT (TA Instruments, America) at 2 °C min~ "
in an air flow (100 mL min~") up to 1100 °C. Functional group
identification in the pyrolyzed HRPOSS samples was investi-
gated by Fourier transform infrared (FT-IR) spectroscopy. FT-IR
spectra were collected in transmission mode using an ALPHA II
(Bruker, Germany) in the range of 4000-400 cm . The surface
chemistry of HRPOSS was characterized by X-ray photoelectron
spectroscopy (XPS), using an ESCALAB 250Xi XPS microscope
(Thermo Scientific, USA). The relative atomic concentration of
HRPOSS was measured by XPS at 4 min intervals with Ar-ions at
5 keV (five sites were randomly selected). >°Si solid-state nuclear
magnetic resonance was performed using *°Si MAS-NMR
(Bruker Avance III 400 MHz, Bruker). The specific surface area
(SSA), porosity, and pore size of HRPOSS were investigated by N,
physisorption using an ASAP2020 instrument (Micromeritics,
USA). The pore size distribution (PSD) curves were evaluated
using DFT analysis (density functional theory) from the
desorption isotherm. The structure of the composites was
characterized by scanning electron microscopy (SEM, FEI
Apreo) with an energy dispersive X-ray spectroscopy (EDS)
analyser and transmission electron microscopy (TEM, JEM-
2100F) equipped with a selected area electron diffraction
(SAED) analyser.

2.3 Electrochemical characterization

The working electrode was prepared by coating the slurry of
sample, carbon black (Super P), and carboxymethyl cellulose
(CMC) binder with mass ratio of 8:1:1 on copper foil with
a mass loading of 1.3-1.8 mg cm ™ > by an automatic thick film
coater. Subsequently, the working electrode was dried at 80 °C
for 12 h under vacuum. The coin cells (CR2032 type) were
assembled in a glove box (UNILAB Pro, MBRAUN, Germany)
using Li foil as a counter electrode and 1 M LiPF, in a mixture of
ethylene carbonate/diethylene carbonate/methyl carbonate (1:
1:1 v/v) as the electrolyte. The electrochemical measurements
were carried out on a LANDCT3001A battery tester (Wuhan
LAND Electronics Co., Ltd., China). Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were conducted
on a Gamry Instruments (Reference 3000 Workstation, Gamry
Instruments, USA). The CV curves were measured at a scan rate
of 0.1 mV s~ " in the potential range of 0.005-1.5 V (vs. Li/Li).
EIS spectra were measured in the frequency range of 0.01-
10° Hz with an AC perturbation of 5 mV. The full cells were
assembled with prelithiated HRPOSS-6 as the anode and
commercial Li(NiysC0,Mn,,)0, (NCM622) as the cathode.
The ratio of negative electrode and positive electrode capacity
was about 1.1:1. To fabricate the coin cells, NCM622 : PVDF:
Super P (8:1:1 by weight) was used as the cathode with a mass
loading of 2.6-3.3 mg cm 2. GCD was catried out to evaluate the
electrochemical performance between 2.8 V and 4.35 V at 1C.

Nanoscale Adv., 2023, 5, 4158-4166 | 4159
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Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) FT-IR spectra, and (d) TGA curves of the HRPOSS composites synthesized at three different heat

preservation temperatures.

3. Results and discussion

Polymer-derived ceramics (PDCs) are a new class of ceramics,
which are obtained through the solid-state pyrolysis of pre-
ceramic polymers.*® Silicon oxycarbide exhibits a superior

electrochemical performance as a lithium-ion battery anode
material.** The uniformly immobilized nano-silicic and N@Si
element gradient structure can promote the transport of both
electrons and ions, and effectively relieve the volume expansion
together with embedding Li" in the Si anode. All the unique

continous. surface layer
of turbostratic carbon.

Fig. 3 SEM images of (a) HRPOSS-6 and corresponding EDS elemental mapping images of (b) Si, (c) N, and (d) C, (e) TEM image and corre-
sponding SAED pattern of HRPOSS-6, and (f) HRTEM image of HRPOSS-6.

4160 | Nanoscale Adv.,, 2023, 5, 4158-4166

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00285c

Open Access Article. Published on 22 giugno 2023. Downloaded on 19/07/2025 05:21:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale Advances
a b c”
01s ;\?30
Surface 8,
Z | HRPOSS 6 (after etched) s
Sl T W £20
£ ——I-—L_.l l £
4 g
£ sil s1s
= X < 10
HRPOSS-6-surface ) e N pe
- 2
— HRPOSS-6 V- e L e o
Py
1200 1000 800 600 400 200 0 106 104 102 100 98 96 0 5 10 15 20 25 30 35 40
Binding energy (ev) Binding Energy (eV) Sputtering Gme (min)
ot = 5
d ———etch 20 min 7™\ (Y Sy f —ctch 20 min N\
etch 16 min /,’ \ eteh 12 min / \ etch 16 min / \
etch 12 min / \ ek S mbe \ etch 12 min /; \
etch 8 min / b4 i \ etch 8 min / \
etch 4 min N\ ¢ v \ etch 4 min \
—surtace \ ————— e .
HRPOSS-1.5 HRPOSS-3 Si 2p HRPOSS-6
106 104 102 100 98 9 106 104 102 100 98 96 106 104 102 100 98 9
Binding energy (ev) Binding energy (ev) Binding energy (ev)
Fig. 4 (a) XPS survey spectrum, (b) high-resolution XPS spectrum of HRPOSS-6 nanocomposite in the Si 2p region, (c) XPS relative atomic

concentration of each constituent of HRPOSS-6 surface and after etching, and (d—f) Si 2p XPS spectra of HRPOSS composites with different

sputtering times.

a - b 60 T HRPOSS 1.5
T HRPOSS 3
2.0 ICE N HRPOSS 6
——HRPOSS 3 = el
. 12749 mAb/g 9
Z15 ICE: 54.09% <40
z Z30
S0 £
. £20]
05
10
0. S |
0 500 1000 1500 2000 0-0.1 0.1-0.2 0.20.3 0.3-0.4 0.4-0.5 0.5-1.5
Specific capacity (mAh/g) Voltage (V. vs LI/Li*)
C 10 d1800 3
i) g
200 5 * HRPOSS6
El Z 1200
=08 g o 010
£.10 Z 900] “oewes, o1ag
g ] S0 50 Raan
Clas Z 60 -\..:.*..‘:&x nw
2.0 300 Sonne, A2 " o
25 HRPOSS-6 @0.1 mV 57! X S
0.0 0.5 10 15 0 10 20 30 40 S0
Voltage vs. Li*/Li (V) Cycle number —_
e 2000 *
1600 7
i *  HRPOSS-1.5 9 £
£ 1200 ¢  HRPOSS-3 =
z e HRPOSS-6 lgo
= 800 )
%
= 400 %= 70 £
- =
0+ T T T T 160 C
0 40 80 120 160 200
Cycle number
Fig. 5 (a) Initial charge/discharge voltage profiles. (b) Capacity distri-

bution in different voltage ranges. (c) CV curves. (d) Rate performance.
(e) Long-term cycle performance at 500 mA g~! of HRPOSS-1.5,
HRPOSS-3 and HRPOSS-6.

features originated from the process of hydrogen gas reduction
at 1100 °C for POSS (morphological characteristics are shown in
Fig S3a, ESIf). For instance, HRPOSS showed a weak

© 2023 The Author(s). Published by the Royal Society of Chemistry

electrochemical performance when the sinter temperature was
less than 1100 °C (Fig S1, ESI{), indicating that the degree of
crystallinity of Si is dependent on its sintering temperature and
time. However, the electrochemical performance of POSS
pyrolyzed at 1100 °C for 7.5 h decreased sharply, implying that
the sintering time of 6 h is suitable. Therefore, we only analyzed
the relationship between performance and structure for the
sintering time of 1.5 h, 3 h and 6 h, and the samples were
denoted as HRPOSS-1.5, HRPOSS-3, and HRPOSS-6, respec-
tively. The crystalline structure of HRPOSS was characterized by
XRD measurements (Fig. 2a). The XRD patterns of HRPOSS
displayed a broad peak in the 260 range of 18-30°, which can be
assigned to amorphous SiO, and carbon.”*** Meanwhile, it is
notable that HRPOSS-6 exhibited a stronger peak intensity than
the other two samples, demonstrating the higher crystallinity of
amorphous silicon for HRPOSS-6 derived from a prolonged
pyrolysis time of the polyaminosiloxane precursor. Meanwhile,
the characteristic peak of graphitized carbon appeared obvi-
ously in the 26 range of 40-50°, revealing better electron
conductivity than other samples. In addition, we also evaluated
the graphitization degree by Raman spectroscopy, which is
a non-destructive tool for the integral examination of the
microstructural features of the free carbon phase in HRPOSS. As
shown in Fig. 2b, the most important bands are the so-called
disorder-induced D-band at approx. 1338 cm™' and the G-
band at approx. 1589 cm™ ', which are related to the C-C
vibrational mode assigned to the doubly degenerate E,,. The
weak band at 469 cm ! is associated with amorphous silica.>**
Deconvolution of the Raman spectra also yielded T and D”
bands, which originated from the presence of sp>~sp>C-C/C=C
and the conversion of amorphous carbon into graphitic carbon
at around 1200 cm™ ' and 1500 cm ™", respectively®® (Fig. S2a,

Nanoscale Adv, 2023, 5, 4158-4166 | 4161
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Fig. 7 EIS characterization of the electrodes. Nyquist plots of after
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electrode. Distribution of relaxation time-related function (1) after
various cycles of (d) HRPOSS-1.5, (e) HRPOSS-3 and (f) HRPOSS-6
electrode.

ESI{). The intensity of the T and D” bands was enhanced with an
increase in the sintering time, suggesting the presence of more
graphite edges and defect sites, which will facilitate the trans-
port of Li" to Si.” The intensity ratio (Ip/lg) of HRPOSS-1.5,
HRPOSS-3 and HRPOSS-6 samples was 1.24, 1.36 and 1.39,
respectively.

FT-IR and *°Si MAS-NMR further revealed the chemical
structures of HRPOSS. As shown in Fig. 2c, the FT-IR spectra of
HRPOSS-1.5, HPROSS-3, and HRPOSS-6 show peaks of Si-O

4162 | Nanoscale Adv., 2023, 5, 4158-4166

bonds and asymmetric Si-O-Si stretching in the range of 410-
490 cm™" and 790-810 cm™ ".2® The main peak corresponding to
the stretching of the Si-O-Si bonds is located at 1020 cm ™" for
HRPOSS-1.5, 1036 cm ™' for HRPOSS-3, and 1058 cm ™' for
HRPOSS-6. The wavenumber shift is associated with the inser-
tion of C atoms into the silica network, implying the formation
of Si-C bonds and presence of an even-distributed SiO,C,_,
network.” The FT-IR spectra also showed a weak peak at around
1600 cm ™!, which can be attributed to the vibration of the C=C
bonds of the Cge. phase.®® The >°Si MAS-NMR spectra also
confirmed the FI-TR results by the simulation of five Gaussian
peaks with 65, of around —108, —70, —36, 9, and —13 ppm,
corresponding to the SiO,4, SiO3;C, SiO,C,, SiOC;, and SiC,
structural units, respectively (Fig. S2b, ESIt).** These results
clearly prove that the pyrolysis in H, significantly changed the
structure of POSS by destructing its O-Si-O bands and con-
verting them into an SiOC network. Moreover, POSS was also
converted to SiO,C,_, components during a longer sintering
period. TGA measurements revealed that the amount of Cgee
present in HRPOSS-6, HRPOSS-3, and HRPOSS-1.5 was
10.5 wt%, 13.6 wt%, and 15.8 wt%, respectively (Fig. 2d). The
evaluation of the Cge. amount was not straightforward and
strict given that some of the C atoms were engaged in Si-C
bonds. We can only infer that the amount of segregated C in
HRPOSS may be lower than the aforesaid results. All the curves
show an initial small weight loss in the temperature range of 0 ©
C to approximately 250 °C due to the evaporation of adsorbed
water. However, the differential curve of HRPOSS-1.5 was
observed from 250 °C to 570 °C. This delay of oxidation of Cgree
can be attributed to the stabilization of the free carbon phase,
which is derived from the SiOC groups pyrolyzed in the atmo-
sphere, together with silicon oxidized inside the SiOC groups.
As observed in the scanning electron microscopy (SEM)
images (Fig. 3a), HRPOSS-6 presented a cage structure consist-
ing of layers and a smooth surface and it retained the original
structure during high-temperature sintering. Comparatively,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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HRPOSS-1.5 and HRPOSS-3 possessed different micro-surfaces,
which are scabrate and porous (Fig. S3b and c, ESIT), respec-
tively. The BET (Brunauer-Emmett-Teller) analysis indicates
that HRPOSS-6 has only half the specific surface area of the
other two samples and less than that of the commercial
graphite anode (=9.1 m” g™ ") (Fig. S4, ESIt).*> Moreover, the
vibration density of HRPOSS-6 is close to that of the commercial
graphite anode (=0.9 cm® g™'). The relative results of these
samples are reported in Table S1.f HRPOSS-6 possesses
a lamella and honeycomb morphology, which not only ensures
full contact of the active materials with the electrolyte but also
relieves the volume expansion during the lithiation/delithiation
process.* The distribution of Si, N, and C elements throughout
HRPOSS-6 was explored by energy-dispersive X-ray spectroscopy
(EDS) elemental mapping (Fig. 3b and c). Simultaneously, the
transmission electron microscopy (TEM) images also confirmed
the stratified structure of HRPOSS-6 (Fig. 3d). Its internal
composition and structure do not exhibit any lattice fringes,
indicating that HRPOSS-6 is amorphous, as confirmed by the
selected area electron diffraction (SAED) pattern with the
diffuse ring characteristic of an amorphous structure.** More-
over, the high-resolution TEM (HRTEM) image distinctly dis-
played an increase in contrast with an increase in atomic
deepness. Therefore, as shown in Fig. 3e, the dark part is
uniformly distributed silicic species, while the bright part is
carbon and a continuous thin film (around 4 nm) of turbostratic
carbon.

In the calcination process, the Si ions will be reduced by the
carbon component. To confirm the valence states of various
ions in HRPOSS, the full XPS spectra with five peaks of O 1s, C
1s, N 1s, Si 2s, and Si 2p3/, could be clearly observed (Fig. S5,
ESIt). In the Si 2p spectrum (Fig. 4b), the broad peaks were
fitted with three small peaks, which are located at 98.79 eV,
99.7 eV, and 100.6 eV, corresponding to Si’*, Si'*, and Si**,

© 2023 The Author(s). Published by the Royal Society of Chemistry

respectively.®® To investigate the element concentration
gradient of HRPOSS, Ar-ion sputtering of XPS was performed.
The surface elemental composition (Fig. S6a-e, ESIT) and the
composition after different times of depth profiling with Ar-ion
etching are shown in Table S3.1 Fig. 4c shows that with an
increase in the etching depth, the concentration of Si and N
increased, while the concentration of C decreased, and then
tended to be stable, that is, forming a double concentration
gradient of Si/N. The Si’" ratio in HRPOSS-6 increased gradu-
ally, which is much higher than that in the other two materials.
No obvious variation trend was observed between Si'* and
Si** (Fig. S7a-c, respectively, ESIT). The ratio of Si with different
valence states was estimated from the respective areas of these
peaks, and the results are listed in Table S2.7 The average
valence state of Si in the HRPOSS-6 sample is from 1.50 to 1.01,
which is lower than that in HRPOSS-1.5 and HRPOSS-3, indi-
cating that the appropriate pyrolysis time facilitates the carbo-
thermal reduction of SiO,C,_,. This is consistent with the result
from the Si 2p XPS spectra (Fig. 4d-f). Compared with HRPOSS-
1.5, the Si peaks of the HRPOSS-3 and HRPOSS-6 samples
shifted towards the lower energy side. The lower Si valence
corresponds to a lower x value and higher electrochemical
activity of SiO,C,_,. Also, the N peak strength of the three
samples gradually increased (Fig. S7d-f, respectively, ESIt).
The N 1s peak at 398.7 eV corresponds to the C-N bond and
pyridinic-N.*® Especially, HRPOSS-6 has the highest Si and N
contents among the three HRPOSS samples. Thus, the best
electrical properties can be expected with HRPOSS-6.
Thereafter, the electrochemical performances of the three
fabricated samples were tested. All the cells were cycled in the
voltage range of 0.005-1.5 V. The voltage profiles (Fig. 5a) dis-
played their initial capacities and lithiation potentials.
HRPOSS-6 exhibited the highest charge capacity of
1814.1 mA h g~ " and the lowest lithiation potential (defined as
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the potential at half discharge capacity) at 0.17 V versus Li/Li",
which is close to the discharge platform of graphite. Commonly,
for LIB anode materials, high capacity with low lithiation
potential is always expected. Based on the comprehensive trade-
off of these two parameters, the HRPOSS-6 composite was
originally considered to be a good anode candidate. Fig. 5b
shows the discharge capacity distribution in different voltage
ranges. We divided the first discharge process into six voltage
ranges, and then calculated the capacity proportion of each
range. Noticeably, HRPOSS-1.5 and HRPOSS-3 exhibited fairly
high-capacity distribution (over 85%) in the top three voltage
ranges, while the HRPOSS-6 electrode showed a uniform
capacity distribution in the range of 0-0.4 V. The results indi-
cated that a shorter sintering time can yield a high content of
graphite-like carbon, while a longer sintering time is preferable
to yield a greater silicon composition. Fig. 5c presents the
typical cyclic voltammetry (CV) curves of HRPOSS-6 in the
potential window of 0.005-1.5 V at a scan rate of 0.1 mV s~ " in
the first three cycles. The cathodic part peak at 0.05 V and the
anodic part peak at 0.51 V can be attributed to the reversible
lithiation/delithiation reaction of Si.*” However, HRPOSS-1.5
and HRPOSS-3 exhibited undefined peaks in the delithiation
process (Fig. S8a and b, respectively, ESIT). Also, HRPOSS-6
maintained excellent reversibility in the first three cycles, and
no obvious polarization phenomenon appeared. Owing to the
conversion kinetics promoted by the diffusion mechanism,
HRPOSS-6 exhibited a superior rate capability with discharge
specific capacities of 1026.7, 789.5, 666.3, 535.1, 358.4 and
196.5 mA h ¢ ' at 0.1, 0.3, 0.5, 0.8, 1 and 2 A g ', respectively
(Fig. 5d). Moreover, when the current was switched back to
0.1 A g7, the high discharge capacity (812.7 mA h g™') of
HRPOSS-6 could be recovered, which confirmed the superb
electrochemical reversibility. The cycling stability of HRPOSS-
1.5, HRPOSS-3 and HRPOSS-6 at a current density of 0.5 A g™*
is shown in Fig. 5e. HRPOSS-6 with a high reversible capacity of
633.6 mA h g " after 200 cycles showed superior cycling stability
compared to the other materials. To better understand the
reason for this good cycling stability, post-cycling cross-
sectional SEM analyses were carried out to explore the change
in the morphology of the HRPOSS electrodes after 50 cycles.
Based on the change in the electrode thickness before and after
lithiation (Fig. 6), the volume expansion of the HRPOSS-6
microparticles were calculated to be only 13.7%, which is less
than that of HRPOSS-3 (~14.2%) and HRPOSS-1.5 (41.6%),
where the cycling stability of HRPOSS-6 was superior.”” The
migration rate of Li-ions in electrode materials is the key to the
cell performance. The underlying effect of the Si concentration
gradient is that the high concentration and low-valence silicon
can be easily lithiated. Subsequently, the diffusion phenom-
enon will accelerate the migration of Li-ions to the external layer
of low concentration zone in the process of delithiation, thus
the electrode reaction kinetics was also sped up. The positive
effect of the Si/N concentration gradient on the electrode reac-
tion kinetics of the HRPOSS materials can be understood by the
electrochemical impedance spectroscopy (EIS) results. The
Nyquist plots in Fig. 7a-c show two semicircles in the high and
medium frequency regions. The first semicircle at a high
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frequency is ascribed to lithium-ion diffusion through the
solid-electrolyte interphase (SEI), corresponding to the phase
angle peak at 10°-10° Hz in the Bode plots (Fig. S9a-c, respec-
tively, ESIt). The second semicircle at a medium frequency is
associated with the phase angle peak at 10>~10° Hz, represent-
ing the charge transfer resistance and double layer charge
capacitance. The sloping line at low frequency is attributed to
the lithium-ion diffusion impedance into the bulk. The inter-
facial impedance and charge transfer impedance of HRPOSS-
1.5 and HRPOSS-3 decreased gradually with cycling, while the
impedance for HRPOSS-6 was stable, indicating that there is
a prelithiation process in the initial cycling. However, the
impedance and peak patterns of HRPOSS-1.5 and HRPOSS-3
changed gradually during various cycles. This result shows
that the electrolyte and active substances were continuously
consumed to generate SEI layers. The Bode plots in Fig. S9a-c¥
show the similar phenomena, respectively. At low frequencies,
the Warburg impedance overlaps with the other electro-
chemical reaction signals. Therefore, the derivative distribution
function plots y(z) of relaxation time (DRT) in Fig. 7d-f were
calculated, respectively, with the DRT tools on the Matlab
platform developed by the Ciucci group***® to plainly compare
to the dynamic process of the electrode reaction. The peaks in
v(7) could be classified into different electrochemical processes
based on the value of 7. The peak in the range of 10-100 s is
attributed to the Li-ion diffusion in the active-Si bulk. The peaks
located in the range of 1-10 s correspond to the Li" diffusion
process in the surface layer.'* The signals located at 10 > to 1 s
are related to the charge transfer between the surface layer and
active-Si bulk.” The peaks in y(t) below 107> s are attributed to
the interface reaction process between the electrolyte and the
surface layer. Based on the above-mentioned peaks, it is clear
that great variations are observed at the peak position (t = 10-
100 s) for the HRPOSS-1.5 and HRPOSS-3 electrodes during 200
cycles. This was caused by the continuous growth of the SEI
film.** In contrast, for the HRPOSS-6 electrode, the stable lower
peak after initial activation indicates its fast electrode reaction
kinetics. This may be associated with the diffusion mechanism
by concentration gradient, which enhances both the electronic
and ionic conductivities of HRPOSS-6. The lithium-ion diffu-
sion coefficients of the three samples were calculated using
GITT (Fig. $10 and Fig. S11, details in the ESIT).*>* The Li" of
HRPOSS-6 in the lithiation state ranged from 10.99 x 10~ *' to
10.99 x 10~° ecm? s~ ' and varied from 10.91 x 10~ to 8.93 x
107° em” s ' at the delithiation, which slightly exceeds that of
HRPOSS-1.5 and HRPOSS-3. The higher Li" diffusion coefficient
of HRPOSS-6 is attributed to the Si concentration gradient,
which accelerated the ion diffusion velocity. On the one hand,
the nitrogen gradient network facilitates electron conduction;
on the other hand, a continuous turbostratic carbon film would
relieve the stress during the lithiation/delithiation, which is
helpful for the diffusion of Li'.

To further accurately understand the impedance changes in
HRPOSS-6 during cycling, all the Nyquist plots (Fig. S12 and
S13, ESIf) were composed of a plump semicircle in the
discharge state and a depressed semicircle in the charge state
followed by an inclined line, which can be fitted by an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equivalent circuit (inset in Fig. 8). As shown in Fig. 8, the elec-
trolyte resistance (R;) was small and remained constant (3-5 Q).
The resistance of the SEI layer increased during the initial
discharge process (maximum = 145.7 Q), and then decreased
gradually to a stable value (around 70 Q). Subsequently, the
resistance of the SEI layer remained between 40-50 Q after a few
cycles. The DRT was also further confirmed by the formation of
a stable SEI layer for HRPOSS-6 after the initial cycle process.
The charge-transfer resistance, R., decreased from 61 Q in the
initial discharge process to 13 Q in the second cycle charge
process in the fully charged state (1.5 V). The regular change
between the full discharge and charge states further demon-
strated the excellent reversibility of HRPOSS-6. In addition, the
R value decreased again in the third full charge, suggesting the
improvement in the kinetics with the formation of a stable SEI
layer.

4. Conclusion

A simple strategy was proposed to synthesize a silicic even-
distribution and Si/N double concentration gradient via the
hydrogen reduction of POSS. The Si/N concentration gradient
could accelerate the kinetic process of lithium-ion diffusion and
enhance the ionic conductivity. An external continuous thin
film of turbostratic carbon could be used as an internal struc-
tural buffer, which provided good volume accommodation
efficiency. In addition, silicic even-distribution could form
a nanodomain, which served as an active site, providing good
capacity and improving the volume change. The gradient
feature and silicic uniformity of the Si@C anode material are
effective to develop high-performance Si-based anode materials
for next-generation high-energy lithium-ion batteries.
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