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Abstract

Incorporating nanoscaled Si into carbon matrix with high dispersity is desired for
lithium-ion batteries (LIBs); however, it remains challenging. Herein, we propose a novel
space-confined atom-cluster catalytic strategy for direct superassembly of Si
nanodots-embedded carbon (Si NDscC) framework via a copyrolysis of triphenyltin
hydride (TPT) and diphenysilane (DPS), where self-created Sn atom clusters from TPT
pyrolysis serve as the catalyst for DPS pyrolysis and Si catalytic growth. The use of Sn
atom cluster catalyst can alter the reaction pathway to avoid SiC generation and enable
forming Si nanodots with reduced dimensions. The typical Si NDscC framework
demonstrates a remarkable comprehensive performance comparable to other Si-based
high-performance half LIBs and higher energy densities than commercial full LIBs, due to
the high dispersity of Si nanodots with low lithiation stress revealed by mechanic
simulations. This study paves a new way to construct ideal Si/C composites for future

energy applications.

Introduction

There is a strong demand to develop rechargeable lithium-ion batteries (LIBs) with
higher energy capacity and longer cycle life for applications in portable electronic devices
and electrical/hybrid vehicles.!'*! Si has been recognized as one of the most promising

anode candidates due to its high theoretical lithium storage capacity (4200 mAh g~ for
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Li,,Si5) and moderate Li-uptake potential (0.4 V vs Li/LiJr).[3 6] However, the serious volume
variation (~ 400%) of Si electrodes plus poor conductivity often caused electrode
pulverization and active material loss, resulting in the overall performance deterioration of

(7-11] Incorporating Si into carbon matrix has been recognized an effective way to

batteries.
improve structural and electric integrity of Si-based electrodes for enhanced lithium-ion
battery performance. ["*'*) However, the Si/C composites prepared by physical mixing of

the two components,[w'ls]

often caused weak interfacial interactions and uneven dispersion
of the two components, adverse to electron transfer at interfaces and cycling stability of
composite anodes.

It is noted that the metal catalyst-based chemical vapor deposition (CVD) strategy where
catalyst nanoparticles dispersed on necessary substrates as catalytic sites for in situ growth
of Si nanowires with a vapor-liquid-solid (VLS) mechanism!™®!%'%-2% provides a good
possibility to uniformly anchor Si into carbon matrix in Si/C composites. However, the
introduction of metal catalysts to carbon matrix were mainly through extra manipulations of
physical sputtering or chemical deposition, suffered from complicated processes and poor
distribution of metal catalysts. Moreover, the catalytic growth of Si was mostly conducted
in unconfined space with uninterruptible Si source feeding, leading to the overgrowth of Si

and the formation of Si nanowires with long length (hundreds of nanometer ~ micrometer).

Besides, in most cases, the catalysts employed were in the form of nanoparticles with
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(23] results in

relatively big diameters, which, according to the catalytic growth mechanism,
the generation of large-diameter Si nanowires (over 50 nm). In principle, Si nanowires with
long length and large diameter are not conducive to electron transfer from Si to current
collector via Si-carbon interface and volume change suppression of Si. Therefore, the
development of a simple and effective metal-catalytic strategy to construct Si/C composites
with favorable structures for high-performance LIBs is highly desired.!***"!

In this article, we propose a novel Sn atom-cluster catalytic strategy for the
superassembly of Si nanodots (Si NDs) embedded carbon (Si NDscC) framework for
high-performance lithium-ion batteries. The strategy was realized through an elaborate
design of copyrolysis of triphenyltin hydride (TPT) and diphenysilane (DPS), during which
Sn atom clusters were produced firstly from TPT pyrolysis and served as the catalyst for the
pyrolysis of DPS and the catalytic growth of Si. The employment of Sn atom cluster
catalyst can not only break Si-C bonds of DPS and graphitize carbon framework at lower
temperatures avoiding the generation of SiC, but also reduce the dimensions of Si product
to form Si nanodots according to the reported size-dependent correlation between catalysts
and Si product.”® The prepared SicC composite made of silicon nanodots dispersed
uniformly in hybrid amorphous/graphitized carbon framework with a hierarchical pore

structure (micropore of ~ 1.6 nm, large mesopore of 12.0 ~ 50.0 nm and macropores over 50

nm) is beneficial for stable, fast and high-capacity lithium storage. Most significantly, the Si
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NDscC framework shows low lithiation stress and an outstanding mechanical stability,
revealed by Finite Element Calculations.”’>% As a result, the SicC framework anode
exhibited high reversible capacity, long cycling stability as well as superior rate capability.
Moreover, a series of full batteries assembled based on the SicC framework anodes and

commercial cathode exhibited remarkable performance over the commercial full cells,

Results and discussion

The atom-cluster catalytic strategy for the Si NDscC framework is simple and
straightforward, governed by stepwise elevating system temperature from 25 to 800 °C, as
shown in Figure la,b. Firstly, the reactants of DPS and TPT powder were mixed up in a
vacuumed quartz capsule at room temperature and vaporized to form a gas mixture at
elevated temperature of 200 °C. When the temperature was increased to 600 °C, part of TPT
molecules was preferentially decomposed to generate Sn metal due to the lower bond
energy of Sn-C bonds in TPT than Si-C bonds in DPS (Figure S1). The evidence of TPT
decomposition at 600 °C is shown in Figure S2. It is noted that a low molar ratio (1: 15) of
TPT to DPS with a very low Sn atom concentration (Sn atom% = number of Sn atoms/total
number of Sn, Si and C = 1:214 = 0.47%) enables the formation of Sn atom clusters
dispersed uniformly on the synchronously formed amorphous carbon framework.

Subsequently, with further elevating temperature to 800 °C, the formed Sn atom clusters
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served as the catalyst to break the Si-C bonds of DPS and catalyze the growth of Si. It is
noted that due to the insulation of carbon framework, the catalytic growth of Si was
proceeded in a confined space, which results in the formation of Si NDs other than
nanowires that were usually formed in conventional catalytic systems.”'*? With the
catalytic pyrolysis going on, the superassembly of Si NDs and carbon components was
occurred, promoted by the continuous generation of Si and carbon. Finally, the sphere-like
SicC composite made of Si NDs uniformly dispersed in partially graphitized carbon
framework was produced after carbonization for another 5 h at 800 °C.

Figure 2 shows characterizations on morphology, structure and composition of the
as-prepared Si NDscC framework. The scanning electron microscopy (SEM) images shown
in Figure 2a,b indicate that the SicC composite holds a sphere-like shape with diameters of
1.0-1.5 um. The surface of those composite microspheres is covered by vertically arrayed
carbon nanosheets (Figure 2b). The samples undergone different carbonization time at
800 °C imply that the carbon nanosheets in surface layer were formed during carbonization
process (Figure S3 a,b). After sonication treatment, the nanosheets arrayed on the surface
are peeled off and a relatively dense core of the microsphere appears (Figure S4a,b). From a
much damaged microsphere, it can be seen that the inner core is made of layer-by-layer
stacked carbon nanosheets surrounding the core (Figure S4c,d), exactly as that illustrated in

Figure 1b. A low-magnification transmission electron microscopy (TEM) image (Figure 2¢)
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reveals that Si NDs with an average diameter of ~5 nm are dispersed uniformly in the
carbon matrix. A Si nanodot that was arbitrarily selected shows clear crystal lattices with a
spacing of 0.315 nm, corresponding to the (111) plane of Si crystal (Figure 2c, inset). The
high-resolution TEM image in Figure 2d reveals that the carbon component in the
composite is partially graphitized, which is divided into two different microdomains of
few-layer graphitized carbon (g-carbon) nanosheets and amorphous carbon, while Si NDs
are uniformly distributed in the interspaces of g-carbon nanosheets. The formation of
g-carbon nanosheets on the surface or surrounding Si NDs in the interior of the composite
microspheres is due to the catalytic effect of the Sn catalyst,”*) by comparing with the
product obtained under the same conditions except for the carbonization process in the
absence of Sn removed by 1M HCI (Figure S5). The elemental mappings of a composite
microsphere (Figure 2e) show that the elements of C, Si and Sn are homogeneously
distributed throughout the microsphere. The corresponding line scanning illustrates the
element distribution with relative content ratios of the three elements (Figure 2e¢). The
energy-dispersive spectroscopy (EDS) measurement (Figure S6) and X-ray photoelectron
spectroscopy (XPS) analysis (Figure S7) confirm the coexistence of C, Si and Sn elements.
The X-ray diffraction (XRD) pattern of the Si NDscC framework is shown in Figure 2f,
which displays a set of diffraction peaks assigned to rhombohedral silicon (JCPDS 27-1402)

and two broad peaks corresponding to graphite carbon.”* It is noted that no signal for
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crystalline Sn is detected. Considering the very low atomic concentration (0.47%) of Sn in
the composite, Sn species is speculated to exist as single atom clusters dispersed uniformly
in the carbon framework, taking EDS, XPS and XRD results into account. Raman spectra of
the Si NDscC frameworks with different carbonization times (Figure 2g, Figures S8) show
sharp peaks at 517.3 cm ™' corresponding to F», mode of Si**! and two intense peaks at 1347
and 1580 cm ', corresponding to D and G bands of graphitic carbon®®’. The content of Si
and C in the Si NDscC framework is measured to be ~ 16.4 and 83.6 wt%, respectively, by
thermogravimetric (TG) method (Figure S9). Brunauer—Emmett—Teller (BET) measurement
and pore analysis indicate that the SicC framework holds a specific surface area (Sger) of
~158.5 m? g ' and a hierarchical pore structure with pore size distribution ranging from 1.0
to 60 nm (in set, Figure 2h, Table S1) implying the coexistence of micropores, mesopores
and macropores in the composite framework.

The electrochemical properties of the typical Si NDscC framework were evaluated as a
LIB anode material cycled between 0.05 V and 2 V vs Li'/Li. Figure 3a shows cyclic
voltammetry (CV) curves of the first three cycles at a scan rate of 0.025 mV s™'. During the
initial cathodic scan, a sloping cathodic peak in the range of 0.75~ 0.25 V is observed,
caused by the irreversible formation of the SEI layer on the carbon surface.’”) In the anodic
sweeps, two weak peaks located at 0.35 V and 0.51 V are assigned to the delithiation from

the electrode. In the subsequent cycles, a cathodic peak at ~0.18 V appears, related to
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lithiation of Si to Li,Si (0<x<4.4)."" The voltage profiles for the first three cycles are
shown in Figure 3b, all of which exhibit a discharge plateau between 0.2 and 0.05 V and a
charge plateau between 0.3 and 0.5V, in accordance with the CV analysis in Figure 3a. All
the specific capacities are calculated based on the total mass of the Si NDscC framework.
The theoretical capacity of the Si NDscC framework electrode is calculated to be 1000
mAh g' according to the weight percent of the composites (Ccomposite theoretical = Cearbon <
Mass percentage of carbon + Csi X Mass percentage of Si =372 x 83.6% + 4200 x 16.4% =
1000 mAh g™). Figure 3c presents the cycling performance of the Si NDscC framework
electrode at a current density of 0.1 A g_1 for 1500 cycles. It is found that the Si NDscC
framework electrode delivers a discharge capacity of 1203 mAh g and a charge capacity of
777 mAh g™ in the first cycle. The coulombic efficiency in the second cycle reaches 93.4%
and then remains stable at 99% during later long-term cycling. After 1500 cycles, a high
reversible capacity of 837 mAh g ' is still remained, giving a capacity retention of nearly
100%. The capacity increase in the initial 150 cycles is possibly ascribed to a combined
activation mechanism induced by carbon activation and Si amorphization.”**? The
amorphization of Si NDs upon cycling is observed by the corresponding in situ XRD
measurement (Figure S10). In contrast, the Si NDscC framework electrode displays much
better cycling performance than those based on the carbon framework anode obtained after

removing Si by HF and composites anodes with short carbonization times of 1 and 3 h
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(Figures S11 and S12). Long-term cycling tests of the composite electrode at the higher
current density of 1 A g and 2 A g ' were also conducted, showing the reversible
capacities of 647 and 527 mAh g after 1500 cycles (Figure 3¢ and Figure S13),
respectively. The Si NDscC framework still remains the spherical morphology after 1000
cyclesat2 A gfl (Figure S14), and exhibits a much smaller electrode thickness change ratio
(4%) than the electrode based on commercial Si nanoparticles (61.6%) with significantly
enhanced battery performance (Figure S15). The Si NDscC framework electrode also
displays remarkable rate capability, thanks to its facilitated reaction kinetics and efficient
charge transfer interface (Figure S16 and Table S2). High reversible capacities of ~ 784,
682, 622, 568, 505, 448 mAh g,fl are achieved at current densities of 0.1, 0.2, 0.5, 1,2 and 3
A g (Figures 3d), respectively. When the current returns to 0.1 A g after 100 cycles, a
reversible capacity of 829 mAh g is still achieved, with a high capacity retention of
105.7%. The comprehensive battery performance based on the typical Si NDscC
framework electrode with a low Si content surpasses that of the reported lithium-ion
batteries based on Si anodes (Figure S17). In addition, the effect of different carbonization
temperatures, different Si pyrolysis precursors, and especially, Sn catalyst on the
composition and battery performance of composite products were also conducted (Figures
S18-23, Table S3 and S4). The results suggest that the existence of Sn catalyst can avoid

SiC generation, and is essential for Si formation as well as the Si NDscC framework.
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To further understand the Sn atom-cluster catalytic mechanism of DPS pyrolysis for the
formation of Si other than SiC, the most energy-favorable pathways for DPS pyrolysis with
and without Sn atom cluster catalyst were simulated by the density functional theory (DFT)
calculations, as shown in Figure 4. The calculation details with all possible pathways were
shown in Figure S24, which was according to different bond breaking order/manner of Si-C
and Si-H bonds in DPS molecules. Apparently, Figure 4 illustrates that the pathway with
catalyst shows much lower reaction energy and energy barrier at each step than that of the
pathway without catalyst, indicating that the presence of Sn catalyst can significantly reduce
energy barrier and promote the pyrolysis of DPS. Accordingly, pyrolysis of DPS could
occur to form Si at the lower temperature of 800 °C catalyzed by Sn atom clusters, but could
not in the absence of Sn catalyst at the same temperature, leading to SiC formation at the
higher temperature.[43]

All considered, the proposed space-confined atom-cluster catalytic strategy is unique and
effective for preparing the novel Si NDscC framework for high-performance LIBs,
avoiding the formation of SiC (without catalyst, Figure S25a,) and Si nanowires in
conventional catalytic growth systems (Figure S25b). Notably, finite element calculations
(Figure S26-S28) reveal that the Si NDscC carbon framework comprising of hybrid

a/g-carbon show both lower radial and hoop stress during lithiation compared to that of

amorphous or graphite carbons, endowing the electrode with an outstanding mechanical
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stability for stable lithium storage. Moreover, a series of full batteries based on the SicC
framework anodes and commercial cathodes including LiCoO, (LCO), LiFePO4 (LFP) and
LiNiCo0.15Alp.0502 (NCA) were assembled and exhibited higher capacities and energy

densities than commercial full batteries (Figure S29 and Tables S5-S7).

Conclusion

In summary, the novel space-confined atom-cluster catalytic strategy for constructing the
Si NDscC framework has been proposed, through the elaborate design of controlled
copyrolysis of TPT and DPS. The self-created Sn atom cluster catalyst is able to not only
catalyze the pyrolysis of DPS and growth of Si at the low temperature, changing reaction
pathway to avoid the generation of electrochemical inert SiC, but also to reduce the
dimensions of Si leading to Si ND formation. The prepared Si NDscC framework with
hierarchical pore structure, well-dispersed Si NDs, and hybrid phase carbon framework is
favorable for high-capacity lithium storage, fast Li ion diffusion and effective suppression
of lithiation stress. As a result, the Si NDscC framework based half and full Li-ion batteries
exhibited superior comprehensive battery performance which are comparable to the
state-of-the-art half LIBs or even far surpass the commercial full LIBs. This study provides
a new and effective strategy for design and preparation of advanced Si/C composite anodes

towards practical energy applications.
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Figures and Captions

Figure 1. a) Schematic illustration for the synthetic procedure. b) Schematic illustration for

the fabrication of the Si NDscC framework.
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Figure 2. a, b) SEM images, ¢) TEM image, d) high-resolution TEM image, ¢) line
scanning profiles and elemental mappings, f) XRD pattern, g) Raman spectrum and h) BET
and the pore-size distribution curve of the Si NDscC framework. Inset in c) is the

high-resolution TEM image of a Si ND selected arbitrarily.
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Figure 3. a) Cyclic voltammetry (CV) curves and b) Voltage profiles of the typical Si
NDscC framework electrode at 0.1 A g'. ¢) Cycling performance comparisons of the
typical Si NDscC framework electrode at 0.1 A g 'and 1 A g '. d) Rate capability of the

typical Si NDscC framework electrode.
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Figure 4. Schematic of most energy-favorable pathways for DPS pyrolysis in the absence

and in the presence of Sn atom cluster catalyst from DFT simulation.
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