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Abstract 

Si-based electrodes offer exceptionally high capacity and energy density for 

lithium-ion batteries (LIBs), but suffer poor structural stability and low electrical 

conductivity that hamper their practical applications. To tackle these obstacles, we design 

a bilayer coating strategy and successfully demonstrate it on Si-SiOx micro-particles: a C 

coating is used to improve electrical conductivity, outside which a high-strength polymer 

matrix composite, the C-nanoparticle-reinforced polypyrrole (CNP-PPy), is deposited to 

minimize the volumetric expansion of Si-SiOx and enhance the structural stability during 

battery operation. Electrodes made of such robust Si-SiOx@C/CNP-PPy micro-particles 

exhibit excellent cycling performance: 83% capacity retention (794 mAh/g) at 2 C rate 

after over 900 charging/discharging cycles for a coin-type half cell, and 80% capacity 

retention (with initial energy density of 308 Wh/kg) after over 1100 cycles for a pouch-

type full cell. By comparing the samples with different coatings, an in-depth 

understanding of the performance enhancement mechanism is achieved, in which the PPy 

coating strengthened by both the well-dispersed CNPs and the crosslink bonding formed 
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between coatings plays the key role for the improved structural stability. Moreover, a full 

battery using the Si-SiOx@C/CNP-PPy electrode successfully drives a car model, 

demonstrating a bright application prospect of the C/polymer bilayer coating strategy to 

make future commercial LIBs with high stability and energy density. 

Keywords: Si-based electrode; Lithium ion battery (LIB); Bilayer; C coating; C 

nanoparticle reinforced polypyrrole; Polymer matrix composite. 

1. Introduction 

Lithium ion batteries (LIBs) with higher energy density have been replacing 

conventional Ni-Cd and lead-acid batteries. Currently, the energy density of LIBs is still 

increasing at an average rate of ~5 Wh/kg per year, making them dominant in the markets 

for portable electronics and electric vehicles [1]. On the other hand, the ever-increasing 

demand for higher capacity and energy density in various applications of energy storage 

and conversion devices (e.g., rechargeable battery for vehicle electrification) has already 

surpassed the stepwise improvement of LIBs. Hence, novel electrode materials with 

higher specific capacities than conventional graphite C (372 mAh/g) have attracted great 

attention, such as metal oxides (> 700 mAh/g [2-6]) and Si-based materials (e.g., Li15Si4, 

3579 mAh/g [7-11]). Among all sorts of anode materials, Si has been extensively 

researched because of its high reversible capacity and low working potential (about 0.2 

V vs. Li/Li+ [12-16]). Unfortunately, Si anodes suffer large volumetric expansion (about 

300%) during cycling, which incurs a number of issues including irreversible structural 

failure, unstable solid electrolyte interphases (SEIs), substantial Li+ consumption, and 

severe decay of battery performance [17, 18]. 

As a promising alternative to Si, SiOx not only features high theoretical specific 

capacity but relatively small volumetric expansion; for example, when x = 1 (SiO), the 

specific capacity is calculated to be 2323 mAh/g, and the reported volumetric expansion 
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is about 100% [19, 20]. According to recent research, SEI layers composed of lithium 

oxides or lithium silicates can form on the surface of SiOx anodes during the first a few 

cycles, which are capable of limiting and buffering the volumetric expansion [21-23]. 

Nevertheless, SiOx anodes have issues too, namely, poor electrical conductivity and low 

initial Coulombic efficiency (CE). Many efforts have been devoted to improve the Si-

based electrodes through additional coating(s) [18, 19, 24-28], adding nanoparticles 

(NPs) or nanowires [18, 28-33], or combining with other elements [14, 34-38]. Among 

these attempts, C coating is an effective and low-cost approach to provide stable electrical 

contacts and electrode/electrolyte interfaces [24-28, 32, 39, 40]. However, C coating 

alone is unable to sustain the stress generated over charging/discharging cycles [41-43]. 

In order to address aforementioned issues of Si-based electrodes, we design a 

bilayer coating strategy with a high-strength polymer matrix composite (PMC) deposited 

outside the inner C coating. The strong crosslink bonding formed between coatings, 

coupled with the reinforcement of well-dispersed C nanoparticles (CNPs), results in a 

high-strength PMC that can effectively confine and buffer the volumetric expansion of 

Si-based electrodes during battery operation, thus significantly enhancing structural 

stability. Applying this strategy to Si-SiOx micro-particles, we fabricate Si-SiOx@C/PMC 

electrodes with excellent half-cell performance and the best ever-reported full-cell 

cycling stability. Systematic battery performance and microstructure characterizations are 

also performed to provide in-depth understanding of the roles of different coatings and 

the performance-enhancement mechanism, . and the The designed bilayer or multilayer 

coating strategy demonstrated in our work provides a promising option for making highly 

effective electrodes for next-generation LIBs. 

2. Experimental 

2.1. Synthesis of electrode materials 
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2.1.1. C-coated Si-SiOx particles 

The C-coated Si-SiOx particles with a core-shell structure (Si-SiOx@C) are 

prepared by pyrolysis of phenolic resin with commercial SiO powder (Fig. 1a). First, a 

mixture of SiO powder (10.0 g) and phenolic resin (0.75 g) is added into a milling pot (of 

100 mL). After ball milling (with zirconia balls) at a low rotational speed (200 rpm) for 1 

h, the mixture is carbonized under N2 atmosphere in a tube furnace. The carbonization 

process involves a pre-annealing treatment (200 °C for 2 h) and a subsequent calcination 

at elevated temperatures (800 °C, 900 °C, or 1000 °C for 2 h plus a furnace cooling). 

During the second step, SiO will undergo disproportionation: 

x SiO(s) → (x−1) Si(s) + SiOx(s)    (1) 

The synthesized Si-SiOx@C particles are denoted as Si-SiOx@C800, Si-SiOx@C900, 

and Si-SiOx@C1000 according to their calcination temperatures. Because 900 °C is found 

to be the best for preparing C coatings from phenolic resin, Si-SiOx@C hereinafter refers 

to Si-SiOx@C900. The detailed process for finding the optimized calcination temperature 

is presented in the Supplementary Materials (Section S1). 

2.1.2. Additional PMC coating 

The as-prepared Si-SiOx@C particles (5.85 g) are blended with CNPs (0.15 g) in a 

solvent containing ethanol (40 mL) and deionized water (40 mL). Then 15 mL 

polyvinylpyrrolidone (PVP, with a concentration of 5%) and 15 mL pyrrole (10%) are 

added into the solvent under continuous mechanical agitation. PVP serves as a dispersing 

agent for the reactant pyrrole which is absorbed on the surface of the C coating under van 

der Waals force. Two hours later, 10 mL H2O2 are added as an oxidizing agent, and 

followed by another mechanical agitation for 24 h to accomplish the polymerization from 

pyrrole monomers to polypyrrole (PPy) and the formation of C–O–N bonds as the 

crosslink I between C coating and PPy. Eventually, as illustrated in Fig. 1b, the initial Si-
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SiOx@C particles are coated by additional layer of PMC, namely, CNP reinforced PPy 

(CNP-PPy), and the resultant products are denoted as Si-SiOx@C/CNP-PPy (also in Fig. 

1c), which are collected by centrifuging and subsequent vacuum drying for 12 h. 

The morphology and grain size of the SiO raw material and the as-prepared Si-

SiOx@C and Si-SiOx@C/CNP-PPy micro-particles are very similar with an average grain 

size less than 10 μm, as revealed by scanning electron microscopy (SEM) (Fig. S3 in the 

Supplementary Materials). 

2.2. Battery assembly 

For assembling a half cell (of 2025 coin-type), its working electrode is fabricated 

by mixing as-prepared particles (1.2 g) as the active materials, acetylene black (0.15 g), 

and Poly(acrylic acid) (PAA) solution (3 g with a concentration of 5%) which serves as 

the binder, with a weight ratio of 8 : 1 : 1. This mixture is coated onto a copper foil and 

vacuum dried at 150 °C for 5 h, during which a crosslink reaction (crosslink II) between 

PPy and PAA occurs, as demonstrated by the blue dotted squares in Fig. 1c. The 

electrolyte is LiPF6 (1 M) in fluoroethylene carbonate, polycarbonate, and diethyl 

carbonate (1 : 1 : 4, v%) with an additive of 1 wt.% vinylene carbonate. A membrane 

(Celgard 2400) is used as the separator. All half cells are assembled in an argon-filled 

glovebox. 

To preliminarily measure the charging/discharging voltage window of the electrode 

materials in a full cell (of pouch-type), we first assemble a three-electrode cell. The 

assembling procedures and preliminary measurement results of both the three-electrode 

and full cells are detailed in Section S3. Further details about material characterization 

are available in Section S4. 

3. Results and discussion 

Electrodes made of the Si-SiOx@C/CNP-PPy micro-particles exhibit remarkable 
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long-term cycling performance for both half and full cells. As shown in Fig. 2a, the 

reversible capacity of the half cell after more than 900 cycles is as high as 800 mAh/g, 

and its CE value remains almost 100%. This cycling performance is outstanding 

compared to recent reports on Si-based electrodes in coin-type half cells [19, 22, 26, 27, 

37, 38, 44-50], as summarized in Table S2 (Section S5 in the Supplementary Materials). 

Fig. 2b shows the long-term cycling performance of a Si-SiOx@C/CNP-PPy full 

cell compared to a conventional graphite (as the anode) full cell. The Si-SiOx@C/CNP-

PPy cell has an initial energy density of about 308 Wh/kg and remains 278 Wh/kg after 

1118 cycles, which are higher than those of the graphite-based cell. Compared to recent 

reports on rechargeable pouch-type full cells using Si-based anodes [24, 25, 36, 51], as 

summarized in Table S3 (in Section S6), our assembled full cell ranks the best in terms 

of cycling stability. Moreover, the excellent performance of the Si-SiOx@C/CNP-PPy 

electrodes demonstrated in Fig. 2 enables us to assemble a full battery which can 

successfully power a car model (Movies S1–S2 in Supplementary Materials), further 

demonstrating its potential application in commercial LIBs. 

The excellent cycling performance of the half and full cells is attributed to the high 

structural stability of the fabricated Si-SiOx@C/CNP-PPy micro-particles. Fig. 2c is an 

SEM image of the as-prepared electrode, with the bright regions being the Si-

SiOx@C/CNP-PPy particles and the dark regions being graphite. The inset gives a typical 

grain-size distribution of the synthesized micro-particles, showing that the majority of 

these particles has a grain size about 6 μm with a small portion of finer ones about 0.6 

μm. When assembling batteries, the coarse particles can form void spaces that the fine 

particles can fill in. As a consequence, this combination of coarse and fine particles is 

beneficial for obtaining densely packed electrodes with high mass loading and specific 

capacity. After the full battery cycling (1118 cycles), the electrode still shows coarse 
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particles without apparent pulverization (Fig. 2e). X-ray diffraction (XRD) of both pre- 

and post-cycling electrodes (Fig. S7) further indicates little change in their component 

phases, except for a small amount of Li2CO3 formed after cycling (Section S7) [52]. The 

relatively rough surface of the particles after long-term cycling (Fig. 2f) is attributed to 

the formation of a stable SEI layer. Some cracks are also visible (Fig. 2e and magnified 

in Fig. 2f) owing to the inevitable change in particle volume during cycling, which can 

induce larger SEI layers and more Li+ consumption. This explains the relatively faster 

decay of energy density for the SiOx@C/CNP-PPy full cell compared to the one with the 

pure graphite anode shown in Fig. 2b. On the other hand, such cracks do not change the 

overall shape and size of the SiOx@C/CNP-PPy particles after long-term battery cycling, 

which demonstrates high structural stability. 

To better understand the underlying mechanism of the observed performance and  

structural stability enhancement, we have carried out a systematic characterization of a 

group of Si-based micro-particles with different cores and coatings, namely, SiO, 

SiO@CNP-PPy, Si-SiOx@C, Si-SiOx@C/PPy, and Si-SiOx@C/CNP-PPy (detailed 

synthesis conditions are given in Section S8). Their half-cell performances are 

summarized in Fig. 3. From the first charging/discharging cycle at a rate of 0.1 C (Fig. 

3a), the Si-containing micro-particles all manifest higher initial charge capacity (CC) and 

CE than those without Si (i.e., SiO and SiO@CNP-PPy, also refer to Table S1). This is 

not a surprise given the higher theoretical capacity of the crystalline Si compared to SiO. 

The existence of crystalline Si is identified explicitly by XRD shown in Fig. 3e, in which 

the diffraction peaks of Si are indexed and the wide peak at about 22.4° corresponds to 

amorphous SiOx [11, 15]. High-resolution transmission electron microscopy (TEM) 

imaging further reveals the core structure to be nanocrystalline Si (nc-Si) embedded in 

amorphous SiOx matrix (Fig. S8). Such a Si-SiOx mixed system combines the high energy 



8 

density of Si with the smaller volumetric expansion of SiOx, offering an ideal candidate 

for high-capacity LIB electrodes. The beneficial role of Si is also reflected in the cycling 

performance (20 cycles at 0.1 C rate) shown in Fig. 3b, in which the Si-containing micro-

particles all have larger capacity retention than those without Si. 

We note that the presence of C coating may also contribute to the better 

performance of the Si-containing samples shown in Figs. 3a and 3b. Fig. 3c presents the 

electrochemical impedance spectroscopy (EIS) measurements of the micro-particles, 

among which those with C coating (i.e., Si-SiOx@C, Si-SiOx@C/PPy, and Si-

SiOx@C/CNP-PPy) exhibit smaller semi-circle diameters, higher tail slopes, and hence 

better charge-transfer performance [53-56]. The presence of C coating can be detected by 

the two characteristic peaks in Raman spectra (D & G in Fig. 3f). Scanning TEM also 

reveals a continuous C coating ~80 nm thick at the micro-particle surface, the 

composition of which is confirmed by X-ray energy dispersive spectroscopy mapping, as 

shown in Figs. S9–S10. Furthermore, the intensity ratio ID/IG from Raman spectra 

provides a metric to evaluate the extent of disorder existing in the C coating, with the 

smaller ID/IG indicating less disorder and thus higher extent of graphitization. The ID/IG 

values of the three C-coated micro-particles are 0.96, 0.99, and 1.03 for Si-SiOx@C, Si-

SiOx@C/CNP-PPy, and Si-SiOx@C/PPy, respectively. This sequence is also well 

reflected in Fig. 3d (a magnified image of the semi-circles marked by a dashed-line square 

in Fig. 3c), in which a rising extent of graphitization (smaller ID/IG) in the C coatings 

enhances the electrical conductivity and charge transfer rate (smaller semi-circle).  

With the highest graphitization extent and conductivity achieved in the Si-SiOx@C 

particles, however, their cycling stability is poor compared to other samples (Fig. 3b), 

indicating insufficient stability of the C coating alone and the necessity of adding other 

coatings. Indeed, with the extra PPy coatings, all samples (i.e., SiO@CNP-PPy, Si-
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SiOx@C/PPy, and Si-SiOx@C/CNP-PPy) show much stabler cycling performance, 

among which the Si-SiOx@C/CNP-PPy cell exhibits the best performance, proving the 

superiority of the CNP-PPy coating. This is further demonstrated in the full-cell 

performance shown in Fig. 4a: the Si-SiOx@C/CNP-PPy full cell experiences a long 

period (1118 cycles) to reach a capacity retention of 80%, which is significantly better 

than that of the Si-SiOx@C cell without the PPy coating (80% after only 643 cycles). The 

rate performance of two half cells with and without CNP-PPy coating, as shown in Fig. 

4b, also demonstrates the advantage of the bilayer coating. The charging/discharging 

behaviors of the two half cells in the course of the first three cycles (Figs. 4c–4d) further 

show that the CNP-PPy coating leads to a stabler CC, and its CE maintains nearly 100% 

after the 1st cycle. By comparing the cyclic voltammetry (CV) curves (Figs. 4e–4f), it can 

be seen that the Si-SiOx@C/CNP-PPy cell manifests clearer reduction peaks at about 0.49, 

0.8 and 1.15 V and a much lower oxidation peak at 0.67 V (< 0.75 V in Fig. 4e). In 

addition, other examination results of full cells using the Si-SiOx@C/CNP-PPy particles, 

including EIS measurement, rate performance and corresponding temperature evolution, 

are all satisfying (Section S11). 

Fig. 5a shows a TEM bright-field image of the surface of a Si-SiOx@C/CNP-PPy 

particle, in which the dark area is the Si-SiOx core. No obvious interface is observed 

between the C and the CNP-PPy coatings. The thickness of the C/CNP-PPy bilayer 

coating is about 120 nm, which is 1.5 times thicker than the pure C coating (Fig. S9). In 

a magnified image (Fig. 5b), uniformly distributed CNPs with diameters of only few 

nanometers can be distinguished in the PPy matrix. Such well-dispersed CNPs should 

enhance the strength of PPy and improve the mechanical properties of the Si-

SiOx@C/CNP-PPy particles and the electrodes made of them, which is testified 

unequivocally by nanoindentation shown in Fig. 5c. From the nanoindentation force-
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depth curves with the same threshold force (200 mN), adding C coating increases both 

the Young’s modulus (reflected by curve slope) and hardness (reflected by the maximal 

indentation depth) from pure SiO particles, while the highest Young’s modulus and 

hardness is achieved in the Si-SiOx@C/CNP-PPy electrode, which is also quantitatively 

summarized in Fig. 5d. In addition to above strengthening effect, adding CNPs also 

increases the graphitization extent in the C/PPy-bilayer coating and improves 

conductivity, as shown in Figs. 3d and 3f. 

Besides the reinforement from well-dispersed CNPs, the enhanced mechanical 

strength of the bilayer coating can also be attributed to the crosslink bonding formed 

between various layers. This is revealed by comparing the surface chemical bonding of 

different particles (SiO, Si-SiOx@C, and Si-SiOx@C/CNP-PPy) using X-ray 

photoelectron spectroscopy (XPS). Their elemental compositions, namely, Si2p (at 103 

eV), C1s (285 eV), N1s (400 eV), and O1s (531 eV) are measured as shown in Fig. S14. 

The high-resolution XPS spectra of Si2p, C1s, and N1s are further analyzed by 

deconvolution using a Gaussian-Lorentzian mixed function [57]. Fig. 5e shows the Si2p 

spectra, in which three fitting components located at 100.2, 102.1 and 104 eV are 

attributed to Si0, Si2+ and Si4+ groups, respectively [58, 59]. The measured proportion of 

the Si2+ group reduces from 24.5% in SiO to about 16% in Si-SiOx@C and Si-

SiOx@C/CNP-PPy, which is owing to the disproportionation reaction (Eq. 1). Fig. 5f 

displays the C1s spectra where the four components, C–C (284.5 eV), C–O (285.2 eV), 

C=O (286.9 eV), and O–C=O (289.3 eV) can be identified [39, 60]. The proportions of 

two oxygen-containing bonds (C=O and C–O) change significantly from Si-SiOx@C to 

Si-SiOx@C/CNP-PPy: C=O bond decreases from 27.2% to 7.7%, whereas C–O bond 

increases from 21.1% to 41.3%, which evidently shows a transformation from C=O to C–

O bonds occurring on the surface of the Si-SiOx@C particles during the PPy coating 
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process (refer to Figs. 1b and 1c). Fig. 5g presents the N1s spectrum acquired on a Si-

SiOx@C/CNP-PPy particle. The four components at 399.4, 400.1, 400.9, and 402.1 eV 

correspond to pyridinic N, pyrrolic N, graphitic N, and N–O groups, respectively [61, 62]. 

As the majority of the N-related species, the pyrrolic N has been reported to be effective 

in improving electrical conductivity [61, 63]. The N–O bonds may arise from a crosslink 

reaction between pyrrole and C=O, which transforms C=O to C–O and forms C–O–N 

bonds via sp2 hybridization [61, 63]. The C–O–N bonds so formed act as the crosslink I 

between C coating and PPy (Fig. 1c). 

Moreover, when using the bilayer-coated particles to make electrodes, the PAA 

binder (refer to Section 2.2) plays an important role to provide strong adhesion not only 

between particles and current collector, but also among the particles themselves. The 

effect of the PAA binder is testified by comparing the Fourier transform infrared (FTIR) 

spectrum of the PPy/PAA composite with those of pure PPy and PAA, as shown in Fig. 

5h. The peaks at 1556, 1411, 1287, 1261, 1169 cm−1 arise from antisymmetric pyrrole 

ring vibration, symmetric pyrrole ring vibration, N–H bond deformation vibration, 

carboxyl group (COOH) deformation and stretching, respectively [36, 64]. In contrast to 

pure PPy and PAA, the PPy/PAA composite has an apparent reduction in the intensity of 

the peaks related to the N–H bond and COOH group, which reflects a crosslink reaction 

between the N–H bonds (in PPy) and the COOH groups (in PAA) [65], i.e., the crosslink 

II as illustrated in Fig. 1c. The co-existence of the crosslinks I (between the C and PPy 

coatings) and II (between PPy and PAA), together with the dispersed CNPs in PPy matrix, 

should enhance the mechanical strength of the coating layers significantly as revealed by 

nanoindentation (Fig. 5c). Such strengthened coating is expected to confine and buffer 

the volumetric expansion of the micro-particles effectively, and to maintain the integrity 

of electrodes during charging/discharging cycles, which is responsible for the outstanding 
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cycling stability of the assembled batteries. 

4. Conclusions 

We prepare Si-SiOx micro-particles with bilayer nano-coating via a simple two-step 

method. The fabricated nanocrystalline Si embedded in SiOx matrix provides high energy 

density with compromised volumetric expansion, and is coated with C to increase 

conductivity and charge transfer rate. We further deposit the CNP-PPy coating with high 

mechanical strength, originating from the reinforcement of dispersed CNPs in PPy matrix 

as well as the crosslink bonding formed between the C coating, the PPy coating, and the 

PAA binder. With such a strengthened CNP-PPy coating to confine the volumetric 

expansion of Si-SiOx, the achieved Si-SiOx@C/CNP-PPy particles exhibit excellent 

cycling performance of both half and full cells underpinned by their superior structural 

stability. In particular, its cycling stability with the capacity retention ~80% after over 

1100 cycles is among the best ever reported for Si-based electrodes. A full battery using 

the Si-SiOx@C/CNP-PPy electrode successfully drives a car model, which demonstrates 

a bright application prospect of the C/polymer bilayer coating strategy for optimizing the 

capacity and cycle life of Si-based electrodes.  
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Figure captions 

Fig. 1. A schematic of the experimental procedure for synthesizing C/polymer 

bilayer coated Si-SiOx electrode materials: (a) Si-SiOx@C particles, (b) Si-SiOx@C/CNP-

PPy particles, (c) Interaction of particles with PAA binder when fabricating a working 

electrode. 

Fig. 2. Cycling performance of the Si-SiOx@C/CNP-PPy half cell (a) and two full 

cells (b). After the full-cell cycling (1118 cycles), the SEM images display a comparison 

between the pre- (c) and post-cycling cycled (e) of the Si-SiOx@C/CNP-PPy electrodes; 

(d) and (f) show a single as-prepared and post-cycling cycled Si-SiOx@C/CNP-PPy 

particle, respectively. 

Fig. 3. A systematic characterization of a group of Si-based micro-particles with 

different cores and coatings, namely, SiO, SiO@CNP-PPy, Si-SiOx@C, Si-SiOx@C/PPy, 

Si-SiOx@C/CNP-PPy, and their half-cell performances: (a) the first charging/discharging 

cycle, (b) cycling performance for the first 20 cycles, (c) Nyquist plots with the equivalent 

circuit drawn in Fig. S2f, (d) a magnified image of the area marked by a dashed-line 

square in (c), (e) XRD, and (f) Raman spectra. 

Fig. 4. A comparison of the electrochemical performances of the Si-SiOx@C and 

Si-SiOx@C/CNP-PPy electrodes in half and full cells: (a) cycling performance of two full 

cells, (b) rate performance of two half cells, (c–d) galvanostatic charging/discharging 

behaviors of two half cells in the course of their first three cycles, (e–f) CV curves of two 

half cells. In figure (b), the obviously faster decay of capacity at small current (0.05 C) 

than at large current (> 0.05 C) is attributed to the formation of an SEI layer over the 

initial few cycles. In figures (c–d), the 1st discharging cycle contains three voltage-drop 

procedures: From 0.8 to 0.3 V exhibits a steep fall in the discharging voltage, which may 

be due to the decomposition of electrolyte and the formation of an SEI layer; From 0.3 to 
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about 0.2 V may be associated with an irreversible formation of Li2O or Li4SiO4, which 

results in a decreased CC after the 1st cycle [26, 47]; From about 0.2 to 0.005 V, two 

reversible battery reactions produce Li3.75Si and Li6C, which are SiOx + (3.75 + 0.0625x) 

Li ↔ (1 – 0.25x) Li3.75Si + 0.25x Li4SiO4 and C + 6Li ↔ Li6C, respectively [12, 35]. The 

higher reversibility of these two reactions, the higher values of the battery’s CE. In figures 

(e–f), during the 1st cycle, the peak at 0.49 V may be attributed electrochemical reduction 

of either SiO2 or other oxygen-containing groups [26], and the peaks at 0.8 and 1.15 V 

are due to the formation of an SEI layer and some side reactions happened at 

electrode/electrolyte interface [32, 46]; during the 3rd cycle, the peak at 0.75 V in figure 

(e) or 0.67 V in figure (f) is related to Li+ deintercalation. 

Fig. 5. (a) TEM bright-field image of the surface of a Si-SiOx@C/CNP-PPy particle, 

(b) a TEM image showing CNPs embedded in PPy matrix, (c) nanoindentation force-

depth curves of three working electrodes prepared by different particles and (d) the 

corresponding Young’s modulus and hardness obtained from (c), (e–f) high-resolution 

XPS spectra of Si2p, C1s, and N1s, respectively, obtained from the surface of different 

particles, (h) a comparison between the FTIR spectra of pure PPy, PAA, and PPy/PAA 

composite, among which the pure PPy is produced through an oxidation process 

described in Section 2.1.2, and the PPy/PAA composite is prepared by mixing the pure 

PPy and PAA powder with a weight ratio of 1.6 : 1 in ethanol by mechanical agitation for 

at least 24 h, followed by vacuum drying at 150 °C for 5h. 
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