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Abstract 8 

Silicon is one of the most promising anode materials for lithium ion batteries due to its 9 

high-specific capacity. However, its poor cycling stability and rate capability limit its practical 10 

use. Herein, we report scalable fabrication of unique three-dimensional porous 11 

silicon/TiOx/carbon (Si/TiOx/C, 0<x<2) binder free composite electrode for lithium ion batteries. 12 

The TiOx/C frameworks were incorporated by a slurry coating method followed by heat 13 

treatment, resulting in well-connected three dimensional framework structure consisting of Si 14 

nanoparticles conformably embedded in conducting TiOx/C matrix. The porous TiOx/C 15 

conductive framework effective alleviates the volume change of Si during cycling and 16 

substantially improves the structural stability of electrode materials. Moreover, the amorphous 17 

TiOx/C conductive matrix provides high electrical conductivity and electrochemical reaction 18 

between Li and Si. As a consequence, the Si/TiOx/C exhibits a stable reversible specific capacity 19 

of 1696 mAh g
-1

 at 0.1 A g
-1

 after 100 cycles with 87% capacity retention, and superior rate 20 

capability (754 mAh g
-1

 at 15 A g
-1

). The exceptional performance of Si/TiOx/C electrode 21 

combined with the facile synthesis technique makes it promising for high energy lithium ion 22 

batteries.  23 

Keywords: Lithium ion battery; Silicon; Titanium oxide; Carbon 24 
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1. Introduction 25 

Lithium-ion batteries (LIBs) have been employed successfully in various electronic devices for the 26 

past two decades and the types of applications are currently expanding to electric vehicle and energy 27 

storage systems. In recent years, Si has become a powerful candidate as an anode material for LIBs 28 

to replace the conventional graphite anode, due to the demand for high energy and power density. It 29 

is well-known that Si has the highest theoretical capacity (4200 mAh g
-1

), low Li-uptake voltage 30 

(0.4-0.5 V vs Li/Li
+
), abundant and environmentally benign nature

1-3
. However, practical application 31 

of Si has been hindered by its crucial disadvantages as anode material. Firstly, although the Si anodes 32 

deliver high specific capacity, they suffer from a large volume change of up to 300% during repeated 33 

cycling, which leads to stress-induced cracking and poor cycle life. On the other hand, the unstable 34 

SEI film at the interface between Si and the liquid electrolyte also reduces lithium diffusivity and 35 

causes irreversible capacity loss
4
.  36 

To address those issues, various strategies have been developed to tackle interfacial and structural 37 

instability problems of Si caused by volume change, such as optimizing particle size
5, 6

 or 38 

morphology
7-14

, and designing silicon/carbon hybrids
15-25

. Among all those strategies, dispersing 39 

silicon in carbonaceous materials have attracted significant interest because carbon matrix can 40 

efficiently enhance the electrical conductivity of Si and form a stable SEI layer, which results in 41 

improved electrochemical performances
20, 26, 27

. However, concerns on the safety issue resulted from 42 

the undesirable exothermic behavior still exist for silicon-carbon composites
28

. Moreover, the energy 43 

density of those silicon-carbon composite remains well below that of pure silicon. Rather than 44 

dispersing silicon nanoparticles in carbonaceous materials, titanium dioxide (TiO2) has been 45 

proposed as a prospective candidate for the conductive materials of Si electrode material for 46 

LIBs
28-35

. On the one hand, TiO2 exhibits a low volume expansion (<4%) during the 47 

lithiation/delithiation process, which can provide a mechanical support of Si
36

. On the other hand, the 48 

higher working voltage of TiO2 anode (higher than 1.5 V vs. Li/Li
+
) can efficiently eliminates the 49 

formation of SEI layers and lithium plating on the anode, which improves the safety of the batteries 50 
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as compared with its carbon-based counterparts. Many synthetic strategies have been reported for 51 

Si/TiO2 hybrid nanostructures, such as Si/TiO2 nanotube
30, 32-34

, Si/TiO2 nanowires
28, 29, 35, 37

, porous 52 

Si/TiO2 nanoparticles
31, 38, 39

. Those pioneering works have demonstrated that rigid TiO2 can suppress 53 

the disintegration of the Si nanoparticles undergoing repeated volume change during cycling and 54 

thereby improve the cycle performance. Meanwhile, a robust TiO2 shell enhances thermal stability of 55 

the Si composites, which can prevent possible thermal runaway and safety problems of the cells. 56 

Despite the advantages, rutile-type and anatase-type TiO2 has limited Li
+
 ion diffusion coefficient 57 

(10
-11

 to 10
-13

 cm s
-1

)
40

 and the low electronic conductivity (10
-4

 S·cm
-1

) 
41

, which limits the Si based 58 

materials as a potential high power anode material. According to previous study, optimize the 59 

crystalline structure of TiO2
42-44

 and introduction of oxygen-deficient
45

 could shorten the Li ion 60 

diffusion and charge transfer, which achieve high power density of batteries.  61 

In order to obtain high rate performance of electrode materials, maximizing both electronic 62 

conductivity and mechanical stability of composites are the key requirements. Taking advantages of 63 

the high electronic conductivity of carbon and excellent mechanical and thermal stability property of 64 

TiO2, herein, we report unique three-dimensional porous silicon/TiOx/carbon (Si/TiOx/C, 0<x<2) 65 

composite electrode, in which silicon nanoparticles were homogeneously dispersed in mesoporous 66 

TiOx/C conductive matrix by a simple hydrolysis process combined with slurry coating method and 67 

heat treatment. The triblock poly (propylene oxide)-poly (ethylene oxide)-poly-(propylene oxide) 68 

copolymers (P123) are used as templates in the presence of the carbon and TiOx precursor by 69 

self-assembly, achieving uniform porous structures. Then, the organic block copolymer component is 70 

removed after formation of the structure by calcination, thereby generating mesoporous structure.
46

 71 

This electrode can be easily obtained by pasting the mixture of silicon, TiO2 precursor, and carbon 72 

precursor onto a copper foil substrate. Encapsulation of Si nanoparticles inside a porous robust 73 

TiOx/C composite scaffold effectively suppresses the disintegration of the Si nanoparticles during 74 

repeated cycling and thereby improves the cycle performance. Meanwhile, polycrystalline TiO2 was 75 

formed in the low temperature which provides an enhanced electrical conductivity for the 76 
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electrochemical reaction between Li and Si. Moreover, the electrode fabrication process is highly 77 

compatible with the current industrial techniques for electrodes of lithium ion batteries, which are 78 

simple, mature and low-cost.  79 

2. Experimental Material and methods 80 

2.1 preparation of porous Si/TiOx/C composite electrode 81 

Typically, 0.3 g of Si nanoparticles (Si NPs, Xuzhou Jiechuang New Material Technology Co., 82 

30-50 nm) was dispersed in 5 mL of N, N-dimethylformamide (DMF) to form a homogeneous 83 

suspension, followed by adding 0.3 g of P123, (average Mn~5,800, Simga-Aldrich) into the above 84 

suspension under vigorous stirring for 30 min. Then 0.895 g tetrabutyl titanate (Ti(OC4H9)4, TBOT), 85 

0.27 g H2O and 0.298g triethanolamine were added to the suspension with vigorous stirring. After 86 

slow hydrolysis for 12 hours, the TiO2 shell was deposited on the Si NPs. Then 0.3 g polymethyl 87 

methacrylate (PMMA) were added and stirred for 1 h to achieve uniform slurry which was then 88 

coated on Cu current collector. After aging at 50 °C for 10 h, the Si/TBOT/PMMA composite was 89 

calcined at 400°C for 5 h under flowing nitrogen to obtain the final Si/TiOx/C composite electrode. 90 

In order to compare the electrochemical performance of nanocomposites, the Si/C nanocomposite 91 

(mixed with 0.3 g Si and 0.3 g PMMA) was synthesized with the same experimental procedure. The 92 

Si/TiOx was also synthesized by coating TiOx on the Si nanoparticles by hydrolysis of TBOT as the 93 

same experimental procedure. 94 

2.2 Characterization 95 

The X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max-RB diffractometer using 96 

Cu Kα radiation (40 kV, 30 mA), with a step of 0.02
o
 between 10

o
 and 90

o
. The morphology and 97 

structure were analyzed by a field emission scanning electron microscope (FESEM, JEOL 98 

JSM-6330). Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) images, the 99 

selected-area electron diffraction (SAED) pattern, elemental mapping were conducted on a 100 

transmission electron microscopy (TEM, JEOL JEM-2010). Thermogravimetric analysis (TGA) was 101 

carried out with a TGA/DSC1 type instrument (Mettler Toledo, Switzerland) from 50 to 600 
o
C with 102 

Page 4 of 28Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

a heating rate of 10 
o
C min

-1
 in air. X-ray photoelectron spectroscopy (XPS) analysis was performed 103 

on a K-alpha (Thermo Fisher Scientific, Escalab 250xi). The Brunauer-Emmett-Teller (BET) test was 104 

determined via a Quantachrome Autosorb-IQ2 nitrogen adsorption apparatus at 77K after being 105 

degassed at 300 
o
C for at least 3 h. Pore size distribution plot was obtained by the 106 

Barrett-Joyner-Halenda (BJH) method. After cycling at constant current density, the electrode was 107 

carefully disassembled from the cell and then rinsed with dimethyl carbonate in an Ar-filled 108 

glovebox to remove residual electrolyte. Then the electrodes were dried under vacuum for 3 h and 109 

transferred to chamber of FESEM and HRTEM equipment. The morphology change and crystalline 110 

structure of electrodes after cycling were analyzed by FESEM and HRTEM system. 111 

Electrochemical performance was performed under ambient temperature using two-electrode 2032 112 

coin-type cell. The prepared Si/TiOx/C composite electrodes were punched into circular with a 113 

diameter of 1.4 cm to be used as the working electrodes without binder, in which the mass of the 114 

active material was approximately 0.5-1.5 mg. Metal lithium foil was used as the counter electrodes. 115 

Celgard 2400 membrane served as the separator and a solution of 1M LiPF6 in ethylene carbonate 116 

(EC), ethyl methyl carbonate (EMC) and dimethyl carbonate (DEC) (1:1:1, in volume) was used as 117 

the electrolyte. The Si/C working electrodes were fabricated by dispersing active materials (80 %), 118 

carbon black (10 %), and PVDF (10 %) in N-methylpyrrolidinone to form slurry, which was 119 

uniformly spread on Cu foil current collector. The CR2032 coin-type cells were assembled in an 120 

argon-filled glove box. Electrochemical workstation (CHI660) was used to study the cyclic 121 

voltammetry (CV) performance in the potential range of 0.01-3.0 V at a scan rate of 0.1 mV s
-1

. 122 

Electrochemical impedance spectroscopy (EIS) was measured in the frequency between 100 kHz and 123 

0.01 Hz and the amplitude was 5 mV. The discharge and charge measurements of the batteries were 124 

performed on the battery test system (LAND CT2001A, Wuhan Jinnuo Electronics, Ltd.) in the fixed 125 

voltage window between 0.01 and 3.0 V at room temperature. The capacities of electrodes are based 126 

on the weight of total active materials weight. 127 

 128 

Page 5 of 28 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

 

3. Results and discussion 129 

The unique 3D hybrid porous Si/TiOx/C composite electrode is prepared by a simple hydrolysis 130 

method combined with slurry coating method. Figure 1 showed the fabrication procedure. In brief, 131 

TiOx precursor was firstly coated on the surface of Si NPs to form a uniform shell via hydrolysis of 132 

TBOT. Then, the Si/TBOT was homogeneously mixed with PMMA to form a yellow suspension. 133 

The suspension was rapidly cross-linked after stirring, obtaining a viscous slurry which was then 134 

bladed onto a copper foil current collector and heated at 400°C to form binder free Si/TiOx/C 135 

composite electrode. The porous TiOx/C conductive framework can provide an enhanced electrical 136 

conductivity for the electrochemical reaction between Li and Si. Meanwhile, porous framework can 137 

also suppress the disintegration of the Si nanoparticles undergoing repeated volume change during 138 

cycling, thereby improving the cell performance. Moreover, this solution-based synthesis method and 139 

its compatibility coating method make this system readily scaled up for electrode
47

.  140 

Figure 2 showed FESEM images of the Si/TiOx/C composite electrode. Typically, the spherical Si 141 

NPs have an average diameter of 50 nm (Figure 2a), while there is no obvious Si NPs observed in 142 

Figure 2b. Compared with Si/TBOT/PMMA, the surface morphology of Si/TiOx/C composite 143 

electrode is rougher after heat treatment (Figure 2c and 2d). Abundant pores exist in the matrix due 144 

to the removal of P123. However, no pronounced Si NPs exposed on the surface of matrix, indicating 145 

that the Si NPs are well encapsulated in the three dimensional matrix. 146 

The phase composition and chemical bonding environment of the as-prepared composite electrode 147 

were further examined by XRD patterns and XPS spectra. From the XRD patterns of the samples 148 

shown in Figure 3, Si, Si/C and Si/TiOx/C have the major identified peaks at 2θ= 28.3, 47.3, 56.0, 149 

69.1, 76.3°, indexed as (111), (220), (311), (400), and (331) planes of cubic silicon (JCPDS 150 

#27-1402), respectively. There is not any other peak corresponding to the graphite in the pattern of 151 

Si/C and Si/TiOx/C, which is most likely due to the formation of the amorphous structure of carbon 152 

at low temperature. It is also noted that no significant TiOX peaks observed in the pattern of 153 

Si/TiOx/C, indicating that the formation of nanocrystal TiOX at low temperature treatment
48

. XPS 154 
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was further employed to gain insight into the electronic properties of Ti, Si, O, and C atoms within 155 

Si/TiOx/C (Fig.3b). In addition to the peaks of Si, O, C elements, Ti 2p peak can be observed in the 156 

full spectra of Si/TiOx/C (Fig.3c). Although Si/TiOx/C showed typical Ti 2p3/2 core-level XPS spectra 157 

with Ti
4+

 characteristics (Ti 2p3/2 peak at 458.7 eV of binding energy), it also exhibited a shoulder 158 

near 457.7 eV, which is characteristic of Ti
3+

. The percentages of Ti
4+

 and Ti
3+

 are calculated to be 159 

97.6% and 2.4%, assumed to be TiO1.988. The results indicated that the component of Si/TiOx/C is 160 

silicon, carbon and TiOx, which is accordance with the reported literature
28, 29

. The existence of Ti
3+

 161 

may come from the defects generated in TiO2 structure which is due to partial oxygen loss leading to 162 

reduction and vacancy in inert atmosphere. The O 1s signal for Si/TiOx/C is shown in Fig. 3d, 163 

indicating a peak at 530.2 eV and a shoulder located at a binding energy of 531.9 eV. The O 1s peak 164 

at 531.9 eV is in agreement with the reported O 1s binding energy of the Si-O-Ti species, which 165 

reflects the bonding of TiOx to the surface of the Si NPs
49

. For quantifying the amount of amorphous 166 

carbon and TiO2-x in the sample of Si/TiOx/C, TGA was carried out in air (Fig. S1). The weight loss 167 

below 200 
o
C results from the evaporation of water in sample. The weight loss at 200-500 

o
C could 168 

be mainly attributed to the removal of the carbon. Thus, the concentration of carbon in Si/TiOx/C is 169 

calculated to be about 23 wt.%. The concentration of Si in Si/TiOx/C was determined by the 170 

concentration of Si in Si/TBOT (Table S1). Since the hydrolysis reaction of TBOT was completed in 171 

the experiment, the theoretical weight percentage of Si in Si/TiOx was 45 %. Combined with the 172 

TGA curves, the concentration of Si, TiOx and carbon in Si/TiOx/C is 34%, 43%, 23%, respectively. 173 

Nitrogen adsorption and desorption measurements were carried out for Si/TiOx/C. The total 174 

surface area and total pore volume for Si/TiOx/C are calculated to be 130.93 m
2
 g

-1
 and 0.4704 cm

3
 175 

g
-1

. Furthermore, the adsorption-desorption isotherm of Si/TiOx/C exhibits the typical type IV 176 

nitrogen adsorption branch with a H2 hysteresis loop, which is characteristic of a mesoporous 177 

structure (Figure 4a). The pore size distribution calculated by the BJH method derived from the 178 

desorption branch is around 3.8 nm (Figure 4b). The mesopores should originate from the removal of 179 

P123. The presence of mesopores in the matrix allows electrolytes for easier and faster penetration, 180 
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thus facilitating electrolyte and ion diffusion from/to Si.  181 

To investigate electrochemical performance of the Si/TiOx/C composite electrode as an anode 182 

material for LIBs, the composite was directly used as working electrode and lithium foil was 183 

employed both as reference and counter electrodes. Figure 5a depicts the voltage profiles of 184 

Si/TiOx/C film electrode during galvanostatic charge (delithiation)-discharge (lithiation) in a voltage 185 

window of 0.01-3 V vs. Li/Li
+
 at a current density of 100 mA g

-1
. It is noted that a long voltage 186 

plateau locates at around 0.1 V for discharge curves, which represent phase transformation of 187 

crystalline Si into amorphous LixSi. There is no pronounced plateau around 1.7 V for Si/TiOx/C, 188 

which means the main discharge/charge reaction is based on alloying/dealloying between Li and Si
28, 

189 

31
. Constant-current measurements of identically prepared TiOx/C are included in Figure S2, which 190 

also shows the same plateau features as Si/TiOx/C. For the first charge curve of Si/TiOx/C, it exhibits 191 

a single and flat plateau at about 0.4 V, corresponding to the two-phase reaction from crystalline 192 

Li15Si4 to amorphous LixSi.
50

 In the first cycle, the Si/TiOx/C exhibits initial discharge and charge 193 

capacities of 2600 and 1946 mAh g
-1

, respectively, with a coulombic efficiency (CE) of 74.8%. The 194 

CE in the first cycle is higher than those of other Si electrodes in which Si directly coated with TiO2 195 

or carbon
31, 51, 52

, implying the importance of the encapsulation of Si NPs within three dimensional 196 

conductive matrixes for stable SEI formation. Most importantly, Si/TiOx/C exhibits decent capacity 197 

retention for a large number of cycles. After arriving at a stabilized capacity value within initial 10 198 

cycles, the Si/TiOx/C exhibits excellent cycling stability and almost invariably achieves a capacity of 199 

ca. 1696 mAh g
-1

 and 87 % of the original capacities are retained after 100 cycles. For comparison, 200 

the cycling performances of Si/C are exhibited in Figure 5b as well. Although it indicates an 201 

activation process in the initial cycle, it presents much poor cycle performance, only delivering a 202 

capacity of 376 mA h g
-1

 after 100 cycles. The poor capacity retention of Si/C is attributed to the 203 

large volume expansion and shrinkage during the repeated cycling, which result in the unstable SEI 204 

layer formation. In addition, although the Si/TiOx exhibits high initial discharge and charge capacity 205 

of 3610 and 1767 mAh g
-1

, it only maintains a reversible discharge capacity of 608 mAh g
-1

 after 10 206 
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cycles. The rapid capacity fade can be attributed to the expansion/contraction of silicon during the 207 

charge and discharge, which results in the disruption of the rigid TiOx shells and pulverization of Si 208 

nanoparticles. In comparison, encapsulation of Si inside porous TiOx/C framework can alleviate the 209 

disintegration of the Si during the repeated volume change and thus increasing the structure stability. 210 

In addition, the oxygen-deficient TiOx has narrower band gap, which can provide an enhanced 211 

electrical pathway of high conductivity for electrochemical reaction between Li and Si
53-55

. 212 

Meanwhile, a LixTiO2 phase is formed during the lithiation reaction of Li and TiOx, wihch acts as a 213 

passivating layer to promote the formation of stable SEI layer. As a result, the cycling performance 214 

of Si/TiOx/C electrode is significantly improved compared with bare Si and Si/C electrode
28, 29

. 215 

The cycling performance at different current densities of Si/TiOx/C with the voltage window of 216 

0.01-3.0 V is also supplied in Figure S3. From the voltage profiles of Si/TiOx/C, it can be also clearly 217 

seen that at the voltage above 1.5 V, there is a little lithium ion extraction from Si. As a result, the 218 

Si/TiOx/C electrode obtains reversible capacities of 1046, 786, and 576 mAh g
-1

 at current densities 219 

of 0.2, 0.5, and 1 A g
-1

. Although, the polarization of electrode at higher voltage window is 220 

significantly increased in the potential profiles of Si/TiOx/C (Figure S3a). In order to decrease the 221 

polarization of electrodes, the rate capability was carried at the voltage window of 0.01-1.5 V vs. 222 

Li/Li
+
, as shown in Figure 5c. When the current density increases from 0.2 A g

-1
 to 15 A g

-1
, the 223 

Si/TiOx/C exhibits high capacity retention, as the specific capacity change from 1024 mAh g
-1 

to 754 224 

mAh g
-1

, respectively (Figure 5d). In particular, it is noteworthy that even when the current density 225 

increases 75 times (0.2 A g
-1 

to 15 A g
-1

), 73.6% of the original capacity is still preserved. Even after 226 

cycling at such a high current rate, the capacity is recoverable as validated by the case at 0.2 A g
-1

. 227 

On the other hand, Si/C exhibits charge capacities of 616 and 304 mA h g
-1

 when the current 228 

densities were increased from 0.2 to 5 A g
-1

 (Figure 5d). When the current is again reduced to that 229 

used in the first cycle after 90 cycles, the specific capacity of Si/TiOx/C returned to 948 mAh g
-1

, 230 

implying that the volume change of Si/TiOx/C is quite reversible without pulverization. It is obvious 231 

that the rate capability of Si/TiOx/C is significantly higher than that of Si/C. Table S2 lists several 232 
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typical Si/TiO2 composite reported by other literature. It was shown that the electrochemical 233 

performance of our designed 3D Si/TiOx/C composite electrode presents well comparable with other 234 

typical structure Si/TiOx composites. The excellent rate capability of 3D Si/TiOx/C is ascribed to the 235 

following aspects. Firstly, the porous conductive matrix possesses abundant void space to alleviate 236 

the expansion of Si during cycling. Secondly, the 3D continuous conducting scaffold structures 237 

directly connected to the current collector, thus providing channels for fast electron transport. Thirdly, 238 

Polycrystalline TiO2 reacts with Li
+
 at the first cycle to form LixTiO2, which provides a highly stable 239 

SEI layer and promotes the electron/Li-ion path in the during the cycles. 240 

To illustrate the reasons of excellent electrochemical performance for porous Si/TiOx/C composite 241 

electrode, the morphology and composition of Si/TiOx/C before and after the first cycling were 242 

examined by TEM and HRTEM. TEM images of Si/TiOx/C reveal the 3D morphology of Si/TiOx/C 243 

(Figure 6a), displaying a full coverage of nanoparticles with a size of around 50 nm encapsulated in 244 

3D scaffold. EDX spectrum in Figure S4 conforms the presence of Si, Ti, C and O components in 245 

Si/TiOx/C. The HRTEM of Si/TiOx/C further demonstrates that the Si nanoparticle was coated with 246 

an amorphous layer with thickness about 10 nm (Figure 6b). The SEAD pattern of Si/TiOx/C is 247 

identified to be (111), (220), (400) planes, indicating single crystalline for the Si. A ring pattern 248 

corresponding to the (101) plane of anatase TiO2 is observed, indicating that polycrystalline TiO2 249 

formed at low temperature treatment. The result is corresponded with the XRD pattern of Si/TiOx/C. 250 

After the first cycle, the cell was discharged to 0.01 V. Then the composite electrode was 251 

disassembled and active materials were scraped from current collector and tested using HRTEM 252 

system. Interestingly, as shown in Figure 6d, the morphology of Si/TiOx/C after cycling is 253 

significantly different from original Si/TiOx/C. The single-crystal diffraction pattern of Si can no 254 

longer be found in the SEAD pattern of the Si/TiOx/C composite electrode as Si nanoparticles 255 

become amorphous after the first cycle at full lithiation state (Figure 6e). Meanwhile, the SEAD 256 

pattern of Si/TiOx/C after the 1st cycle showed two diffraction rings. The lattice fringe spacing is 257 

0.204 nm and 0.147 nm, corresponding to the (104) and (0010) planes of cubic LixTiO2 (JCPDS 258 
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#40-1053). The presence of LixTiO2 indicates that TiO2 also traps Li ion within the voltage window 259 

of 0.01-3.0 V. Therefore, the electrochemical reaction mechanism of Li with Si/TiOx/C can be 260 

described by the following equations: 261 

4.4Li +Si ↔ Li4.4Si                                (1) 262 

xLi+ +xe-+TiO2→LixTiO2                                        (2) 263 

Previous reasearch has been confirmed that TiO2 reacts with Li
+
 to form LiTiO2, which enhances 264 

the electrical conductivity. Meanwhile, LixTiO2 provides a highly stable SEI layer during the cycles, 265 

resulting in excellent electrochemical performances and significantly improved high thermal 266 

stability
28, 29

.  267 

CV curves were further tested on a half-cell in a potential range between 0.01 and 3.0 V versus 268 

Li/Li
+
 at a scanning rate of 0.1 mV s

-1
 (Figure 7). In the first cycle, the peak at 0.44 V in the cathodic 269 

process corresponds to the formation of SEI layers, which disappears in the second cycle. The sharp 270 

reduction peak appears below 0.2 V, representing the lithium reaction with Si (eq 1). After that, an 271 

anodic peak is observed at 0.57 V. These two redox peaks correspond to the lithiation/delithiation 272 

process of Li with active silicon particles. Moreover, in the profile of Si/TiOx/C composite electrode, 273 

a peak located at 0.62 V in the first reduction scan is attributed to the irreversible electrochemical 274 

reduction of the pristine TiO2 phase and formation of LixTiO2 (eq 2) 
56

. The existence of LiTiO2 in 275 

the Si/TiOx/C has been proven to be of good conductivity and is advantageous for electrical pathways 276 

similar to the traditional carbon coating on electrode materials for LIBs.  277 

EIS technique was also utilized to clarify the remarkable increased electrochemical performance 278 

of Si, Si/C, and Si/TiOx/C electrodes. Figure 8a displays the Nyquist plots of Si, Si/C, Si/TiOx and 279 

Si/TiOx/C composite electrodes after 5 cycles (all batteries were tested after 5 cycles at lithiated 280 

state). All the Nyquist plots of the electrodes include one depressed semicircle in the high frequency 281 

region and a sloped line in the low frequency region. The high frequency semicircle is due to the 282 

formation of the SEI film and the charge transfer reaction at the interface of the electrolyte and active 283 

materials. The sloping straight line at low frequencies corresponds to the Li ion diffusion in the 284 
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electrode. The charge-transfer resistance parameters of the Si/TiOx/C electrodes are obviously 285 

smaller than those of the bare Si ,Si/C and Si/TiOx electrodes, which indicates it has higher electrical 286 

conductivity. In addition, the Nyquist plots of Si/TiOx/C composite electrode after different cycles 287 

were also compared in Figure 8b and the corresponding equivalent circuit is presented in insets of 288 

Figure 8b. The Nyquist plots are fitted with the equivalent circuit, which consists of an independent 289 

electrolyte-electrode resistance (Re), two resistors: SEI film resistance (Rsf) and charge transfer 290 

resistance (Rct) with constant phase elements (CPE) in parallel and a Warburg diffusion element. The 291 

equivalent circuit parameters obtained from fitting the experimental impedance spectra are listed in 292 

Table 2. The Re of the Si/TiOx/C composite electrode after the 1st, 5th and 50th cycle are 1.949 Ω, 293 

2.649 Ω and 4.135 Ω, respectively, demonstrating a fast electronic conductivity of Si/TiOx/C 294 

electrode due to the 3D conductive scaffold. Moreover, the Rsf after the 1st cycle is 150.7 Ω and 295 

stable at the range of 140-150 Ω, which could be attributed to the stable SEI layer formed on the 296 

TiOx/C shell of Si nanoparticles.  297 

The structural stability of Si/TiOx/C composite electrode was visually verified by SEM images of 298 

Si/TiOx/C after 50 cycles (Figure 9). Compared with the original composite electrode (Figure 9a), the 299 

overall surface morphology is conspicuously maintained except for smooth SEI layers formed on the 300 

surface of matrix. Continuous conductive matrix structure well encapsulates Si nanoparticles. The 301 

cross-section SEM images of Si/TiOx/C before (Figure 9c) and after cycles (Figure 9d) clearly show 302 

that the volume of whole Si/TiOx/C composite electrode expanded but still maintained integrity after 303 

repeated cycling. The thickness of film increased from 10 µm to 16 µm, about ~60% volume 304 

exchange. The much smaller volume exchange of Si/TiOx/C composite electrode compared with Si 305 

nanoparticle indicates that the robust 3D conductive scaffold effectively alleviates the expansion of 306 

Si during cycling.  307 

As a result, the excellent electrochemical stability of porous Si/TiOx/C composite electrode is 308 

attributed to the unique porous 3D conductive scaffold structure. Firstly, the porous conductive 309 

matrix possesses abundant void space to alleviate the large volume expansion of the Si particles 310 
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during lithium insertion. Moreover, the formation of LixTiO2/C electrical scaffold structure provides 311 

an enhanced electrical conductivity. Meanwhile, the continuous framework helps provide good 312 

electrical connection to the Si particles and maintain the structural integrity.  313 

4. Conclusion 314 

The present work demonstrates a facile and scalable solution to fabricate high-performance 315 

Si/TiOx/C composite electrode by embeding Si nanoparticles in a nanostructured 3D porous 316 

conductive TiOx/C framework. By taking advantage of the conductive TiOx/C framework, which 317 

provides fast electronic and ionic transfer channels, as well as porous structure for Si volume 318 

changes, the Si/TiOx/C composite electrode achieved a high capacity and stable cycling performance. 319 

The binder free Si/TiOx/C composite electrode is not only a promising anode for high-performance 320 

lithium-ion batteries, but also provides a preferable approach that can be easily extended to other 321 

battery electrode material systems that undergo large volume changes and unstable SEI formation 322 

during cycling. 323 
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Tables 418 

Table 1 Surface area and porosity of Si/TiOx/C 419 

Sample 

STotal 

(m
2
g

-1
)
a
 

Smeso 

(m
2
g

-2
)
b
 

Smicro 

(m
2
g

-2
)
c
 

Vtotal 

(cm
3
g

-1
)
d
 

Vmeso 

(cm
3
g

-1
)
e
 

Vmicro 

(cm
3
g

-1
)

f
 

APD 

(nm)
g
 

Si/TiOx/C 130.93 127.5 3.43 0.4704 0.47 0.0004 3.8 

 420 

a) The total surface area (STotal) are derived from the sum of the mesopore areas and micropore area; 421 

b) Mesopore areas (Smeso) and e) mesopore volume(Vmeso) are calculated by BJH method; c) 422 

Micropore area (Smicro) and f) Vmicro are calculated by SF method; d) Total pore volume (Vtotal) 423 

was estimated from the amount adsorbed at a relative pressure P/P0 of 0.99; g) APD: Average 424 

pore diameter are calculated by using BJH model. 425 

 426 

Table 2 Equivalent circuit parameters obtained from fitting the experimental impedance spectra 427 

Si/TiOx/C Re(Ω) Rsf(Ω) Rct(Ω) Wdif(Ω s
-1/2

) CPE1(F) CPE2(F) 

After 1 cycle 1.949 150.7 23.26 0.272 1.23E-5 4.33E-6 

After 5 cycles 2.649 152.3 29.68 0.258 1.34E-5 4.21E-6 

After 50 cycles 4.135 141.8 38.5 0.247 1.24E-5 3.58E-6 

 428 

 429 

 430 

 431 
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Figure captions: 432 

Figure 1. Schematic illustration of preparation the porous Si/TiOx/C composite electrodes 433 

Figure 2. SEM image of (a) pure Si NPs; (b) Si/TBOT/PMMA film; (c) and (d) Si/TiOx/C composite 434 

electrode. 435 

Figure 3. (a) XRD patterns of Si/TiOx/C, Si/C, Si NPs and pure TiO2 calcined at 400°C; (b) XPS 436 

spectras of Si/TiOx/C; core-level XPS spectra of (c)Ti 2p ; (d) O 1s. 437 

Figure 4. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of Si/TiOx/C. 438 

Figure 5. Electrochemical tests for Si/TiOx/C: (a) charge-discharge potential profiles of Si/TiOx/C at 439 

different cycles. The cell was measured at 100 mA g
-1

; (b) the cycling performance of pure TiO2, Si, 440 

Si/C and Si/TiOx/C electrodes at 100 mA g
-1

 (open: Li insertion, solid: Li extraction); (c) potential 441 

profiles of Si/TiOx/C at different current density in the voltage range of 0.01-1.5 V; (d) delithiation 442 

rate capability of Si/TiOx/C and Si/C. 443 

Figure 6. (a) TEM and (b) HRTEM micrographs of Si/TiOx/C; (c) SEAD pattern of Si/TiOx/C; (d) 444 

TEM and (e) HRTEM micrographs of Si/TiOx/C after 1 cycle at lithiation state; (f) SEAD pattern of 445 

Si/TiOx/C after 1 cycle at lithiation state. 446 

Figure 7. (a) the CV of Si/TiOx/C from 0.01 to 3.0 V at a scan rate of 0.1 mV s
-1

. 447 

Figure 8 (a) Nyquist plots of Si, Si/C, Si/TiOx and Si/TiOx/C composite electrode after 5 cycles at a 448 

current density of 200 mA g
-1

; (b) Nyquist plots of porous Si/TiOx/C composite electrode after 449 

different cycles at a current density of 200 mA g
-1

; inset Figure 8b is the equivalent circuit used to 450 

model the impedance spectra. 451 

Figure 9. (a) and (b) surface and cross section SEM images for Si/TiOx/C electrode before cycle; (c) 452 

and (d) surface and cross section SEM images for Si/TiOx/C electrode after 50 cycles at charge state 453 

with the current density of 100 mA g
-1

. 454 

 455 
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Figures:  456 

 457 

 458 

Figure 1 459 
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Unique three-dimensional porous silicon/TiOx/C (Si/TiOx/C) binder free 

composite electrodes were scalable fabricated. By taking advantage of the conductive 

TiOx/C frameworks, the Si/TiOx/C electrodes exhibit superior cycling and rate 

performance. 
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