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 TiO2@C Composite Nanospheres with an Optimized 

Homogeneous Structure for Lithium-ion Batteries 

Jun Zhang,*
a,c

 Jiangfeng Ni,
 b

 Jing Guo
a
 and Bingqiang Cao*

a
,  

Homogeneous  TiO2@C composit e nanospheres are sy nthes ized by  a direct pyrolys is  strat egy 

us ing T i-containing organic-inorganic poly mers  as  the precursor. T he TiO2@C composit e 

nanospheres possess uniform distribution of t iny T iO 2 nanoparticles confined in carbon matrix 

with a homogeneous struct ure. T he carbon phase can not only improves  the conductivity but 

also prevents the aggregat ion of T iO2 nanoparticles. When evaluated as  an anode for lithium-

ion batteries, the T iO2@C nanocomposites demonstrat e high revers ible specific capacity of 

207 mAh g−1 at 0.5C (1C = 250 mA g− 1) after 50 cycles and stable cy cling performance in 

comp arison to pure T iO 2 nanosp heres.  This work offers a new pat hway for realiz ation of 

carbon-based composite materials for use as high performance anodes in LIBs. 

 

Introduction 

Lithium-ion batteries (LIBs) have been considered as  one of the 

most promising energy  storage and convers ion technology  to  

fulfil the ever-growing demand in both small consumer 

electronic devices and large-scale applications, such as  electric  

vehicles  (EV), hybrid electric vehicles (HEV), and stationary  

energy storage 1,2 . Pract ical applications of LIBs crit ically  

relied on the electrode mat erials with high capacity, high rat e 

capability, good stability and safety. The current widely used 

anode in LIBs is graphit e. In spite of its excellent electrical 

conduct ivity, graphite anode suffers from low Li-ion diffus ion 

coefficient and risk of lithium dendrites  formation, which might  

cause serious safety problems 3. 

TiO2, as  one of the most investigat ed semiconductor metal 

oxides, has attracted cons iderable attention for application in 

many fields, such as solar cells,  photocatalysis,  gas sensors , and 

LIBs 4-8. For use as  an anode for LIBs, TiO2 features  by a series  

of merits including the low cost,  low t oxicity, high capacity, 

high current rat e performance, and improved electrochemical 

stability 3. However, the poor electronic and Li-ion conduct ivity 

have s ignificant ly  limited its potential application in LIBs . To 

alleviate such problems, many strategies have been developed 

to improve t he p erformances of TiO2 anodes. For examp le, the 

controllable fabrication of T iO 2-based  nanomaterials with 

des ired structures or morphologies has proved to be very  

effective to improve the LIBs p erformances. Lou et al.9 ,10 have 

demonstrated that TiO2 hollow nanostructures could deliver 

better propert ies  in terms of higher capacity , better rat e 

capability, and good cycling performance. T iO2  nanosheets  

with engineered (001) crystal facets have manifested enhanced 

electrochemical performances  due to the accelerated Li-ion 

diffus ion kinetics in specific crystal direction and adequat e 

electrode–electrolyte contact11,12. Decreasing the particle siz e 

from micrometer to the nanometer scale is  also a key  to 

improved Li-ion diffus ion because of the reduced diffus ion 

length2,13 . Ren et al. have shown that TiO2 nanopart icles with 

the ever smallest size (< 4.3 nm) are superior in Li-ion and 

charge storage compared with other bulk, nanowires , and 

nanotubes morphologies14. 

While great progress has been obtained by the 

nanostructuring strategy, a well-est ablished and more reliable 

approach is to fabricate composite electrode materials  by  

coating or mixing a host material with guest additives  such as  

conduct ive carbon15-18. Great improvement in the specific 

capacity, rat e performance, and cycling stability can be 

expect ed, because the carbon additive could s ignificantly  

improve the surface electronic conductivity and the electric 

contact between electrodes and surrounding active agents15.  

Zhao et al.  have proposed t o incorporate a 3D carbon mixed 

conduct ing network in electrode mat er ials, which allows  for  

both fast Li-ion and electron migration19. T iO 2@carbon 

composite nanofibers prepared by combination of 

electrospinning and subsequent t hermal treat ments also 

exhibit ed excellent cycling st ability and rat e capability as  an 

anode material20. Park et al.21,22 have reported carbon-coated 

TiO2 nanotubes with very  low carbon cont ent synthes ized 

could manifest  high rat e capability and power performance. 

Wang23 and Guo24 et  al.  have report ed mesoporous T iO 2/C 

composite anodes wit h excellent  rate capability and cy cling 

performance. Very recently, Petkovich25 and Wang26  et al.  used 

one-pot pyrolysis  to produce 3DOM TiO2/C and CNT@T iO2-C  

composite materials for LIBs anodes with high rat e 

performance. To further optimize the electrochemical 

performance of T iO 2-based anodes  with low cost, it is  des irable 
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to develop a simp le procedure for synthes izing T iO 2@carbon 

composite anode materials, in which nanomet er-s iz ed TiO 2  

particles  are homogeneous ly dispersed in conduct ive carbon 

matrix. Such an optimized structure would enable fast electron 

transport between nanop articles, t hus improving the 

electrochemical performance. 

In this  work, we propose a direct pyrolysis  rout e at  moderat e 

temp erature to prepare homogeneous  TiO 2@C composit e 

nanospheres by us ing Ti-cont aining colloidal organic-inorganic 

polymers as the precursor. The new attempt using organic-

inorganic poly mer spheres as both carbon and TiO 2 sources has  

advantages of generation of carbon  phase closely coated on 

TiO2 nanoparticles and suppression of the particle growth to 

yield homogeneous  conductive nanocomposite. When 

evaluated as  the anodes  for LIBs, the T iO2@C composit e 

nanospheres  manifest excellent  charge–discharge properties  

with relatively high capacity, good rate cap ability, and stable 

cycling performance. 

Experimental Section 

Synthesis of homogeneous TiO2@C composite nanospheres 

Organic-inorganic poly mer nanospheres cont aining T i were 

prepared according to the literat ure method with some 

modifications 27,28. In a typical synthes is, 2 mL tetrabutyl 

titanate (T BT) was added to 50 mL ethylene glycol (EG) under 

magnetic stirring for 10 h, then the mixt ure was  transferred into 

a solut ion cont aining 2.7 mL wat er and 170 mL acetone. After 

further stirring for 1h, the white colloidal organic-inorganic 

polymers  were harvest ed by centrifugation and washing with 

water and ethanol several times, and dried at 80 °C. T he as -

obtained organic-inorganic nanospheres are indeed titania 

glycolate poly mers and have an amorphous  structure2 7.  

Homogeneous T iO 2@C nanocomposites  were readily obtained 

by pyrolysis of t he organic-inorganic nanospheres  in N 2  

atmosphere at 500 oC for 4h. For comp arison, pristine TiO 2  

nanospheres were also synthesiz ed by annealing the poly mers  

in air at 500 oC for 4h. 

Characterization 

The crystal phase and structure of samples were identified by  

power X-ray diffraction (XRD) using a Bruker diffractrometer 

(D8-Advance) with Cu Kα radiation of 1.5418 Å. Thermal-

gravimetric analysis  (TG) was  performed on Mettler-Toledo 

TGA/DSC 1/1600HT  at a heating rat e of 5 °C/min in air. The 

size, morphology and composition of the samples were 

characteriz ed  by scanning electron microscope (SEM, Quant a 

FEG 250, 30 kV) and transmission electron microscope (T EM, 

JEM-1011, 100 kV), high resolution transmiss ion electron 

microscop e (HRT EM, JEOL-2010, 200kV), energy disp ers ive 

X-ray spectroscopy (EDS, JEOL-2010, 200kV), and N 2  

adsorption−desorption (JW-BK122W).  

Electrochemical characterization 

2032 coin-type cells were used for electrochemical test. The 

composite electrode sheets cons isting of 70 wt.% act ive 

material, 20 wt.% acetylene black, and 10 wt.% 

polytetrafluoroet hylene (PTFE) was  used as cathode. Lithium 

metal foil was used as count er and reference electrodes. The 

electrolyte solution is 1M LiPF6 dissolved in a mixture of 

ethylene carbonate (EC) and dimethyl carbonate (DMC) with a 

volume rat io of 1:1. Galvanostatic t ests were carried out us ing a 

Land battery test system at 28 °C (1 C was defined as 250 mA 

g− 1). Electrochemical impedance spectroscopy (EIS) tests  

were performed on a Zennium electrochemical workst ation  

tester. 

Results and discussion 

 Morphology and structure investigation 

The Ti-cont aining organic-inorganic polymer nanospheres  were 

prepared by an improved sol-gel method, by which the 

hydrolysis of TBT was controlled to occur s lowly to obtain a 

homogeneous nucleation and growth27. F ig. 1a shows that the 

polymer nanospheres have a sphere-like shap e, and some 

spheres are seen to fuse together. The inset of Fig. 1a is the siz e 

distribution histogram, which indicates  the nanospheres have a 

diameter in the range of 250-550 nm, with an average s ize of 

377 nm. After calcination at a moderat e temperature of 500 °C 

in N 2, the organic-inorganic polymers can be converted into 

TiO2@C nanospheres. Fig. 1b displays the SEM image of the 

composite T iO 2@C nanospheres , revealing that the T iO2@C 

nanospheres well preserve the spherical morpholo gy after 

thermal annealing. Interest ingly, the TiO 2@C nanospheres have 

a smaller siz e as  compared with the polymer precursor of F ig. 

1a. The reduced s ize and dimens ion of the composit e 

nanospheres  is  probably caused by remove of water and 

decomposition of organic component under the annealing 

process, resulting in the shrinkage of precursor spheres. 

 

Fig. 1 . SEM  images of (a) T i-co ntain ing organic-in organic p olymers a nd ( b)  

TiO2@ C comp osite nanosp heres o btained b y p yro lysis of the T i-co ntain ing  

polymers. 

The thermal behavior of the precursor polymer and T iO2@C 

spheres has been examined by TG analysis. In F ig. 2, the TG 

curve of precursor polymer reveals  a total weight loss of 36.5%, 

consist ing of two steps of weight loss  that can be ascribed to the 

evaporation of water molecules  before 150 °C and the thermal 

decomposition or combustion of organic compounds such as  
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ethylene gly col in the poly mers  between 150 and 400 °C. The 

curve for TiO 2@C spheres also cont ains two steps of weigh 

loss of wat er evaporation and combustion of the thermally  

decomposed carbon phase. The carbon content in the T iO2@C 

spheres is about 32.2 %. 

 

Fig. 2.  TG  analysis of T i-co ntaining  organ ic-inorgan ic polyme r an d T iO2@ C  

nanospheres. 

The crystalline phase of the poly mer precursor and T iO2@C 

nanospheres  has been studied by XRD. Fig. 3 demonstrat es that  

the poly mer precursor has an amorphous structure, while the 

TiO2@C samp le shows a dominant structure of rutile TiO 2  

(JCPDS No.65-0190) and a trace amount of anatase TiO 2  

(JCPDS No. 21-1272) indicated by an asterisk.  The crystallit e 

size of TiO2@C is estimated to be 11.2 nm from t he full width 

at half maximum (FWHM) of (211) diffraction peak by us ing 

Scherer equation. After annealing under N2 at mosphere, the 

organic compounds in t he precursor would be carbonized 

through pyrolysis and eventually transform into carbon. 

Detailed structure and morphology of the samples have been  

further characterized by TEM. Fig. 4(a-d) exhibits the  

 

Fig. 3. XRD patterns of the polymer precursor and TiO2@C nanospheres. 

representative T EM images  of T iO 2@C nanospheres  with 

different magnifications . As can be seen in Fig. 4a and b, the 

TiO2@C part icles have a sphere-like morphology. Closer 

observation from the individual nanosphere in F ig. 4b reveals  

that the TiO2@C nanosphere shows a homogenous structure.  

From Fig. 4c, it is seen that the sphere cont ains many discret e 

nanoparticles confined in carbon matrix with a small s ize of 8 -

18 nm. Under annealing in N2,  the organic molecules cannot  

burn off and subsequently convert into carbon t hrough 

pyrolysis. During the carboniz ation process  at 500 oC in N 2,  

TiO2 nanoparticles are formed with better crystallization and  

simultaneous ly carbon phase is  formed around the TiO 2  

nanoparticles, leading to the formation of a homogeneous  

nanocomposite of T iO2@C with TiO 2 nanopart icles highly  

distributed in carbon. The inset of F ig. 4c illustrat es the 

homogeneous structure of the TiO2@C composit e nanospheres. 

Fig. 4d shows the HRT EM image of a T iO 2@C nanosphere. A 

carbon layer around the sphere edge can be seen clearly, as  

indicated by the arrows. The clear lattice fringes reveal the high 

 

  
Fig. 4. (a-c) TEM, (d) HRTEM images and (e) Element mapping of TiO2@C nanospheres. 
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crystalline nature of the TiO2 nanoparticles confined in carbon.  

The int erplane spacing of 0.32 nm corresponds to the (110) 

planes of rutile TiO2. T he elemental composition of the sample 

was  further studied by the local EDS element mapping 

technique mounted to HRTEM . The results are shown in F ig. 

4e. It is apparent that the particle has uniform distributions of 

all the elements (C, O, and Ti), further demonstrate the 

homogeneous  structure of T iO2@C composit e nanospheres.

 
Fig. 5 . (a-c) TE M images and  (d) X RD patte rn of  pu re TiO2 na nosphe res o btained b y calcinat ion  of the Ti- con taining polyme rs in a ir , and N2 a dsorption-des orp tio n 

analysis of (e) TiO2 and (f) TiO2@C. 

For comparison, pure TiO 2 nanospheres were also prepared 

by directly anneal the Ti-cont aining organic-inorganic poly mer  

nanospheres  in air.  F ig. 5(a-c) exhibits the SEM images of pure 

TiO2 nanospheres . As can be seen in Fig. 5a and b, the TiO 2  

particles also possess a sphere-like morphology . By closer 

observation from the individual nanospheres in F ig. 5b and 4b, 

it reveals  that the former has a relatively rough surface. 

Nanoparticles  with different  diamet ers  can be eas ily  

distinguished out due to the image contrast. Fig. 5c indicat es  

the T iO2  nanosphere is comprised of numerous aggregated 

nanoparticles with a s ize range of 14-27 nm. When calcined in 

air, the organic component in the poly mer spheres could be 

completely removed and TiO2 nanop articles nucleated and 

grew together to constitute the spheres . The inset schematic 

illustration of F ig. 5c s imulates the structure of pure TiO 2  

nanospheres, which is assembled by many TiO 2 nanopart icles  

with different siz e.  The XRD pattern in F ig. 5d suggests the 

pure T iO2 nanospheres have an anatase struct ure, with all the 

diffraction peaks being cons istent with JCPDS 21 -1272. The 

mean crystallite siz e estimated from the full width at half 

maximum (FWHM) of the (101) p eak is  ca. 17.7 nm, which is  

much larger than that (11.2 nm) of TiO2@C composit es. This  

indicates that the annealing atmosphere has a s ignificant  

influence on the crystallite siz e of the products. Annealing in 

air is able to burn off the organic component and obt ain pure 

inorganic TiO2 nanospheres. If the annealing process is  

performed in N 2, the organic compounds  will be carbonized 

through pyrolys is and event ually transform into carbon. It is  

deduced that  the formed carbon around the T iO2  could 

effectively suppress  the growth of T iO2  nanop articles.  Recent  
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works by Pet kovich25 and Huang et al.29  report ed the similar 

result at temperature of 800 and 1100 oC. The 

Brunauer−Emmett−Teller (BET) specific surface area and 

porous struct ure of T iO 2 and T iO 2@C have been obtained by  

N2 adsorption-desorption, which is shown in F ig. 5e and f. The 

BET surface area of T iO2   is  evaluat ed to be 36.8 m2/g, which 

is a little larger than that (31.1 m2/g) of T iO2@C comp osit e.  

This is because the pure TiO2 nanospheres are an aggregat ion 

of TiO 2 nanoparticles with rich inner-particle space.  

Furthermore, the insets in Fig. 5e and f are the  

Barrett−Joyner−Halenda (BJH) pore size distribution, revealing  

both samples have a mesoporous structure with pore size in the 

range of 2-50 nm. 

Electrochemical performance 

Such a T iO2@C structure is  very promis ing for use as  LIBs  

anode mat erials, as  the carbon component can greatly enhance 

the electronic conductivity between the TiO2 nanoparticles. In 

addit ion, the carbon matrix can also effectively prevent the 

aggregation of nanoparticles during cycling30. 

 

Fig. 6 . (a) Discha rge/charge voltage profi les  at 0 .2C , (b)  cycling performa nce at 0.5 C, ( c) ra te capab ili ty from  0.1 C to 2C , an d (d) N yquis t p lots of TiO2 a nd TiO2@ C 

nanospheres. 

We thus further evaluat e the electrochemical p erformances of 

these unique homogeneous T iO2@C nanospheres for LIBs. F ig. 

6a shows the first three consecut ive discharge/charge volt age 

profiles of the T iO 2@C composit e nanospheres  at a 0.2C rate in 

the voltage range of 1.0-3.0 V. The init ial discharge and charge 

capacities are found to be 293.6 and 219.3 mAh g- 1, indicating 

an init ial coulombic efficiency of 74.7%. Such an initial 

discharge capacity is  even higher than the theoretical capacity 

(233 mAh g-1) of T iO 2@C nanospheres. T he theoret ical 

capacity of T iO 2@C nanospheres  is calculated based on the 

weight content and theoretical capacity of T iO2  (67.8 wt%, 168 

mAh g-1) and carbon (32.2 wt %, 372 mAh g- 1). The extra 

lithium storage capacity might be associat ed with the 

phenomenon of int erface storage due to the unique composit e 

structure and the carbon phase. While for the second and third 

cycle, the discharge and charge capacit ies  are 212.2 and 205.4 

mAh g-1
 and 212.3 and 205.7 mAh g- 1,  corresponding to a 

coulombic efficiency of 96.7% and 96.8%. Compared with the 

initial discharge capacity (293 mAh g- 1),  the second discharge 

shows  an irrevers ible capacity of 80 mAh g-1 . T he cap acity loss  

may be caused by the inserted Li-ions  in the irreversible sit es of 

TiO2  nanopart icles31 ,32  and ot her s ide reactions  aris ing from 

trace water absorbed on electrode materials 32 at the first stage 

of discharge-charge process. Similar phenomenon has also been 

previously observed for various T iO2  poly morphs, such as  

TiO2(B) 12,33, anatase19,20, and rutile31,34. 

The cycling performance of pure TiO2 and T iO2@C 

composite nanospheres has been t ested at 0.5C. As  shown in 
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Fig. 6b, although both TiO2@C and TiO2 exhibit good cy cling 

stability, the T iO2@C nanocomposite possesses  apparently  

much higher capacity than pure T iO 2. The higher capacity of 

TiO2@C might be due to the carbon phase, which has a higher 

theoret ical capacity than T iO2. After 50 cycles of 

discharge/charge at 0.5C, the T iO 2@C nanospheres can st ill 

deliver a high reversible specific capacity of 207 mAh g- 1,  

which is much higher than that (145.6 mAh g-1) of pure TiO 2  

nanospheres and is also better than the report ed res ults for 

TiO2/C nanocomp osite20,24,35,36 and T iO 2 nanotubes8  and 

nanoparticles37 at a s imilar current density. In addition, t he pure 

TiO2 nanospheres have an anatase structure, which is generally  

considered to be more electrochemically active than the rutile 

polymorph for Li-insertion38,3 9. T he above results  clearly  

demonstrate the superior lithium storage performance of rutile 

TiO2-based composite to anatase as an anode material. 

The rate cap ability of the TiO 2@C nanospheres  is  also tested 

at different current densities . As shown in F ig. 6c, the T iO2@C 

anode is  observed to exhibit much higher reversible capacity  

and good cycling stability than T iO2 . The T iO2@C 

nanocomposite presents very good cycling response to 

continuously varying current rates from 0.1 to 2C. At various  

current densities, The TiO2@C composite anode can ret ain 

discharge capacities of 242.6, 216.2, 197.1, 165.5 and 134.3  

mAh g-1  after 5 cycles  at  each current rat es of 0.1, 0.2, 0.5, 1 

and 2C, respectively, while the pure T iO2 nanospheres  only  

deliver discharge capacities of 215.5, 196.7, 172.1, 147.3 and 

110.6 mAh g-1.  Furthermore, when the discharge-charge test is  

re-cycled at 0.2C after 2C, the TiO2@C nanocomposite can st ill 

deliver a discharge capacity of about 220 mAh g- 1. T his  value is  

almost identical to the former 0.2C test, suggesting a high 

electrochemical stability of the homogenous T iO2@C 

nanocomposites .  

In order to understand the improved performance of T iO2@C 

nanocomposites , the electrochemical impedance spectra (EIS) 

tests for both TiO2@C and pure TiO2 have been p erformed. As  

displayed in F ig. 6d, the Nyquist plots  of both TiO2@C and 

pure TiO 2 cons ist of one semicircle in the high-frequency  

region and a bias  line in the low-frequency region. T he radius  

of the semicircle is correlat ed with the charge-transfer ability of 

the corresponding electrode. Apparently, the TiO2@C electrode 

possesses a much lower res istance (50 Ω) than the pure TiO 2  

electrode (81 Ω), as a result of the good electrical contact  

between T iO2  and carbon. T his indicates t hat the T iO2@C 

composite electrode possesses lower charge-transfer imp edance 

due to the uniform carbon matrix around TiO2 nanoparticles. 

Consequently, both the Li+ diffus ion and electron transfer are 

effectively exp edited at high cycling rates for the T iO2@C 

composite electrode, leading to sup erior capacity ret entions at  

different current rates in comparison to pure TiO2 nanospheres. 

Based on the above discussion, the T iO2@C nanocomposit e 

has  demonstrated much better performance than the pure TiO 2  

anode. Several factors  may account for t he enhanced lithium 

storage propert ies . F irst, the T iO2@C has higher electron ic 

conduct ivity for electron transfer due to t he uniform carbon 

coating 20 ,24, 30,35,40. Second, t he small siz e of TiO2  nanopart icles  

confined in carbon also provides a short path for lithium 

intercalation and de-int ercalation 14,31.  Third, the optimized 

homogeneous  TiO2@C structure might also contribute to the 

improved performance, as it delivers a higher cap acity during 

cycling when comp ared with other forms of T iO 2/C 

nanocompos ite24,35,36, possibly because the carbon matr ix could 

effectively prevent the aggregation of TiO2 nanoparticles. 

Conclusions 

In summary, a direct pyrolysis strategy  has been proposed to 

realiz e an optimized structure of homogenous T iO2@C 

nanocomposite by us ing T i-containing organic-inorganic 

polymers  as  the precursor. T he organic component can be 

easily converted to carbon, which can effect ively  suppress  the 

growth of nucleated T iO2  nanoparticles and s imultaneously  

make the T iO2  nanoparticles  highly distributed in the carbon 

matrix. Electrochemical tests demonstrate the as-synthes ized 

TiO2@C composite nanospheres exhibit improved Li-ion 

storage performance in t erms of higher capacity, better cy cling 

performance and rat e capability compared with pure TiO 2  

nanospheres. The enhanced properties  can be ascr ibed to the 

unique homogeneous struct ure of T iO 2@C, small siz e of TiO 2  

nanoparticles, and improved conduct ivity due to the carbon 

matrix. It is  exp ected that the proposed direct pyrolysis route in 

this work can also be ut ilized to fabricate ot her composit e  

electrode materials for high performance lithium-ion batteries. 
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