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 26 

Abstract: Partial deposition of carbon onto mesoporous TiO2 (C/TiO2) were 27 

prepared as supporting substrate for Pt catalyst development. Carbon deposition is 28 

achieved by in-situ carbonization of furfuryl alcohol. The hybrid catalysts were 29 

characterized by XRD, Raman, SEM and TEM and exhibited outstanding catalytic 30 

activity and stability in methanol oxidation reaction. The heterogeneous carbon coated 31 

on mesoporous TiO2 fibers provided excellent electrical conductivity and strong 32 

interfacial interaction between TiO2 support and Pt metal nanoparticles. Methanol 33 

oxidation reaction results showed that the activity of Pt-C/TiO2 is 3.0 and 1.5 times 34 

higher than that of Pt-TiO2 and Pt-C, respectively. In addition, the Pt-C/TiO2 exhibited 35 

a 6.7 times enhanced stability compared with Pt-C after 2000 cycles. The synergistic 36 

effect of C/TiO2 is responsible for the enhanced activity of Pt-C/TiO2, and its 37 

excellent durability could be ascribed to the strong interfacial interaction between Pt 38 

nanoparticles and C/TiO2 support. 39 

Keywords: Mesoporous; Pt nanoparticles; Interfacial interaction; TiO2; Carbon; 40 

Methanol oxidation41 



Introduction 42 

Supporting material plays an important role in developing high performance 43 

catalysts, since the structure and surface property of catalyst support greatly influence 44 

the size and dispersion quality of metal nanoparticles [1-3]. The stability and 45 

durability of electrocatalysts have become the most challenging part in developing 46 

practically useful catalysts [4-6]. Metal oxide substrates have attracted great attention 47 

due to their high corrosion resistance and strong interactions with metal catalyst 48 

particles that could effectively prevent the agglomeration of metal particles [7, 8]. 49 

Moreover, and abundant hydroxyl groups on the surface could prevent the adsorption 50 

of CO-like intermediate species in electrocatalytic methanol oxidation reaction 51 

(MOR), and hence improve reaction stability [9-11]. Among the versatile metal 52 

oxides, TiO2 has been extensively investigated as the support of fuel cell catalyst 53 

because of its natural abundance, low cost, environmental friendliness and high 54 

stability in fuel cell environment[12-14]. However, TiO2 itself would not be used as 55 

electrocatalyst support unless its surface area could be dramatically increased and 56 

electrical conductivity could be imparted [15, 16].  57 

Mesoporous TiO2 fibers with the extralarge surface area and high crystallinity has 58 

been synthesized using a novel template-free method in our group [17]. And the 59 

mesoporous structure of TiO2 would provide a confined micro-environment for the 60 

stabilization of highly dispersed metal nanoparticles [18]. Hybrid TiO2-carbon 61 

materials have been employed to improve the conductivity of TiO2 [2, 19, 20]. These 62 

hybrid materials may possess both electron conductivity of carbon and corrosion 63 

resistance of the metal oxide, and even a synergistic effect such as Pt and Ru [21, 22]. 64 

Gedanken [2] and Lee [23] prepared a core-shell structured composites with TiO2 65 

particles as cores and carbon as shell. The uniform and thin carbon shell is 66 

demonstrated to be effective to provide good electrical conductivity as well as 67 

excellent interfacial interaction between Pt nanoparticles and carbon [24, 25]. 68 

Shahgaldi [26] synthesized TiO2-C core-shell structure and TiO2 encapsulated in 69 

carbon nanospheres as a Pt support, and Pt-TiO2-C depicted a relatively high activity 70 



in electrocatalytic reaction [26]. Most of the reported work on carbon coated TiO2 71 

were processed with full coverage, which might cause some potential issues. First of 72 

all, when TiO2 was fully covered by carbon, advantages of TiO2 were reduced or 73 

covered as well. Secondly, the interfacial interaction between Pt nanoparticles and 74 

TiO2 is weak, which would cause unstable and worse dispersion for Pt nanoparticles. 75 

Thirdly, the structure of carbon could collapse under low pH, high temperature and 76 

high potential work conditions, which may cause Pt nanoparticles detachment, 77 

agglomeration and sintering [27]. At last, Pt supported on carbon could be easily 78 

poisoned by the adsorbed CO-like intermediate species generated during methanol 79 

oxidation process [28, 29]. 80 

In order to obtain a durable and stable catalyst, we need fabricate a catalyst 81 

support with heterogeneous surface exposing both carbon and TiO2 surfaces. In this 82 

work, we designed and prepared a novel structure of partially deposited carbon-TiO2 83 

composite (C/TiO2) with mesoporous TiO2 nanofibers as core and partially coated 84 

carbon as shell. Pt nanoparticles were deposited onto the support (Pt-C/TiO2) 85 

afterwards with homogenously dispersed Pt nanoparticles on carbon, TiO2 and C/TiO2 86 

interface. It is anticipated that the as-prepared Pt-C/TiO2 exhibits outstanding catalytic 87 

stability and activity than that of Pt-C (Vulcan XC72 as support) and Pt-TiO2 in 88 

MOR. 89 

90 



 91 

2 Experimental Section 92 

2.1  Preparation of samples 93 

Mesoporous TiO2. Mesoporous TiO2 has been synthesized with a simple 94 

template-free approach [17, 30]. Typically, 5.43 g of K2CO3 (reagent grade) and 12.67 95 

g of TiO2·nH2O (TiO2 content: 47.24%) were mixed uniformly and sintered in a 96 

muffle oven at 810 °C for 2 h. Then 10.0 g of the product was soaked in 6.67 mL 97 

distilled water at 25 °C for 7 days. The resultant product was suspended in 1000 mL 98 

of 0.5 M HCl solution to exchange K+ by H+ with vigorously stirring. The product 99 

was filtered and washed with distilled water and dried in a desiccator at 60 °C under 100 

vacuum. The dried sample was heated to 500 °C for 2 h in a muffle oven to obtain 101 

TiO2. 102 

C/TiO2 composite. C/TiO2 composite was prepared as follows: 0.023 g of oxalic 103 

acid (OA) was added into 0.39 mL of furfuryl alcohol (FA) to obtain OA-FA solution. 104 

1.0 g of TiO2 was added into the OA-FA solution and stirred for 1 h at 25 °C, a light 105 

yellow sample was obtained. Then the sample was heated at 80 °C for 16 h in an oven 106 

to induce polymerization of the furfuryl alcohol. And the sample’s color turned from 107 

light yellow to brown. The sample was heated to 800 °C with a heating rate 2 °C/min 108 

and then furtherly carbonized for 3 h under N2 atmosphere to yield C/TiO2. The 109 

carbon content is calculated as 15.2% based on thermogravimetric analysis. 110 

Pt-C/TiO2 catalyst.  Pt-C/TiO2 catalyst was prepared as follows: 12.52 mL of 1 111 

M NaOH-ethylene glycol (EG) solution was added into H2PtCl6-EG solution (0.1594 112 

g, 0.3077 mM in 50 mL) with stirring for 1 h to obtain a transparent yellow colloidal 113 

solution. Then the solution was heated at 163 °C for 4 h with a N2 flow passing 114 

through the reaction system to evaporate water and organic byproducts. A transparent 115 

dark-brown homogeneous colloidal solution of the Pt metal nanocluster was obtained 116 

without any precipitate. Then 63.0 mL of 0.2 M HCl and 0.30 g of C/TiO2 composite 117 

were dropped into the system and continuously stirred for another 10 hours. After that, 118 



the C/TiO2 supported Pt NPs can be obtained by filtering, washing and drying at 119 

60 °C, and the product is named Pt-C/TiO2. For comparison, commercial carbon black 120 

(Vulcan XC72) and TiO2 were loaded with platinum following the same procedure, 121 

noted as Pt-C and Pt-TiO2, respectively. The actual loading of Pt was determined by 122 

ICP-OES. The Pt content was 17.65%, 17.32% and 16.02% for Pt-TiO2, Pt-C/TiO2 123 

and Pt-C, respectively. 124 

2.2 Physical Characterization 125 

The carbon content of the sample was determined using a thermogravimetric 126 

analyzer (Netzsch TG 209 F3, Germany) under O2 atmosphere. The textural 127 

properties were studied by N2 adsorption-desorption measurements (TriStarII 3020 M) 128 

at a liquid nitrogen temperature of 196 °C. The crystal phases of samples were 129 

determined by powder X-ray diffraction (XRD, Bruker D8, Cu 65 Kα radiation). The 130 

morphology of the composites was characterized by scanning electron microscopy 131 

(FESEM, Leo 1530 FEG SEM), and transmission electron microscopy (TEM, Philips 132 

Tecnai G2 20 S-TWIN at 200kV). TEM samples were prepared by depositing a drop 133 

of diluted suspension in ethanol on a lacey-film-coated copper grid. And the size of Pt 134 

nanoparticles was summarized 300 particles of each sample. The carbon fine structure 135 

of the specimen was determined using a Raman spectrometer (Jobin Yvon HR800 136 

UV). The platinum content of the hybrid composites was measured by inductively 137 

coupled plasma optical emission spectrometry (ICP-OES, Optima2000DV, USA). 138 

2.3  Electrochemical measurement 139 

All the electrochemical measurements were carried out on an electrochemical 140 

workstation Autolab 302 N with a three-electrode system, which consisted of a glassy 141 

carbon working electrode, Pt gauze counter electrode, and Ag/AgCl (saturated KCl) 142 

reference electrode. 1.0 mg catalyst was dispersed ultrasonically in mixture containing 143 

0.45 mL ethanol, 0.45 ml water and 100 μL Nafion solution (5 wt%) to obtain a 144 

homogeneous suspension. 20 μL of the resulting solution was uniformly pipetted onto 145 

the glassy carbon electrode and dried gently under air flow. To measure the methanol 146 

oxidation reaction activity, cyclic voltammograms (CVs) were recorded in a 1 M 147 



CH3OH/ 0.5 M H2SO4 aqueous solution. To study the catalyst stability, CVs were 148 

measured for 2000 cycles in a 0.5 M H2SO4 aqueous solution. The electrochemical 149 

active specific surface areas (ECSA) of platinum with coulombic charges accumulated 150 

during hydrogen desorption after correcting for the double-layer charging current 151 

from the CVs can be calculated[31, 32]:  152 

0.21

H

Pt

Q
ECSA

M



 153 

where QH (mC) is the charge due to the hydrogen adsorption/desorption in the 154 

hydrogen region of the CVs, 0.21 mC⸱cm-2 is the electrical charge associated with 155 

monolayer adsorption of hydrogen on Pt, and MPt is the loading of Pt metal on the 156 

working electrode. The electrolytes were deaerated with ultrahigh purity N2 for 30 157 

min to remove the dissolved O2 prior to the measurements.  158 

159 



 160 

3 Results and discussion 161 

3.1 Characterization of the C/TiO2 sample 162 

The XRD patterns of TiO2 and C/TiO2 are presented in Fig.1 (a). Both TiO2 and 163 

C/TiO2 composite exhibit similar characteristic diffraction peaks, which index to the 164 

anatase phase of TiO2 (JCPDS 21-1272) with high crystallinity. Lower crystallinity of 165 

TiO2 is observed in the C/TiO2 composite after carbonization as shown by the 166 

prominent characteristic diffraction peaks due to the carbon covered on the TiO2[33]. 167 

There are no typical peaks of graphite, indicating the carbon in C/TiO2 is amorphous. 168 

The Raman spectroscopy is a very useful tool to study the carbon phase in the 169 

composites. Raman spectra (Fig. 1 (b)) confirm the presence of the carbon in C/TiO2. 170 

The characteristic G-band peak at ~1580 cm-1 and a D-band peak at ~1340 cm-1 171 

represent the graphitic and amorphous carbon in both C/TiO2 and Vulcan XC72[34].  172 
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Fig. 1 (a) XRD patterns of TiO2 and C/TiO2; (b) Raman spectra of TiO2, C/TiO2 and Vulcan 174 

XC72. 175 

Nitrogen adsorption-desorption isotherm was performed to determine the 176 

Brunauer-Emmett-Teller (BET) surface area. As shown in Fig. 2(a), TiO2 and C/TiO2 177 

have similar type IV isotherms with a hysteresis loop, indicating the presence of 178 

well-developed mesopores in both two samples. Also, it can be seen that carbon 179 

doesn’t completely block the mesopores of TiO2, which is essentially important for 180 



the stabilization of Pt NPs and efficient reactant transfer during reaction[35]. The BET 181 

surface area of C/TiO2 increases to 157 m2⸱g-1, which is larger than that of pure TiO2 182 

(108 m2⸱g-1).The enlarged surface area is definitely beneficial to the dispersion of Pt 183 

NPs.  184 
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Fig. 2 (a) N2 adsorption-desorption isotherms of TiO2, C/TiO2; (b) pore size distribution curves of 186 

samples. 187 

The microstructure of TiO2 and C/TiO2 is depicted in Fig. 3. TiO2 has a fiber-like 188 

morphology and smooth surface with a uniform width of 50~150 nm, Fig. 3(a). The 189 

morphology and structure of the mesoporous TiO2 is further investigated by TEM 190 

(Fig. 3(b)). TEM image of an individual fiber shows numerous 5~10 nm bright spots 191 

correspond to the pores of the TiO2, which is consistent with the BET results. 192 

Corresponding to the pore sizes, we speculate TiO2 nanofibers arrange along the 193 

longitudinal direction where 10~30 nm wide nanocrystals build up the brick-like and 194 

mesoporous framework. After carbonization, the C/TiO2 composite in Fig. 3(c) is 195 

shown to preserve the original morphology of the TiO2 nanofibers and have a rough 196 

surface, which is assumed to be carbon coating on the TiO2 surface. It is clear that 197 

uneven carbon network wrapped around TiO2 fiber with thickness of 10~15 nm. 198 

According to the density of carbon (1.8 g⸱cm-3), and carbon content (15.2%, 199 

determined by TG measurement), we estimated that about 45% of the surface area of 200 

TiO2 nanofibers are covered by carbon.  201 
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Fig. 3 (a) FESEM images of TiO2; (b) TEM images of TiO2; (c) TEM images of C/TiO2. 203 

3.2 Characterization of the C/TiO2 sample modified with Pt 204 

The XRD patterns of Pt-C/TiO2 and Pt-C are presented in Fig. 4. Compared to the 205 

XRD pattern of C/TiO2, the diffraction peaks of the face-centered-cubic (fcc) Pt lattice 206 

are clearly recognizable, as indicated by the characteristic peaks around 39.8, 46.8, 207 

67.6, and 81.3° due to Pt (111), Pt (200), Pt (220), and Pt (311), respectively. This 208 

indicates that the Pt nanoparticles are composed of pure crystalline Pt [36, 37]. The 209 

diffraction peak for Pt (220) is used to estimate the Pt NPs size with the Scherrer 210 

equation, because there is no interference from other diffraction peaks, and the 211 

average size of Pt-C/TiO2 and Pt-C is about 2.1 nm and 2.5 nm, respectively[38]. 212 
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Fig. 4 XRD patterns of Pt-C/TiO2 and Pt-C  214 

TEM images of Fig. 5(a,b) show the morphology and structure of Pt-C/TiO2. It is 215 

obivous from the Pt-C/TiO2 TEM images (Fig. 5(a)) that Pt NPs with a mean particle 216 

size of 2.0±0.5 nm are well dispersed on the surface of C/TiO2 without discernible 217 

aggregation, which is desirable in an efficient electrocatalyst. Pt-TiO2 interface shown 218 



in the HRTEM image in Fig. 5(b) gives the lattice spacing of 0.19 and 0.20 nm for 219 

TiO2 support and Pt, respectively. This lattice-matched interface leads to a compact 220 

Pt-TiO2 interface that can stabilize the imbedded Pt NPs. In addition, TEM image of 221 

Pt-C shows that the size of Pt NPs is 2.5±1.0 nm in Fig. 5(c). 222 
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 223 

Fig. 5 (a) TEM images of Pt-C/TiO2, inset: size distribution of Pt NPs on C/TiO2; (b) HRTEM 224 

images of Pt-C/TiO2; (c) TEM images of Pt-C, inset: size distribution of Pt NPs on Vulcan XC72. 225 

3.3. Electrochemical properties 226 

In order to investigate the electrocatalytic activity of the Pt-C/TiO2 composites 227 

and Pt-C, the cyclic voltametric measurements of methanol oxidation were carried out 228 

in 1.0 M CH3OH /0.5 M H2SO4 solution at room temperature at a scan rate of 50 229 

mV/s (Fig. 6). The current density of the methanol oxidation peak is largest with 230 

Pt-C/TiO2 (1.22 mA⸱cm-2) (Table 1), which is 3.0 and 1.5 times higher than those of 231 

Pt-TiO2 (0.41 mA⸱cm-2) and Pt-C (0.82 mA⸱cm-2), respectively.  232 
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Fig. 6 Cyclic voltammograms of methanol electrooxidation in 1 M CH3OH/0.5 M H2SO4, 234 

scan rate: 50 mV/s. 235 



The forward anodic peaks at around 0.70 V are due to methanol oxidations, and 236 

in the backward scan the oxidation peaks at about 0.53 V can be attributed to the 237 

oxidations of adsorbed CO or CO-like species[39]. During the reverse scan, CO-like 238 

adspecies can be oxidized by Pt-OHads in the acidic electrolyte within the potential 239 

range where the reverse anodic peak develops[40]. If the maximum peak current 240 

density in the forward is designated as If and the maximum peak current density in the 241 

backward is designated as Ib, the ratio of If/Ib is generally used to evaluate the 242 

tolerance of the catalysts to incompletely oxidized species accumulated on the surface 243 

of the electrode[11, 41]. A higher ratio of If/Ib represents more complete methanol 244 

oxidation, less accumulation of CO or CO-like species on the catalyst surface, and 245 

thus a better CO-tolerance. In contrast, a lower If/Ib ratio implies the reverse results. 246 

The If/Ib ratio for Pt-TiO2 (1.9) and Pt-C/TiO2 (1.3) composites are larger than that for 247 

Pt-C (0.83), which suggests that the support of TiO2 catalyst leads to more complete 248 

methanol oxidation and less accumulation of CO-like species than that of carbon and 249 

leads to a higher resistance to CO poisoning in the MOR. This result can be linked to 250 

the high poison tolerance to CO-like intermediates and good electrochemical stability 251 

of Pt-C/TiO2 catalyst. Additionally, this can furthermore be ascribed to the strong 252 

interaction between Pt and support and a possible bifunctional effect between Pt 253 

nanoparticles and TiO2, which is similar with the commonly accepted bifunctional 254 

mechanism of methanol electro-oxidation between Pt and Ru [42, 43]. Dissociative 255 

adsorption of water molecules on the TiO2 support creates TiO2-OH surface groups. 256 

TiO2-OH groups adjacent to Pt nanoparticles may readily oxidize CO groups bonded 257 

on the peripheral Pt atoms, of which the electronic structure is greatly modified by the 258 

TiO2 support[9].  259 
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 260 

Fig. 7 (a, b) Cyclic voltammograms of Pt-C/TiO2 and Pt-C after 10 and 2000 cycles in 0.5 M 261 

H2SO4, scan rate = 100 mV/s; (c) ECSAs of samples as a function of the number of CVs,  262 

(d) ECSA retention as a function of the number of cycles. 263 

Catalyst stability was investigated by monitoring electrochemical active surface 264 

area during extended cyclic voltammograms cycling tests. The ECSA of the Pt 265 

catalyst was estimated based on the hydrogen desorption peaks observed between 266 

-0.02 and 0.15 V vs. Ag/AgCl. A hydrogen desorption charge of 0.21 mC⸱cm-2 was 267 

assumed for ECSA calculation[32]. The CVs shown in Fig. 7 (a, b) indicate that 268 

ECSA of both Pt-C/TiO2 and Pt-C decrease after 2000 continuous cycles in 0.5 M 269 

H2SO4 solution. The active Pt area of the commercial carbon-supported catalyst 270 

measured after the first 10 cycles (53.0 m2 g−1) is higher than that of the 271 

C/TiO2-supported catalyst (23.8 m2 g−1). However, after 2000 cycles, the ECSA of 272 

Pt-C (12.9 m2 g−1) is much smaller than that of Pt-C/TiO2 (21.1 m2 g−1). The trends of 273 

ECSA change are plotted in Fig. 7(c.d). C/TiO2-supported catalyst is more stable than 274 

carbon-supported catalyst because 88.8% of the ECSA of Pt-C/TiO2 is still available 275 

while only 24.3% of ECSA of Pt-C remains after 2000 cycles. The Pt-C/TiO2 catalyst 276 

is approximately 6.7 times more stable than the Pt-C catalyst, which could be 277 



attributed to the mesoporous structure of C/TiO2 support and the interaction between 278 

Pt NPs and TiO2 surface. In addition, voltammetric measurements performed with the 279 

carbon-supported catalyst yields a peak at 0.52 V for the cathodic sweep (Fig. 7(b)). 280 

After 2000 cycles, the peak at 0.52 V is reduced to a shoulder, and a subtle peak 281 

remains at 0.57 V. Therefore, these cathodic features located at 0.52 and 0.57 V may 282 

represent the reduction of platinum oxide and interaction with functional groups on 283 

the carbon surface, respectively[44]. The decrease in the platinum oxide reduction 284 

peak implies a significant loss of Pt active sites after 2000 cycles.  285 

Table 1 Activity and stability of various catalysts. 286 

Sample 
Specific Ipeak 

(mA cm-2 Pt) 

Epeak 

(V) 
If/Ib 

ECSA10
th 

(m2
 g

-1) 

ECSA2000
th 

(m2 g-1) 

ECSA 

Retention 

Ref. 

Pt-TiO2 0.41 0.692 1.88 9.0 / / This work 

Pt-C/TiO2 1.22 0.688 1.29 23.8 21.1 88.8% This work 

Pt-C 0.82 0.694 0.83 53.0 12.9 24.3% This work 

Pt/CCT 0.69 0.91 0.77 198 / / [2] 

Pt/C 0.37 0.98 0.96 95 / / [2] 

Pt/ TiO2-rGO 1.05 0.685 1.17 31 / / [45] 

Pt/TiO2-3h 0.19 0.59 1.44 172.9 / / [21] 

Pt/C 0.83 0.66 1.08 24 / / [28] 

Pt-(WC/C) 0.83 0.69 1.21 81 / / [28] 

Pt/CNT 0.57 0.84 0.89 79 / / [33] 

Pt/TiO2 / 0.77 1.21 / / / [33] 

Pt/CNT/TiO2 0.60 0.81 0.99 40 / / [33] 

Pt/RGO1 0.25 0.70 2.73 43 / / [38] 

Pt/RGO2 0.27 0.69 2.21 38 / / [38] 

Pt/RGO3 0.24 0.72 2.62 55 / / [38] 

Pt/C 0.35 0.68 1.30 24 / / [38] 

Pt/CCG / 0.69 0.83 36 / / [39] 

Pt/MWCNT / 0.67 0.72 33 / / [39] 



Fig. 8(a, b) shows TEM images of Pt-C/TiO2 and Pt-C catalysts after 2000 CV 287 

cycles in 0.5 M H2SO4. The size distribution of Pt particles is summarized from four 288 

images of each sample and shown in the Fig. 8 (c, d). The change of size distribution 289 

from 2.5±1.0 nm to 4.0±1.5 nm indicates that Pt NPs on carbon agglomerated and 290 

became larger. Size distribution of the Pt NPs on C/TiO2 exhibits the minor change 291 

from 2.0±0.5 nm to 2.3±0.5 nm, which is a convincing evidence of enhanced stability 292 

of Pt NPs on C/TiO2. It is well known that the properties of metal-support composites 293 

are strongly dependent on the metal particle size and dispersion. Normally, a smaller 294 

particle size results in better catalytic performance but easier agglomeration [46]. The 295 

decrease of ECSA of Pt-C can be attributed to the observation from the size change 296 

and losing of Pt NPs. Therefore, the mesoporous structure and the heterogeneous 297 

interface of C/TiO2 help to enhance the stability of Pt on the C/TiO2 surface. 298 
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Fig. 8 (a, b) TEM images of Pt-C/TiO2 (a) and Pt-C (b) after 2000 cycles, (c,d): size distribution of 300 

Pt NPs corresponding to each change in catalysts. 301 

4 Conclusions 302 

We designed and prepared a carbon-TiO2 composite as Pt support, which with 303 

mesoporous TiO2 as core and partially coated carbon as shell to fully utilize the 304 

combined advantages of both materials. Electrochemical and structural 305 



characterization clearly demonstrated that Pt nanoparticles catalyst supported on 306 

C/TiO2 showed enhanced activity and stability in the methanol oxidation reaction. 307 

The methanol oxidation activity of Pt-C/TiO2 was 3.0 and 1.5 times higher than that 308 

of Pt/TiO2 and Pt-C, respectively. Pt-C/TiO2 was 6.7 times more stable than Pt-C after 309 

2000 cycles. Carbon network wrapped around mesoporous TiO2 offers good 310 

electronic conductivity while partially exposed TiO2 retains its advantages such as 311 

good stability and the strong metal-support interaction.   312 
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