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Abstract :We report nanostructure electrodes with TiO2 as a core and carbon as a shell

(TiO2@C) for oxygen reduction in alkaline solution. The structure of core-shell electrodes is

characterized by transmission electron microscopy, Raman spectroscopy, X-ray diffraction

method, and X-ray photoelectron microscopy. The electrochemical properties of the TiO2@C

electrodes are characterized using a potentiostat and compared with those of carbon supported

Pt catalyst. In particular, the core-shell electrode with dominant pyridinic-N component exhibits

an imporved electrocatalytic activity for oxygen reduction reaction in alkaline solution. 
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1. Introduction

Oxygen reduction reaction (ORR) is one of the

crucial characteristics in electrochemical energy

conversion devices such as polymer electrolyte

membrane fuel cells. The electrocatalytic ORR in

alkaline fuel cells has attracted an intensive inter-

est in alternative to Pt-based catalysts, although

the ORRs in alkaline solutions are much faster

than those in the acidic media.1-6) Furthermore,

the search for a low-cost, stable and more active

electrocatalysts for the ORR in alkaline medium

is thus of great importance.7,8)

Nitrogen-doped carbon materials have exhibited

much higher ORR activity than undoped carbon

materials.9-13) Nitrogen incorporation could chemi-

cally present active sites into the carbon for the

electrocatalytic reactions.14-16) The pyridinic nitro-

gen doped the carbon substrate’s surface is shown

to play important roles in the active sites for the

ORR.17-19) In particular, TiO2 has been proposed

as a good candidate for an electrode due to its

chemical stability, cheapness, and nontoxicity.20)

Herein, the nanostructure catalysts (TiO2@C)

consisting of TiO2 as a core and carbon as a

shell were prepared for oxygen reduction reaction

in alkaline solution. The particle size, crystal

structure, and chemical components of the

catalysts were characterized using transmission

electron microscopy (TEM), Raman spectroscopy,

X-ray diffraction (XRD) method and X-ray

photoelectron spectroscopy (XPS). The electro-

chemical properties of the catalysts were charac-

terized using a potentiostat. 

2. Experimental

2.1. Synthesis of catalysts

The nanostructure catalysts used TiO2 (Degussa,

P-25) as a starting material were prepared by

means of  hea t  t rea tment  under  CH 4  gas

atmosphere. At first, the flow rate of N2 gas was

kept for 15 min to get rid of O2 inside the

tube. Under CH4 flow rate of 100 mL min−1, the

furnace was heated from room temperature to

700oC and then maintained for 5 h. After the*E-mail: kwpark@ssu.ac.kr
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heat treatment for 5 h, the furnace was cooled

down to room temperature under methane

atmosphere. To prepare nitrogen-doped TiO2@C

catalysts, the FeTMPP (5,10,15,20-tetrakis(4-

methoxyphenyl)-21H,23H-porphine iron(III) chloride,

Aldrich) were dissolved in 99.7% acetic acid

(2 ml, Aldrich) and acetone (90 ml, Aldrich) with

continuous stirring for 1 h. After completely

dissolving, the TiO2@C powders were added

slowly into the solutions to form a homogeneous

blended solution by adsorbing the FeTMPP on

the TiO2@C. The solutions were completely

evaporated and then dried at 50oC. The obtained

powders were heated at 700oC for 5 h under N2

flow rate of 50 mL min−1 and then cooled down

to room temperature under N2 atmosphere. 

2.2. Structural analysis

TEM analysis of the catalysts was performed

on a field emission transmission electron micro-

scope (Tecnai G2 F30 system). TEM samples

were prepared by placing drops of catalyst sus-

pension dispersed in ethanol on a carbon-coated

copper grid. Raman spectra were recorded on

Mirco-Raman spectrometer (Jobin Yvon HR800 UV)

using an Ar ion laser with λ = 514.5 nm. XRD

analysis was carried out using Rigaku X-ray

diffractometer with Cu Kα (λ = 0.15418 nm) source

with a Ni filter. The source was operated at

40 kV and 100 mA. The 2θ angular scan from

20o to 60o was explored at a scan rate of 5o

min−1. The resolution in the scans was kept at

0.02o. XPS (Thermo Scientific, K-Alpha) analysis

was carried out with the Al K
α
 X-ray source of

1486.8 eV at the chamber pressure below 1 × 10−8

Torr and 200 W beam power. All high resolu-

tion spectra were collected using a pass energy

of 46.95 eV. The step size and time per step

were chosen to be 0.025 eV and 100 ms, respec-

tively. Both ends of the baseline were set suffi-

ciently far so as not to distort the shape of

spectra, including tails. Small variation of the

range of the base line did not affect the rela-

tive amount of fitted species (less than 1%). The

C 1 s electron binding energy was referenced at

284.6 eV and a nonlinear least-squares curve-fitting

program was employed with a Gaussian-Lorentzian

production function.

2.3. Electrochemical analysis. 

Electrochemical properties of the catalysts were

measured in a three-electrode cell at 25oC using

a potentiostat (CH Instrument, CHI 700 C). The

Pt wire and Hg/HgO (in saturated NaOH) were

used as a counter and reference electrode,

respectively. The rotating ring disk electrode as a

Fig. 1. TEM images of TiO2@C (a,b) and TiO2@C-N (d,e). The insets indicate particle size histograms of the catalysts.

Raman spectra of TiO2@C (c) and TiO2@C-N (f). 
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working electrode was polished with 1, 0.3, and

0.05 µm Al2O3  paste  and then washed in

deionized water. The catalyst inks were prepared

by ultrasonically dispersing catalyst powders

(20 mg) in NMP (N-Methyl-2-pyrrolidone) solution

(15 µL) containing 5 wt% PVDF (Polyvinylidene

fluoride). The catalyst ink was dropped 1.57 µL

onto a rotating ring disk electrode. After drying

in 50oC oven, the total loading (~500 µg cm−2) of

all catalysts was identically deposited on the

glassy carbon electrode. To compare electrochemical

properties and ORR activity of the catalysts,

characteristic curves were obtained between −0.6

and 0 V in 0.1 M NaOH. The current-potential

curves for the ORR were obtained using cyclic

and linear sweep voltammetry in O2-saturated

0.1 M NaOH.

3. Results and discussion

Fig. 1 shows TEM images of the nanostructure

catalysts for ORR. Compared to ~30 nm of

commercial TiO2 as a starting material, the

average size of the TiO2 heated at 700oC in CH4

atmosphere is ~35 nm resulting from the increase

of size due to heating process. Furthermore, it is

observed that the undoped nanostructure catalyst

(TiO2@C) consists of core and shell structure

(Fig. 1(a)). As shown in HR-TEM image of

Fig. 1(b), the d-spacing of the core structure

corresponds to that of TiO2 (0.327 nm) whereas

the d-spacing of the shell structure corresponds to

that of graphitic layer (0.342 nm), which is

similar to d-spacing of 0.335 nm of typical

graphite. The measured thickness of the shell in

the catalyst is ~2.0 nm. For N-doping in the

TiO2@C, FeTMPP was deposited on carbon layers

and then pyrolyzed under N2 atmosphere (referred

as TiO2@C-N). The TiO2@C-N (Fig. 1(d),(e))

exhibits core-shell nanostructure similar to

TiO2@C. The measured thickness of the shell in

the TiO2@C-N is ~2.0 nm. As shown in HR-

TEM images of Fig. 1(e), the core structures

correspond to TiO2 whereas the shell structures

correspond to graphitic layer. The particle sizes of

TiO2@C and TiO2@C-N are 32.85 and 38.53 nm,

respectively (the insets of Fig. 1). The Raman

spectra of the catalysts consist of two main

peaks: a G-band at ~1590 cm−1 resulting from the

in-plane stretching vibration mode E2g of single

crystal graphite and a D-band at ~1345 cm−1

representing the disorder-induced characteristics

(Fig. 1(c),(f)). The TiO2@C-N exhibits relatively

low ID / IG  r a t io ,  sugges t ing  an  improved

crystallinity of carbon despite the nitrogen doping

as compared to the TiO2@C. 

Typically, the commercial TiO2 (Degussa, P-25)

consists of dominant anatase and rutile phase. In

contrast, the heated TiO2 samples display mixed

phases of anatase and dominant rutile, which

means phase transformation of anatase into rutile

phase (Fig. 2). It is observed that the anatase

phase is transformed into the rutile phase at both

heating temperatures. In general, it is known that

the phase transformation from metastable anatase

to stable rutile occurs at around 600oC . As

shown in Fig. 3, the XPS peak of the catalyst

contain three main portions of nitrogen to curve

Fig. 2 XRD patterns of TiO2@C and TiO2@C-N. Fig. 3. XPS N1s spectrum of TiO2@C-N.
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fit in the N 1s spectrum. For the TiO2@C-N, the

pyridinic-N and pyrrolic-N are assigned to the

components at 398.1 and 400.3 eV, respectively,

and the quaternary/graphitic-N is presented at

400.9 eV. 

The ORR characteristics of the TiO2@C and

TiO2@C-N in alkaline solution were evaluated

using cyclic voltammetry (Fig. 4(a),(b)). The

TiO2@C-N exhibits higher onset potential and

higher current density than those of the TiO2@C

indicating such an excellent ORR activity.

Furthermore, to characterize ORR performance and

mechanism of these catalysts, rotating ring disk

electrode analysis was carried out. The onset

potential of the TiO2@C-N toward ORR in the

polarization curves is significantly shifted to

positive direction still lower than that of Pt/C, as

compared with the TiO2@C (Fig. 4(c)). The disk

current density (ID) of the TiO2@C-N is much

larger than that of the TiO2@C, whereas the ring

current  densi ty (IR)  of  the  TiO 2@C-N is

comparably smaller than that of TiO2@C. The

plots of the number of exchanged electrons (n)

and the generation yield (%H2O2) of hydrogen

peroxide during ORR versus electrode potentials

are as shown in Fig. 4(d). The n exchanged by

the TiO2@C-N toward ORR is determined to be

approximately 4.0 as compared to 3.3~3.5 of the

TiO2@C indicating that O2 reduction reaction

catalyzed on the TiO2@C-N is an apparent near

four electron transfer process comparable to that

of the Pt/C below −0.1 V. For the Pt/C, no

signficant H2O2 yield is detected in the range of

less than 5% (Fig. 4(d)). The %H2O2 generated

by the TiO2@C-N is much lower (~3%) than

that of the TiO2@C (~20%). It is likely that the

improved ORR of the TiO2@C-N as a core-shell

nanostructure catalyst may result from nitrogen

doping and pyridinic-N.

4. Conclusion

We have prepared the nanostructure catalysts

with TiO2 as a core and carbon as a shell for

ORR in alkaline solution. The TiO2@C-N catalyst

exhibits nitrogen-doped carbon layers on TiO2

Fig. 4. CVs of TiO2@C (a) and TiO2@C-N (b) in 0.1 M NaOH with a scan rate of 50 mV s-1 at 25 oC. Polarization curves

(c,d) of the TiO2@C (i), TiO2@C-N (ii), and Pt/C (iii) in O2-saturated 0.1 M NaOH solution with a scan rate of 10 mV s1

and rotating speed of 1600 rpm at 25oC. The potential of the ring electrode was set to 0.15 V.
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nanoparticles. The excellent ORR activity of the

TiO2@C-N may be mainly due to N-doping

effect of pyridinic-N component.
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