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ABSTRACT: Developing an effective electrocatalyst for the oxygen reduction reaction is a momentous issue in fuel cells. In this
paper, we successfully synthesized the N-doped TiO, nanorods/graphene (N-TiO,/NG) nanocomposite, which comprise the N-
doped TiO, (N-TiO,) nanorods (40—60 nm diameter and 90—300 nm length) and self-assembled nitrogen-doped graphene
(NG) networks. We found that the nanocomposite exhibits great oxygen reduction reaction (ORR) electrocatalytic performance
and also shows long durability and methanol tolerance than that of the commercial 20% Pt/C catalyst. This new nanocomposite
may also have potential applications in other fields, which are related to energy storage, gas sensors, photocatalysis, and so on.
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1. INTRODUCTION

The oxygen reduction reaction (ORR) is a momentous issue in
fuel cells.' ™ So far, the best ORR catalyst still is the Pt-based
material.* However, the intrinsical scarcity of Pt leads to the
high cost and limits the mass-production and commercializa-
tion of these catalysts.>>® Considerable attention has therefore
been paid to overcome the above 1problem by developing low-
Pt or Pt-free catalysts for ORR.”~'°

Recently, titanium dioxide (TiO,) has been extensively
studied as a photocatalyst in environmental protection and
energy conversion.'! !¢ However, as a kind of ORR catalyst,
TiO, has rarely been studied, because the low conductivity
remarkably restrains their practical application for ORR
catalysts. Therefore, the strategies of the doping of TiO, with
some heteroatoms have been taken.'”'® For instance,
developing the doping of TiO, with nitrogen (N-TiO,) is an
interesting approach. Because of the high abundance, N-TiO, is
one of the most a Eealing electrocatalysts and appropriate for
mass production.'”*

Recently, the nitrogen-doped (N-doped) carbon materials
were reported to have the ability to improve the electron
mobility and create favorable catalyst—support interactions,
thus greatl;r promoting the catalyst’s activity and stability for
ORR.**'"* Among them, graphene, composed of sp*
hybridized carbon atoms, is very suitable for electric catalyst
for ORR due to its high conductivity and outstanding
mechanical properties.”*>” For example, the nitrogen-doped

-4 ACS Publications  © 2014 American Chemical Society

graphene (NG) has become one of the most hottest topics in
the electrocatalysts for fuel cells.”®*” The NG has shown good
catalytic ability, tolerance to the fuel molecule in the ORR
process.30_34 However, these N-doped materials still revealed
lower catalytical ability compared to Pt-based catalysts. To
further improve the performance of NG catalysts, much
attention has been concentrated on the design of metallic
oxide/NG or metal chalcogenides/NG nanocomposite with
unique architectures to enhance ORR activity. Considering that
these nanocomposites have quite good ORR activities, it is still
challenging work to research the cost-effective metallic oxide or
metal chalcogenides and NG for the high-performance of the
ORR catalysts.*> >

Herein, we successfully synthesized the N-doped TiO,
nanorods/graphene (N-TiO,/NG) nanocomposite, comprising
N-TiO, nanorods (40—60 nm diameter and 90—300 nm
length) and self-assembled NG networks. The method is very
suitable for large-scale production. Compared with N-TiO, or
NG, the nanocomposite shows excellent catalytic activity for
ORR. At the same time, the nanocomposite also shows long
durability and methanol tolerance compared to that of the
commercial 20% Pt/C. Due to these outstanding features, it is
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Scheme 1. Schematics of the Preparation of the N-TiO,/NG Nanocomposite
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expected that the as-prepared N-TiO,/NG will be a very
suitable catalyst for the fuel cells.

2. EXPERIMENTAL SECTION

2.1. Materials. KMnO, (AR.), H,SO, (95-98%), C,H;;NO,
(AR), H,0, (30%), and NaNO; (AR.) were purchased from
Shanghai chemical reagent factory (Shanghai, P. R. China).
C1,H,30,Ti (98%) was purchased from Aladdin industrial corporation
(Shanghai, P. R. China). Graphite flakes were bought from Sigma-
Aldrich Company.

2.2. Synthesis of the N-TiO,/NG Nanocomposite. TiO, sol was
prepared by the following procedure: 5.2 mL of titanium isopropoxide
(TI) was dissolved in ethanol (32 mL) to yield T1 solution. Then, 1.1
mL of diethanolamine was slowly added into the TI solution to form
the TiO, sol by magnetic stirring for 24 h. Graphene oxide (GO) was
prepared through the modified Hummer’s method.*” 2.56 mg mL™
GO aqueous solution was used in the preparation.

The typical N-TiO,/NG nanocomposite was prepared by the
following procedure: 0.4 mL of TiO, sol was added into the mixture of
1.5 mL of NH;H,0 and 20 mL of GO in a beaker at room
temperature. After being stirred for 2 h, the mixtures were
hydrothermally treated at 180 °C for 12 h. After the autoclave cooled
down, the product was washed by DI water for several times and
freeze-dried for 3 days to produce a TiO,/graphene composite.
Finally, the composite was annealed at 800 °C for 2 h in a tube furnace
under NH; atmosphere, and the final product was obtained. The
preparation procedure is shown in Scheme 1. For simplicity, according
to the amount of the TiO, sol (0.2, 0.4, and 0.6 mL), the samples were
denoted as N-TiO,/NG-0.2, N-TiO,/NG-0.4, and N-TiO,/NG-0.6,
respectively. N-TiO, was synthesized through the same steps as N-
TiO,/NG-0.4 without adding GO in the process, and NG was
synthesized through the same steps as N-TiO,/NG-0.4 without adding
TiO, sol in the process.*’

2.3. Characterization. Scanning transmission electronic micros-
copy (STEM) and field emission scanning electron microscopy (FE-
SEM) images were recorded on a JEM-2100F instrument and Hitachi
S4800-F high-resolution SEM. X-ray diffraction (XRD) measurements
were preformed on a Philips X’Pert PRO SUPER X-ray diffractometer.
X-ray photoelectron spectroscopic measurements (XPS) were
performed on an X-ray photoelectron spectrometer (Escalon MKII).
Raman spectra were performed on a Renishaw System 2000

spectrometer with a 532 nm laser excitation. The electrical
conductivity of the sample was measured by a four-point measurement
(ST2253, Suzhou Jingge Electronic Co., LTD, China).

2.4. Electrochemical Measurements. For electrochemical
measurements, 10.0 mg of the catalyst was ultrasonically dispersed
in the ethanol solution (5.0 mL) for 30 min. Then, a S yL mixture was
dispersed onto the rotating glassy carbon electrode. Finally, a 5 uL
Nafion solution (0.05 wt %) was adhered on the electrode and dried
thoroughly in air. The commercial Pt/C catalyst (Johnson-Matthey
Company, 20%) of 2 mg mL™' was made by the same process. A
CHI8S52C electrochemical workstation was used. A Pt wire and a Hg/
HgO was used as the counter and reference electrodes, respectively.
The voltammograms of the modified glassy carbon electrode were
recorded in O,-saturated 0.1 M KOH. The transferred electron
number (n) in ORR was calculated from the Koutecky—Levich (K-L)
equation.

1
+ [
B wl/ 2 (1)
where j is the kinetic current and  is the electrode rotating speed in
rpm. B is Levich slope which is given by

Ik

— 2/3, -1/6
B =02nFCy Do, """ (2)
where n stands for the number of electrons transferred per oxygen
molecule, F = 96485 C mol™" (Faraday constant), Do, = 1.90 X 1075
cm? 57! (diffusion coefficient of O, in 0.1 M KOH), v = 0.01 cm? s™!
(kinetic viscosity in 0.1 M KOH), and Cy, = 1.2 X 10~ mol cm™
(concentration of O, in 0.1 M KOH).*"*

A rotating ring disk electrode system (RRDE) was used to measure
the peroxide percentage (% H,0,) and electron transfer number (n).
The % H,0, and n were determined by the following equations:

I/N
%H,0, = 200 X ———
I + I/N 3)
Id
I+ I/N 4)

where I; was the disk current, I, was the ring current, and N is 0.35
(standing for the current collection efficiency of the Pt ring).37
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3. RESULTS AND DISCUSSION

From Figure lab, the N-TiO,/NG nanocomposite contains
many nanorods and graphene sheets. It can be observed that

Figure 1. SEM image (a), STEM image of N-TiO,/NG-0.4 (b), and
corresponding element mapping images of (c—f) C, O, N, and Ti.

the nanorods exist homogeneously in the whole NG without
obvious aggregation and their size is in the range of 40—60 nm
in diameter and 90—300 nm in length. The scanning
transmission electron microscopy (STEM) image and corre-
sponding elemental mapping images show that the elements C,
O, N, and Ti are distributed in the sample (Figure 1b—f). As
shown in Figure 1d—f, the Ti signal and main O signal are
overlaid with each other. In other words, the TiO, was
dispersed in the nanocomposite. Very importantly, the part N
signal is also overlaid with the main O signal and Ti signal.
Therefore, we believe that the TiO, dispersed in the
nanocomposite was doped by the nitrogen element. Certainly,
the part N signal is also observed in the graphene, which means
the graphene in the nanocomposite was also doped by the
nitrogen element. Meanwhile, from the Figure S1 in the
Supporting Information, EDX results also show that C, O, N,
and Ti exist in the product.

The typical SEM image of the NG was shown in the Figure
S2a (see the Supporting Information), which shows the NG has
a highly wrinkled nature. The typical SEM images of the N-
TiO0,/NG-0.2 and N-TiO,/NG-0.6 were shown in the Figure
S2b,c (see the Supporting Information).

Figure 2a shows the X-ray powder diffraction (XRD)
patterns of the NG and N-TiO,/NG-04. The diffraction
peaks for N-TiO,/NG-0.4 appeared at 25.3°, 37.7°, 48.0°
55.1°, and 62.7°, corresponding to the (101), (004), (200),

(211), and (204) crystal faces of TiO, (JCPDS card no. 04-
0477), respectively. One major peak for NG and N-TiO,/NG-
0.4 appearing at about 26.4° can be assigned to the diffraction
of graphene.” Therefore, the N-TiO,/NG-0.4 presents a two-
phase composition of N-TiO, and NG. The sample was
analyzed by XPS analysis. As shown in Figures 2b—e and S3
(see the Supporting Information), the XPS spectra for N-TiO,/
NG-04 clearly indicate the incorporation of nitrogen and
titanjum atoms in the graphene. The C 1s XPS spectra afford
four peaks at 284.7, 285.9, 286.5, and 287.8 eV for N-TiO,/
NG-0.4 (Figure 2b). The main peak at around 284.7 eV reflects
the sp*-hybridized carbon, while the small peaks at 285.9, 286.5,
and 287.8 eV correspond to the existence of C—N, C—0O, and
C=0 bonds.** The high-resolution O 1s XPS spectra of N-
TiO,/NG-0.4 (Figure 2c) present three peaks at 529.7, 531.4,
and 532.4 eV. The dominant peak at 529.7 eV belongs to O 1s
in the O—Ti linkage of TiO,. The peak at around 532.4 eV can
be ascribed to C—OH. The peak at 531.4 eV is attributed to O
Is in the Ti—O—N linkage, suggesting that the TiO, lattice
laced into the nitrogen atom.>%4>% According to the literature,
the binding energies of Ti 2p;,, and Ti 2p, , for the pure TiO,
sample are 459.1 and 465.0 eV, respectively.*> Compared with
the pure TiO, sample, the N-TiO,/NG-0.4 shows a decrease of
0.3 eV (Figure 2d), suggesting the presence of Ti** and
confirms that the nitrogen atom is doped into the TiO, lattice
and is substituted for oxygen. Figure 2e shows the high-
resolution N 1s spectra. Four peaks at 398.2, 398.6, 400.0, and
401.3 eV were observed. The peak located at 398.2 eV reflects
the O—Ti—N bond formed by substitution for the oxygen
atoms in the TiO, lattice.” Meanwhile, the other three peaks
located at 398.6, 400.0, and 401.3 eV can be ascribed to the
pyridinic N, pyrrolic N, and quaternary N, suggesting that the
nitrogen atom was successfully doped.** On the basis of the
above results, it can be considered that N-TiO,/NG-0.4 has
been formed. Figure 2f gives the Raman spectra of NG and N-
TiO,/NG-0.4, which exhibit two remarkable peaks around
1360 and 1590 cm ™. They are assigned to D and G peaks of
the graphene component. Meanwhile, a small broad peak was
observed at around 2500—3000 cm ™' that corresponds to the
2D peak of graphene, suggesting that the graphene component
in the N-TiO,/NG-0.4 is a few layers.48

The electrocatalytic activities of the commercial Pt/C, NG,
N-TiO,, N-TiO,/NG-0.2, N-TiO,/NG-0.4, and N-TiO,/NG-
0.6 were tested. Figure 3a shows the corresponding rotating
disc electrode (RDE) results. From Figure 3a, it is clear that the
ORR onset potential and half-wave potential of N-TiO,/NG-
0.4 (5.0 mV, —70.0 mV) is more positive than that of NG
(=130.0 mV, —250.0 mV) and N-TiO, (—235.0 mV, —310.0
mV), respectively. In addition, the current density (e.g., at —0.8
V vs Hg/HgO) of N-TiO,/NG-04 (470 mA cm™) is also
remarkably higher than that of NG (3.28 mA cm™) and N-
TiO, (2.85 mA cm™?). Compared with N-TiO, nanorods or
NG, the N-TiO,/NG-0.4 exhibits greatly enhanced electro-
catalytic performance. Therefore, we believe that the
remarkable catalytic activity of N-TiO,/NG-0.4 can be ascribed
to the appropriate N-TiO, in the nanocomposite. The ORR
onset and half-wave potential of N-TiO,/NG-0.4 (5.0 mV,
—70.0 mV) is more positive than that of N-TiO,/NG-0.2
(=400 mV, —150.0 mV) and N-TiO,/NG-0.6 (—=50.0 mV,
—160.0 mV). Further, the linear sweep voltammograms on the
N-TiO,/NG-0.4 electrode were recorded at different rotating
speeds (400—2000 rpm) in 0.1 M KOH. For comparison, the
curves were also obtained for NG, N-TiO,/NG-0.2, N-TiO,/
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Figure 2. XRD patterns of NG and N-TiO,/NG-0.4 (a). The high-resolution C 1s (b), O 1s (c), Ti 2p (d), and N 1s (e) XPS spectra. Raman

spectra of N-TiO,/NG-0.4 and NG catalysts (f).

NG-0.6, and commercial Pt/C (20 wt %) (see Figures 3b and
S4 in the Supporting Information).’® To qualify the ORR
process, the K-L plots were obtained for N-TiO,/NG-0.4 from
the reaction currents at different potentials at various rotating
speeds (Figure 3c). The K-L plots for NG, N-TiO,/NG-0.2, N-
Ti0,/NG-0.6, and commercial Pt/C were shown in the Figure
S5 (see the Supporting Information).*” The n values of all the
samples were calculated by K-L eq 1. From Figure 3d, the N-
TiO,/NG-0.4 has the higher n value than those of NG, N-
TiO,/NG-0.2, and N-TiO,/NG-0.6, suggesting that N-TiO,/
NG-0.4 exhibits an approximate four-electron reaction pathway.
Nevertheless, the NG exhibits the n value of 3.68—3.40
according to the potentials, suggesting a combination of two-
and four-electron pathways.

For practical applications, the stability of the catalysts is an
important issue as well.5**%° The stability of the N-TiO,/NG-
0.4 and commercial Pt/C was measured, respectively. The
catalysts were held at —0.70 V for 18000 s in 0.1 M KOH.
From Figure 4a, the chronoamperometric response for N-
TiO,/NG-0.4 exhibiting the high relative current (85.2%) still
persisted after 18000 s. In contrast, the commercial Pt/C
exhibiting the relative current (78.9%) persisted after 18 000 s.
These results indicate the better stability of N-TiO,/NG-0.4
than that of commercial Pt/C, which is suitable for the alkaline

21981

fuel cells. ORR polarization curves for N-TiO,/NG-0.4 and
commercial Pt/C in O,-saturated 0.1 M KOH with and without
2.5 M CH;O0H were shown in Figure 4b. From Figure 4b, after
the injection of methanol, no obvious change was observed at
the N-TiO,/NG-0.4 electrode, while for the commercial Pt/C,
the remarkable decrease happened in the reduction current.
These results clearly show the N-TiO,/NG-0.4 catalyst has
better tolerance to methanol poisoning effects and stability than
the commercial Pt/C catalyst.

We also tested the performance for ORR by the RRDE
system, and the amount of H,O, generated could be accurately
determined according to the eqs 3. Figure Sa shows the disk
and ring currents for N-TiO,/NG-0.4. From Figure 5b, the
measured H,O, yield for N-TiO,/NG-0.4 was less than 7.5%.
The electron transfer numbers were determined by eq 4 to be
about 3.85 for our best catalysts (N-TiO,/NG-0.4). Therefore,
the ORR process at the N-TiO,/NG-0.4 electrode belongs to a
four-electron mechanism. Figure Sc,d shows the RRDE results
of commercial Pt/C. The electron transfer number was
approximately 3.95, and H,0, yield was less than 7.3%.
RRDE results of NG, N-TiO,/NG-0.2, and N-TiO,/NG-0.6
were shown in the Figure S6 (see the Supporting Information).

From the above discussion and the literature re-
ported,”?®3%363851 the nanocomposite shows great ORR
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electrocatalytic performance probably because of the N-doping
and appropriate amount of N-TiO, in the nanocomposite. First,
according to the literature 2>>+2628:31,52 N-doping can improve
the electron-donor property and electron density of the
graphene and reduce binding energy to break the O—-O
bonds for the oxygen molecules. Thus, doping of nitrogen plays
an important role in ORR. Second, Figure 3a shows that the
NG exists in the remarkably high activity unlike N-TiO,. The
main ORR active sites of N-TiO,/NG-0.4 should be located in
the NG. It is very significant to control the amount of N-TiO,.
A certain amount of N-TiO, nanorods can effectively prevent
the restack of graphene sheets, leading to full exposure of the
active sites of the sample and further enhancing the ORR
activity. However, the inadequate amount of N-TiO, nanorods
(see Figure S2b in the Supporting Information) cannot

21982

effectively prevent the NG sheets restacking, which will prevent
the exposure of the active sites. An excess of N-TiO, nanorods
(see Figure S2c in the Supporting Information) will lower the
active sites of unit mass of the catalyst. Therefore, the N-TiO,/
NG-0.4 can effectively avoid the catalytic activity decrease and
shows a wonderful performance. In addition, we found the
conductivity of N-TiO, has greatly improved (pn.rior =
0.2901i0,) compared to the TiO, (see the Supporting
Information). The improved conductivity of N-TiO, should
be helpful for the ORR performance.

4. CONCLUSIONS

We have successfully synthesized the N-TiO,/NG nano-
composite, comprising N-TiO, nanorods and self-assembled

dx.doi.org/10.1021/am507890h | ACS Appl. Mater. Interfaces 2014, 6, 21978—21985
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nitrogen-doped graphene networks. Compared with N-TiO,
nanorods or NG, the nanocomposite shows great ORR
electrocatalytic performance because of the N-doping and
appropriate amount of N-TiO, in the nanocomposite. The
product also presents long durability and methanol tolerance
compared to that of the commercial Pt/C (20%). It may have
potential applications in the many fields such as energy storage,
gas sensors, photocatalysis, etc. The synthesis method of N-
TiO,/NG may be used to synthesize other graphene-based
nanocomposites.
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