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Monodispersed TiN nanoparticles with a narrow size distribution (7–23 nm) were synthesized using mesoporous graphitic (mpg)-
C3N4 templates with different pore sizes. The nano-materials were examined as electrocatalysts for oxygen reduction reaction (ORR)
in alkaline media. The TiN nanoparticles were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
N2 sorption, transmission electron microscopy (TEM), and C-H-N elemental analysis. The ORR current increased as the TiN particle
size decreased, and hence the surface area of TiN nanoparticles reactive to ORR increased. Rotating ring disk electrode (RRDE)
measurements revealed that the ORR on TiN surfaces proceeded mainly via a two-electron pathway, producing H2O2 as the main
product. Mechanistic aspects of ORR on TiN surfaces are discussed.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.053306jes] All rights reserved.
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The oxygen reduction reaction (ORR) is one of the important elec-
trocatalytic reactions for energy conversion in both acidic and alkaline
media.1–6 In polymer electrolyte fuel cells (PEFCs), the performance
of the cathode for ORR is still the primary limitation on overall PEFC
efficiency.1 The ORR in alkaline media, relevant to alkaline fuel cell
technology and metal-air batteries,2,5 is catalyzed by Pt,7 Pd,8 Rh,9

Ir,10 Ru,11 or Ag.7 Noble metal alternatives are required for large-scale
application of the technology.

An improved understanding of ORR electrocatalysis has paved
the way for the development of cathodes for metal-air batteries.1,2 In
particular, the lithium-air battery, one of the most promising among
high-power secondary batteries, is expected to be commercialized in
next-generation devices.12 At the cathodes of the current standard
configuration, ORR takes place in an alkaline environment. Thus,
ORR experiments are worth examining in both acidic and alkaline
media.

We have demonstrated that oxynitrides of group IV and V tran-
sition metals, when synthesized at the nanometer scale, show high
electrocatalytic performance for ORR and high stability in acidic
media.13–17 One of advantages of group IV and V transition metals
is their abundance on the earth rather than platinum group metals.
Among these catalysts, titanium nitride (TiN) nanoparticles prepared
using mesoporous graphitic (mpg)-C3N4 templates have been found
to be active.15–17 Our studies have led us to conclude that TiN sur-
faces are at least partially oxidized once they are exposed to air and
that the active sites could be oxygen vacancies or defect sites, which
presumably facilitate the adsorption of molecular oxygen.17

In this study, we prepared mono-dispersed TiN nanoparticles of
varying size by utilizing the varied pore size of mpg-C3N4, which
reflects the original colloidal silica particle size. The TiN nanoparticles
were tested for ORR in an alkaline medium. It was found that TiN
nanoparticles showed a relatively high performance for ORR but led
to two-electron pathways, generating H2O2 as the primary product,
which behaves similarly to a carbon electrode.

Experimental

Catalyst synthesis.— TiN nanoparticles were prepared using mpg-
C3N4 templates, by a process described elsewhere.15–20 Nanoparticles
of varying size were obtained through the use of mpg-C3N4 with
different pore sizes. Three kinds of aqueous silica solutions, viz. LU-
DOX SM-30, HS-40, TM-40 (all from Aldrich), composed of ca. 7, 12,
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23 nm silica spheres, respectively, were used to control the mpg-C3N4

template pore size. Cyanamide (CA; 99%, Aldrich) was dissolved in
the solution to achieve a weight ratio of unity between cyanamide and
silica. The mixture was then heated to 343 K with stirring to ensure
slow evaporation of the water. The resulting solid was heated in a
closed ceramic crucible at a rate of 2.3 K min−1 for 4 h up to 823 K,
and held at this temperature for 4 h. Removal of the silica by washing
with a 4 M NH4HF2 solution yielded a mpg-C3N4 template.

To synthesize titanium nitride particles, titanium (IV) chloride
(1.08 g, Wako Chemicals) was slowly dissolved into 2.0 g of ethanol.
To this solution, 1.35 g of the prepared mpg-C3N4 was added. After 1 h,
complete penetration of the solution into the mesoporous framework
was assumed. The infiltrated mpg-C3N4 was collected by suction
filtration and washed with ethanol. The resulting powder was heated
in a tubular furnace at a rate of 3.25 K min−1 over 4 h to 1073 K, and
kept at this temperature for 3 h under N2 flow. After the temperature
was lowered to room temperature, 1% O2/He gas was introduced into
the furnace slowly before the samples were exposed to air. Pt/CB
(40 wt%, Ishifuku, FC-I1) was used as reference catalyst.

Electrochemical measurements.— Electrochemical measurements
were conducted in 100 mL of 0.1 M aqueous KOH solution at 298 K
using a potentiostat (HSV-100 or HZ-5000, Hokuto Denko). A carbon
rod and an Ag/AgCl electrode were used as the counter and reference
electrodes, respectively. The rotation speed of the working electrode
was set to 1600 rpm. The Ag/AgCl electrode was calibrated by a re-
versible hydrogen electrode (RHE) consisting of a Pt electrode and
hydrogen gas at 1 atm; the potentials are expressed against RHE in
this paper. After bubbling with Ar for 30 min to remove dissolved O2,
cyclic voltammogram measurements were conducted between 0.11
and 1.23 VRHE at a scan rate of 5 mV s−1 at 298 K. The oxidation
and reduction cycles were typically repeated 10 times to ensure stabi-
lization of the sample electrode. To examine the ORR performance,
linear-sweep voltammograms were recorded from 1.23 VRHE at a scan
rate of 5 mV s−1 (cathodic scan) after bubbling with Ar or O2 gas for
30 min.

An ink of the powder catalysts was prepared as follows. Five
milligrams of the prepared catalyst was suspended in a mixture of
970 μL of isopropanol, 470 μL of distilled water, and 1.1 μL of 5%
Nafion solution (Sigma-Aldrich) under ultrasonication for 15 min. An
aliquot of 3.6 μL suspension was then dropped onto a glassy carbon
(GC) electrode of rotating disk electrode (RDE: 4 mm in diameter)
and dried at 298 K in static air. Nafion was used as an adhesive, and
the H+ in the Nafion on the catalyst layer was neutralized thoroughly
before the measurements.
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Rotating ring disk electrode (RRDE) measurements were per-
formed using a GC disk electrode and Pt ring electrode (disk radius
2 mm, ring inner radius 2.5 mm, ring outer radius 3.5 mm). The same
catalyst ink was used as above, and an aliquot of 3.6 μL suspension
was dropped onto a disk electrode and dried at 298 K in static air. This
experiment was performed at 293 K for 1600 rpm. The disk electrode
potential range and scan rate was the same as indicated above, while
the ring electrode potential was held at 1.1 VRHE in order to oxidize
H2O2 to O2. The disk and ring currents (ID and IR, respectively) were
recorded as a function of potential of disk electrode. The ratio of H2O2

production was calculated using the following equation:

%H2 O2 = 2 × IR/N

(ID + IR/N )
× 100

The collection efficiency, N can be calculated to be 0.424 using the
geometric characteristics of the electrode. In this study, N = 0.42
was used on the basis of the experimental result obtained using the
[Fe(CN)6]4− / [Fe(CN)6]3− redox couple.

Catalyst characterization.— The crystal structures of the samples
were investigated by X-ray diffraction (XRD; D8 Advance Diffrac-
tometer DMAX 2500, Bruker) using Cu Kα radiation at 40 kV and
40 mA. The catalyst surfaces were analyzed by X-ray photoelectron
spectroscopy (XPS; JPS-90SX, JEOL) using Mg Kα radiation. The
binding energies (BE) were calibrated using the Au 4f peaks (Au
4f7/2: 83.8 eV) after vacuum deposition of Au in the XPS chamber.
Transmission electron microscopy (TEM; TITAN ST, FEI) measure-
ments were carried out with a field emission gun operating at 300 kV.
Elemental analysis was performed in a Flash 2000 Thermo Scien-
tific CHNS/O analyzer. The Brunauer–Emmett–Teller (BET) surface
area was measured at 77 K using a BELSORP-mini instrument (BEL
Japan).

Results and Discussion

Synthesis of TiN nanoparticles using mpg-C3N4 as a hard
template.— Our previous communications demonstrated that TiN
nanoparticles can function as an excellent ORR electrocatalyst in
acidic media.15 This study evaluates ORR activities of different sizes
of TiN nanoparticles in diameter using different pore sizes of mpg-
C3N4. The diameters of SiO2 colloids as the primary hard template
were about 7, 12, and 23 nm. There were used to form mesopores of
varying size within the C3N4 polymer. Figure 1 shows N2 sorption
isotherms and differential pore volume distributions as a function of
average pore width for the synthesized mpg-C3N4 polymers (tem-
plates for TiN synthesis) estimated by the Barrett–Joyner–Halenda
(BJH) method. The BET surface areas and the pore volumes of
the prepared mpg-C3N4 were 388, 320, and 146 m2 g−1, and 0.97,
1.06, and 0.76 cm3 g−1, for the samples made from LUDOX SM-30,
HS-40, and TM-40, respectively. Average pore sizes were 7, 12, and
24 nm, respectively, precisely reflecting the original diameter of the
SiO2 nanoparticles.

The confined space within the mesopores of the synthesized mpg-
C3N4 and the reaction with its decomposition products in N2 flow at
high temperatures generated TiN nanoparticles. XRD patterns of the
TiN nanoparticles are shown in Figure 2. On the basis of Scherrer’s
equation, the crystallite sizes of the TiN phase were estimated to be
<5 nm for 7 nm pores, <5 nm for 12 nm pores, and 8 nm for 23 nm
pores. The crystallite sizes obtained were smaller than the original
pore sizes of the mpg-C3N4, indicating that the mpg-C3N4 template
pores were effective in controlling the size of the TiN products. For
TiN synthesized in NH3 flow using mpg-C3N4 with 12 nm pores
(Figure 2), the estimated crystallite size of the product was 7 nm,
again matching the pore size of the C3N4 template.

TEM images reveal aggregates of the synthesized TiN nanopar-
ticles (Figure 3). Notably, these crystalline nanoparticles were sur-
rounded by amorphous species, most likely residual carbon species
derived from C3N4. In a previous study, we reported that these car-
bonaceous species originating from mpg-C3N4 can be used as a carbon

Figure 1. N2 sorptions and pore size distributions of mpg-C3N4 samples syn-
thesized from different colloidal silica templates, as estimated by the BJH
method.

Figure 2. XRD patterns of TiN nanoparticles of varying sizes synthesized
under N2 or NH3 flow.
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Figure 3. TEM images of TiN nanoparticles synthesized using mpg-C3N4
from (a) SM-30 (7 nm), (b) HS-40 (12 nm), (c) TM-40 (23 nm) under N2 flow,
and (d) HS-40 (12 nm) under NH3 flow.

source to synthesize, for example, tungsten carbide nanoparticles.21

Although carbon may block the TiN surface, its presence may have
the advantage of imparting high conductivity to the electrocatalyst.
Indeed, contact between TiN nanoparticles and conductive substrates
has been found to be very effective in ensuring high electrochem-
ical performance.21 On the other hand, the crystallite particle sizes
were in good agreement with the sizes estimated from XRD (typically
5–10 nm). It can be observed that the synthesis under NH3 flow de-
creased the amount of amorphous species seen in the TEM image of
the sample (Figure 3). This suggests that NH3 reacts with the residual
carbonaceous species and thus facilitates their removal. The synthe-
sis under NH3 flow may also be leading to larger particles (typically
∼10 nm), indicative of a mild sintering of the particles. It is thought
that the residual carbon also inhibits the severe aggregation of nanopar-
ticles.

The C/N/H elemental analysis results of these TiN nanoparticles
are shown in Table I. In agreement with the TEM results (Figure 3),
a substantial amount of carbon was detected, and the amount of car-
bon increased as the SiO2 particle size decreased. For the sample
prepared using the SM-30 (7 nm) colloid, the carbon content reached
23.3 wt%. Our recent work on tungsten carbide synthesis using mpg-
C3N4 proved that the residual carbon species would react with tung-
sten species to form carbides at high temperatures. The present XRD
patterns did not show a titanium carbide phase; bulk titanium oc-
curred mostly as a nitride crystalline phase. The nitrogen content was
∼12 wt% and the hydrogen content was ∼1%, regardless of the TiN
particle size. In addition, a low carbon content was detected when the
sample was prepared under NH3 flow, in agreement with the TEM ob-

Table I. BET surface areas and elemental analysis of various TiN
samples prepared from different mpg-C3N4.

Elemental analysis (wt%)

Samples C H N BET area (m2 g−1)

TiN (7 nm: N2) 23.3 0.7 11.6 330
TiN (12 nm: N2) 17.4 1.1 11.2 256
TiN (23 nm: N2) 11.1 0.7 11.6 154
TiN (12 nm: NH3) 1.2 0.6 16.1 112

Figure 4. XPS spectra of (a) Ti 2p, (b) N 1s, and (c) O 1s for TiN nanoparticles
synthesized from mpg-C3N4 (12 nm pore) under N2 or NH3 flow.

servation (Figure 3). This supports the hypothesis that NH3 reacts with
the residual carbonaceous species derived from C3N4. The present ex-
periment did not reveal the oxygen content, but TiN may, at least on
its surface, contain oxygen (Ti oxynitride) species.

XPS was performed to determine the oxidation state of the surface
titanium species. Figure 4 shows XPS spectra of Ti 2p, N 1s, and O
1s for TiN samples prepared in a N2 or NH3 atmosphere, with HS-40
(12 nm SiO2) as a starting template. The Ti 2p3/2 and Ti 2p1/2 peaks of
the prepared catalysts are shown in Figure 4A. These Ti 2p spectra are
complex and can be divided into several peaks. For Ti 2p3/2, the peaks
at 458.5 and 455.4 eV can be assigned to TiO2 and TiN, respectively,
in accordance with the literature.22 in between these two peaks, at
457.3 eV, an additional Ti 2p component was observed. This interme-
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diate peak can be assigned to titanium oxynitride, TiOxNy.22 The peak
ratio of the oxynitride species to that of the Ti species was close to
0.5, regardless of the atmosphere used during synthesis. The Ti 2p1/2

peaks are consistent with those for Ti 2p3/2.

The N 1s peak of TiN (see Figure 4B) can also be deconvoluted into
several peaks: The peak at 396.8 eV corresponds to the most natural
state of Ti-N in TiN,22 while the peak at 400.4 eV has been reported to
be due to another Ti-N state in TiN that is relatively from the bulk of
TiN.22 A peak at 398.6 eV is frequently reported in carbon nitride,23

thus it can be assigned to the C-N residues from C3N4 decomposi-
tion. In the present study, TiN prepared in NH3 exhibits a large peak
at 395.9 eV, which is clearly lower than the binding energy of TiN.
This peak, which accounts for nearly 83% of the whole peak area,
is assigned to the O-Ti-N bonds of titanium oxynitride. While TiN
prepared in N2 shows several peaks, the peak area for Ti-N species is
49% of the total peak area, and that for N-Ti-O species is 51%. These
results are consistent with the results of XRD and XPS measure-
ments of Ti 2p peaks. The surface of Ti oxynitride prepared in NH3

mainly consisted of an oxynitride phase. The O 1s spectra (see Figure
4C) can also be deconvoluted into several peaks: an oxide peak at
529.6 eV and an OH peak at 532.2 eV. The N 1s spectra in Figure
4B also confirm that TiN and Ti oxynitride species were formed on
the surface. The surface composition of these materials was calcu-
lated using the photoionization cross-section of each inner orbital.
The Ti/(O+N) ratio is almost the same for the two materials. Overall,
the surface consists mainly of a titanium oxynitride phase.

BET surface areas of the synthesized TiN particles are listed in
Table I. A significant amount of carbon was detected in the elemental
analysis, so that the measured surface area presumably includes the
surface area of the carbonaceous species. The surface area of the TiN
sample was found to be as high as 330 m2 g−1. The surface area
decreases with increasing particle size. For TiN samples prepared in
NH3 flow, the surface area was measured to be 127 m2 g−1, which was
lower than that of TiN prepared in N2. As discussed previously, this is
presumably because the residual carbon species increase the surface
area and inhibit the growth of TiN particles under N2 flow. A two-
orders-of-magnitude improvement in surface area was achieved for
these nanoparticles, as compared to commercial bulk TiN (5 m2 g−1).
Thus, the number of active surface sites on these particles, if any,
increased tremendously, so that the surface functioned as an active
catalyst.

Electrochemical oxygen reduction performance of nitride
nanoparticles.— The cyclic voltammograms of TiN nanoparticles of
7, 12, and 23 nm in 0.1 M NaOH are shown in Figure 5. It was
clear that no specific redox peak was observed between 0.1 and
1.1 VRHE. While electrochemical surface area (ECSA) of Pt catalysts
estimated from the charge of proton adsorption peaks is frequently
used to evaluate active surface area, such method is not applicable to
TiN catalysts. The curves show only non-faradaic current due to the
charge and discharge of electric double layers. With decreasing parti-
cle size, the non-faradaic current increased indicating that the surface
area increased as listed in Table I.

The voltammograms for ORR of TiN nanoparticles in 0.1 M NaOH
using RDE are shown in Figure 6. It should be noted that non-platinum
cathode catalysts mostly do not show the clear limiting (saturation)
current and the ORR current increases monotonically without satura-
tion. This is due to the ununiformity of reaction sites in the activity of
these catalysts. The behavior of ORR current around onset potential
indicates the activity of catalysts. The ORR onset potential of these
materials was almost the same (0.85 V vs. RHE), and the ORR current
increased with decreasing particle size. This indicates that the activity
for an active site of TiN is essentially the same and that the number
of active sites increased with decreasing particle size. As shown in
Figure 6, the ORR current of TiN nanoparticles of 7 nm was several
times higher than those of 12 and 23 nm. Because the BET areas of
TiN of 7, 12, and 23 nm were 330, 256, 154 m2 g−1, respectively,
as shown in Table I, the ORR current seems not to be proportional
to the BET areas. The TiN nanoparticles of 7 nm were considered

Figure 5. Cyclic voltammograms of .TiN nanoparticles of 7, 12, 23 nm in
0.1 M NaOH in Ar atmosphere with sweep rate of ± 5 mV s−1 and RDE at
1600 rpm.

to have higher density of active sites per the BET area.17 It is worth
noting that for commercial TiN powders (>100 nm, Sigma-Aldrich),
no ORR current was detected, clearly indicating that the high surface
area of the nanoparticles enhanced the electrocatalytic performance
of ORR. The stability of the TiN catalyst was investigated by repeated
cycles during voltammetry, under the same conditions as in Figure 6.
Cyclic voltammetry was conducted using the same rotating disk for
1000 consecutive runs. The current decreased slightly with each cycle.
At the 1000th cycle, the current at 0.7 VRHE had decreased to ∼70%
of its original value, reflecting a reasonably stable performance.

Here, it should be discussed the effect of carbon residuals in TiN
nanoparticles to ORR activities. The TiN nanoparticles contained car-
bon residuals with amount of 10∼20 wt% as shown in Table I. Al-
though a carbon material has been often investigated as an ORR cata-
lyst itself without any metal or metal cation,1–6 the activity is limited
and incommensurable to metal or metal-compound catalysts. The car-
bon materials such as black (CB) treated with or without C3N4 or NH3

Figure 6. Voltammograms for ORR of TiN nanoparticles of 7, 12, 23 nm in
0.1 M NaOH. The vertical axis shows difference in current between O2 and
Ar atmospheres. The sweep rate was 5 mV s−1 (cathodic scan) and RDE at
1600 rpm.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 109.171.137.210Downloaded on 2015-05-19 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 160 (6) F501-F506 (2013) F505

Figure 7. Voltammograms of disk current in RRDE measurements and H2O2
formation estimated from the ring current for TiN (12 nm), CB, and a com-
mercial Pt/CB. The sweep rate was 5 mV s−1 (cathodic scan).

has been examined as baselines of activity of support in our previous
papers, the difference in activity from metal species loaded catalysts
is significant.15–17 Thus, it is considered that the carbon residuals does
not act as reaction centers for ORR. However, the carbon residual is
segregated from TiN as indicated by the clear XRD peaks of TiN in
Figure 2 and probably supports the electroconductivity between TiN
nanoparticles.

The RRDE measurements were conducted using TiN nanoparticles
synthesized from a mpg-C3N4 (7 nm pore) template. The results are
shown in Figure 7. CB and Pt/CB were used for comparison. The H2O2

content was measured to be greater than 50% for TiN electrocatalysts
at all potential ranges. As reported, CB always gave a high H2O2

content, while the Pt/CB catalyst showed no H2O2 formation. The
former reaction is known to proceed via a two-electron pathway,
while the latter proceeds via a four-electron pathway:

O2 + 2H+ + 2e− → H2O2 E◦ = 0.67 V

O2 + 4H+ + 4e− → 2H2O E◦ = 1.229 V

It is thought that on TiN surfaces, peroxide formation involves
the production of an intermediary superoxide ion (O2

•−), which is
followed by protonation and electron transfer steps to produce H2O2

(associated mechanism):

O2+∗ → O2
∗

O2
∗ + (

H+ + e−) → HO2
∗

HO2
∗ + (

H+ + e−) → H2O2
∗

H2O2
∗ → H2O2+∗

The surface of the TiN nanoparticles is oxynitrided (saturated with
electrons), and thus making O* from HO2* is presumably difficult.
This leads to a two-electron pathway for ORR on TiN nanoparticles.
Thus, TiN nanoparticles emerge as a new candidate for hydrogen per-
oxide synthesis. However, for fuel cell applications, a four-electron

pathway is preferred because H2O2 causes problems, such as degrada-
tion of the catalyst and the membrane electrolyte. The bond strengths
of the active sites with oxygen atoms or molecules (surface-O bond)
must be tuned to control the reaction pathways, by, for example, dop-
ing with a hetero-element and pretreatment. These oxynitrides may be
employed as active components for electrochemical H2O2 formation.
TiN nanoparticles showed more significant two-electron pathway for
ORR than the Pt/CB catalyst at the present RRDE condition (high
current density per amount of catalyst). However, this result shows
the maximum limit of H2O2 formation, and generally four-electron
reduction to H2O is preferred thermodynamically. ORR current was
observed around 0.85 VRHE, which is enough higher than two-electron
reduction potential. Thus, TiN nanoparticles are possible to catalyze
both two- and four-electron reduction of oxygen. The successive appli-
cation of TiN nanoparticles to fuel cells15 and metal-air cells24,25 with
that appropriate electrode potential indicates that TiN nanoparticles
are applicable to ORR catalysts for these devises.

Conclusions

TiN nanoparticles of 7, 12, and 23 nm in diameter were synthe-
sized from mpg-C3N4 and the ORR activity in alkaline media was
examined. The ORR current strongly depends on the particle size.
TiN nanoparticles of 7 nm shows highest ORR current among them,
but the current was not simply proportional to the BET area. The XPS
and elemental analyzes showed that the surface of TiN nanoparticles
was covered with oxide species and 11.3∼23.3 wt% of carbon residue
was present from decomposition of mpg-C3N4. The presence of Ti is
essential to achieve high ORR activity, and the carbonaceous residue
is considered to improve the electronic conductivity between the TiN
nanoparticles. The Ti-based surfaces mainly lead to H2O2 forma-
tion from ORR via a two-electron pathway, presumably reflecting the
weak bonding of the surface to oxygen atoms under the investigated
conditions.
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