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’ INTRODUCTION

Titanium nitride, TiN, is frequently employed as a coating
material because of its extreme hardness, low electrical resistivity,
high chemical stability, and golden color.1 Typical applications of
TiN films include protective and decorative coatings on cutting
tools and diffusion barriers in integrated circuit devices.2,3 When
some N atoms in TiN are replaced by O atoms, titanium oxy-
nitride, TiNxOy, can be produced.4,5 In addition to the applica-
tions described above, TiNxOy is a more attractive material than
TiN because the properties of the oxynitride can be tuned as a
function of its N/O ratio in principle. Recently, applications of
nanostructured TiN as electrodes for super capacitors and dye-
sensitized solar cells (DSSCs) have been reported.6�9 In addi-
tion, similarities between the electronic structure of metal
nitrides and that of noble metals may lead to comparable electro-
catalytic activities.7�9 Thus, due to the high electrical conductiv-
ity and low material cost, it is suggested that both TiN and
TiNxOy are potential substitutes for noble metals. Conversions
of metal oxides into nitrides and oxynitrides were realized by
reacting oxides and their precursors with NH3, amine, amide,
azide and urea.1,10�14 Though the synthetic approaches varied
widely, there were limited number of researches about the syntheses

of nanosized metal nitrides and oxynitrides, especially in one-
dimensional (1D) form.13�16 Only one article reported the fabrica-
tion of 1D titanium oxynitride.14

Here we report a large-scale synthesis potassium titanate
nanowires (PT-NWs) as the precursor material via a modified
literature route.17 Then, we react PT-NWs further in NH3(g) at
high temperatures to convert them into cubic phase titanium
oxynitride (TON) in the forms of highly crystalline nanorod
(NR) and rodike nanotube (RNT) for the first time in literature.
The overall reaction steps are summarized in Scheme 1. In addi-
tion, we discover that the oxynitride can be used as a potential
electrode material for electrochemistry applications. Our find-
ings are discussed below.

’EXPERIMENTAL SECTION

All reactions were performed in a horizontal atmospheric pressure
hot-wall quartz tube reactor heated by a tube furnace. Figures S1 and S2
in the Supporting Information showed the experimental setups for the
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ABSTRACT: Tunnel-structured potassium titanate with a
K3Ti8O17 phase was synthesized by direct oxidation of titanium
powder mixed with KF(aq) in water vapor at 923 K. The
reaction conditions were adjusted so that uniform single crystal-
line potassium titanate nanowires with [010] growth direction
(length: 5�30 μm, diameter: 80�100 nm) were obtained.
Nitridation of the nanowires by NH3(g) at 973�1073 K
converted the titanate nanowires into rock-salt structured cubic
phase single crystalline titanium oxynitride TiNxOy nanotubes
(x = 0.88, y= 0.12, length = 1�10 μm, diameter = 150�250 nm,
wall thickness = 30 � 50 nm) and nanorods (x = 0.5, y = 0.5,
length = 1�5 μm, diameter = 100�200 nm) with rough
surfaces and [200] growth direction. The overall conversion of the titanate nanowires into the nanotubes and the nanorods can
be rationalized by Ostwald ripening mechanism. We fabricated an electrode by adhering TiNxOy nanotubes (0.2 mg) on a screen-
printed carbon electrode (geometric area: 0.2 cm2). Electrochemical impedance spectroscopy demonstrated its charge transfer
resistance to be 20Ω. The electrochemical surface area of the nanotubes on the electrode was characterized by cyclic voltammetry to
be 0.32 cm2. This property suggests that the TiNxOy nanostructures can be employed as potential electrode materials for
electrochemical applications.
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preparations of PT-NWs and TON nanomaterials, respectively. The
essential products are summarized in Table 1.
Preparation of PT-NWs. Ti powders (0.1 g, 2 mmol, Aldrich,

99.7%) were mixed with KF(aq) (10.9 M, 0.575 mL, Riedel-de Ha€en)
with a mole ratio of 1:3. After being ultrasonicated for 5 min, the mixture
was transferred to a 4 cm-quartz boat and placed at center of the heating
zone in the reactor. Since KF etched the boat, a new boat was used for
every reaction. Another quartz boat filled with deionized water (10 mL)
was placed at an upstream position 30 cm away from the center. As the
mixture was heated at 923 K, Ar (5 sccm) was allowed to flow through
the reactor for 24 h. The material was washed with deionized water,
centrifuged, and dried in air to offer a white powder. A summary of the
results of other reaction conditions was listed in Table S1 in the
Supporting Information.
Preparation of TON Nanostructures. In a typical experiment,

PT-NWs (0.15 g) were heated at 1073 K (ramping rate: 5 K min�1) for
10 h in the nitridation reactor (NH3(g), flow rate: 20 sccm, Sanyingas,
99.9%) shown in Figure S2 in the Supporting Information. After the
reaction, the product was rinsed with deionized water and dried in air to
give a black powder of TON-RNT-A. Other TON products, TON-
RNT-B and TON-NR, are listed in Table 1. A summary of the results
from other attempted reaction conditions was shown in Table S2 in the
Supporting Information.
Instruments for Characterizations. Scanning electron micro-

scopic (SEM) images were obtained using a JEOL JSM-7401F at 15 kV.
X-ray diffraction (XRD) patterns were collected using a BRUKER AXS
D8 ADVANCE, a Bragg�Brentano-type diffractometer with Cu Kα1
radiation. A software, Celref, was employed to evaluate their lattice
parameters by refining the corresponding XRD patterns. Transmission
electron microscopic (TEM) studies were carried out on a JEOL JEM-
2010 at 200 kV. X-ray photoelectron spectroscopic (XPS) measure-
ments were performed on a Perkin PHI-1600 photoelectron spec-
trometer using monochromatic Al Kα radiation (photon energy
1486.6 eV). Nitrogen contents were obtained using HERAEUS CHN-
O-RAPID elemental analyzer (EA), carried out in oxygen at 1223 K.
Thermogravimetric analyses (TGA) were conducted to estimate the Ti
contents in the samples. Brunauer�Emmett�Teller (BET) surface area
measurements were performed on a Micrometrics ASAP 2020. The
powders were degassed at 353 K 1320 Pa for 18 h prior to the analyses.

Electrochemical Measurements. Electrochemical impedance
spectroscopic (EIS) and electrochemical surface area (ESA) measure-
ments were carried out using a potentiostat (CHI 6081C) equipped with
three electrodes. The working electrode was fabricated by using TON-
RNT-A. A powder of TON-RNT-A (0.2 mg), dispersed in ethanol
(20 μL) and ultrasonicated for 5 min, was dropped on a screen-printed
carbon (SPC) electrode (Zensor, diameter: 5 mm). The as-fabricated
electrode was designated TON-RNT-A/SPC. The counter electrode
was a Pt wire. An Ag/AgCl electrode was used as the reference electrode,
with a potential of 0.2 V vs the standard hydrogen electrode (SHE). For
EIS studies, K3Fe(CN)6(aq) was prepared in a PBS (pH 7.4, 0.01 M,
10 mL) solution as the supporting electrolyte. Both TON-RNT-A/SPC
and a commercial flat Au electrode were used as the working electrodes
for comparison. The initial potential was set at 0.22 V and the frequency
range was from 1 � 105 to 1 Hz with an AC amplitude 5 mV. The
experimental data were fitted with the software of CHI 6081C. For cyclic
voltammetric (CV) studies, TON-RNT-A/SPC was studied in an
aqueous solution containing K3Fe(CN)6 (2 mM) and KNO3 (1M).

’RESULTS AND DISCUSSION

Preparation and Characterization of Potassium Titanate
Nanowires. We modified a literature route to synthesize PT-
NWs. In the previous study, long PT-NWs were fabricated on Ti
foils and thin films.17 In this paper, we synthesized PT-NWs in
a similar way. In order to grow phase-pure PT-NWs, several
growth conditions were adjusted. Instead of Ti foils, we used Ti
powder as the Ti source. The powder was mixed with KF(aq)
and reacted with H2O(g) at high temperatures inside a hot-wall
reactor. Several reaction conditions, as summarized in Table S1
in the Supporting Information, were attempted. Phase-pure
white PT-NWs were obtained in the reaction started with an
initial Ti/KF molar ratio of 1:3 and reacted at 923 K for 24 h.
Characterizations of PT-NWs will be discussed below. Some of
the results of PT-NWs are summarized in Table 1.
As shown in Figure 1a, a low magnification SEM image

displays a high density of NWs with several micrometers in
length. The EDX (inset) indicates that the NWs are composed of
K, Ti and O. As shown in Figure 1b, the NWs are estimated to be

Scheme 1. Overall rReactions

Table 1. Summary of Products

sample preparation

color and

morphology

diameter

(nm)

length

(μm) phase

estimated

composition

specific surface

area (m2/g)

PT-NW Ti(s)/KF(aq) (1:3)a, in H2O(g), 923 K, 24 h white, nanowires 80�100 5�30 K3Ti8O17 KTi2.5O5.9
c 3.3

TON-RNT-A PT-NWs, in NH(g) 20 sccm, 1073 K,10 h black, rodlike nanotubes 150�250 1�5 TiN/TiOb TiN0.98O0.44
d 19.6

TON-RNT-B PT-NWs, in NH(g) 50 sccm, 1073 K, 10 h black, rodlike nanotubes 150�250 1�10 TiN/TiOb TiN0.92O0.31
d 22.4

TON-NR PT-NWs in NH(g) 20 sccm, 973 K, 10 h black, nanorods 100�200 1�5 TiN/TiOb TiN0.62O1.43
d 15.5

aMolar ratio. bTiN and TiO are isostructural. cDetermined from the corresponding EDX data in the Supporting Information. dCalculated from the
corresponding EA and TGA data, see Table S8 in the Supporting Information.
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80 - 100 nm in diameters. The end of each NW tip appears to be
rectangular. The XRD pattern of PT-NWs, shown in Figure 2,
matches the pattern of the tunnel-structured potassium titanate
K3Ti8O17 (JCPDS 72�1699) well. The peak observed at 2θ =
11.32� is assigned to be reflection from K3Ti8O17 (200) planes.
The detailed database assignments were listed in Table S3 in the
Supporting Information. TEM studies of an as-grown PT-NW
are shown in Figure 3. The low magnification image (Figure 3a)
shows a NWwith a length of ca. 6 μm. The EDX (inset) indicates
that the NW contains K, Ti, and O. The Ti/K ratio ranges from
2.3 to 2.8 throughout the NW, as shown in the semiquantitative
EDX data listed in Table S4 in the Supporting Information. They
are close to the theoretical Ti/K value of K3Ti8O17, 2.67. The
enlarged view of theNW tip is shown in Figure 3b. It displays that
the NW is ca. 90 nm in diameter. The selected area electron
diffraction (SAED) pattern shown in Figure 3c, taken from the
tip of the NW, suggests that the sample is single crystalline. The
observed spots are determined to be from (200) and (1�10)
planes of monoclinic K3Ti8O17 with [001] zone axis. Figure 3d
exhibits theHRTEM image from the squared region in Figure 3b.
The estimated lattice spacings 0.38 and 0.80 nm are assigned to
(200) and (1�10) planes, respectively. On the basis of the results
from the XRD and the TEM studies, the NWs are determined to
be single crystalline K3Ti8O17 growing along the [010] direction.
Figure 3e shows the polyhedral representation of the crystal
structure for K3Ti8O17, projected along the c axis. It is worthwhile

to note that although we employed a modified literature proce-
dure to prepare PT-NWs, the NWs synthesized in the original
report were characterized to be K2Ti8O17.

18 We attribute the
difference to the variations in the synthetic procedures.
The growth of PT-NWs was highly dependent on the reaction

conditions. As listed in Table S1 in the Supporting Information,
when less KF was used, another type of potassium titanate, with
the hollandite structure (K1.28Ti8O16, JCPDS 84�2058), was
also obtained as block-like particles in the products. The char-
acterizations, including XRD, TEM, ED, and EDX, were sum-
marized in Figures S3 and S4 and Table S5 in the Supporting
Information. The EDX data suggested that the hollandite
obtained was slightly K deficient. We discovered that the hol-
landite formation was suppressed when a low Ti/K ratio of 1/3
and an extended reaction time were employed. These might
cause more K+ ions to diffuse into the titanate structures to form
more tunnel structured K3Ti8O17 NWs at 923 K.
In addition, we also confirmed that that PT-NWs only grew

favorably when KF(aq) was mixed with Ti(s). When other salts,
such as KCl, KBr, KOH, and NaF, were used, few NWs were
formed, as shown in Figure S5 in the Supporting Information.
These observations paralleled the studies reported previously.17

We suggest that F� ions probably etched the Ti surface more
effectively than the other anions. The as-formed surface Ti�F
underwent facile exchange with H2O to form surface Ti�OH
species.18 Then, depending on the reaction conditions, the K+

ions stabilized the Ti�OH species and induced the growths of
the titanates observed.
Preparation and Characterization of Titanium Oxynitride

Nanostructures. The PT-NWs described above were heated in
NH3(g) to produce black titanium oxynitride nanostructures:
TON-RNT-A, TON-RNT-B, and TON-NR. A summary of experi-
mental conditions and morphological properties are listed in
Table 1. Other attempted reactions were summarized in Table S2
in the Supporting Information. Their SEM and XRD data were
shown in Figure S7 in the Supporting Information.
SEM images in Figure 4 show the morphologies of TON-

RNT-A and TON-RNT-B produced by the nitridation of PT-
NWs at 1073 K for 10 h in NH3(g) flow rates 20 and 50 sccm,
respectively. In Figure 4a, the low magnification image displays
that the lengths of the 1D TON-RNT-A nanostructures are
1�5 μm, clearly much shorter then the data of their precursors.
The EDX (inset) shows that TON-RNT-A contains Ti, N, andO

Figure 1. (a) Low-magnification SEM image (inset, EDX; to increase conductivity, a layer of Pt was sputtered on the sample) and (b) high-magnifica-
tion SEM image of PT-NWs.

Figure 2. XRD pattern of PT-NWs. The standard pattern of K3Ti8O17

(JCPDS 72�1699) is shown for comparison.

http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-002.jpg&w=404&h=151
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atoms majorly. Only a trace of K signals can still be observed.
The high-magnification image shown in Figure 4b reveals the
tube-like open ended tip of a TON-RNT-A. The diameter of
TON-RNT-A is much wider than that of the original NW. The

rectangular NTs have an outer diameter 150�500 nm and an
inner diameter 80�400 nm. TheNT surface is muchmore rough
and porous than the original appearance of the NW. As the
flow rate of NH3(g) for nitridation was increased to 50 sccm,

Figure 4. Low- and high-magnification SEM images of (a, b) TON-RNT-A and (c, d) TON-RNT-B (insets of a and c, EDX data; to increase
conductivity, a layer of Pt was sputtered on the sample).

Figure 3. TEM studies of an isolated PT-NW. (a) Low-magnification image (Inset, EDX; the signals of Cu were from the copper grid), (b) high-
magnification image, (c) SAED pattern, (d) HRTEM image of the squared area in b, and (e) polyhedral representation of the crystal structure for
K3Ti8O17, projected along the c axis.

http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-004.jpg&w=398&h=301
http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-005.jpg&w=360&h=222
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TON-RNT-B was produced. As shown in Figure 4c, the sample
contains short 1D segments with lengths less than 2 μm. It is also
composed of Ti, N, and O as the main constituents. As displayed
in Figure 4d, the surface of TON-RNT-B appears to be rougher
but less porous than those of TON-RNT-A. In addition, the NTs
in TON-RNT-B are round in shape instead of rectangular. The
NTs in TON-RNT-B have outer and inner diameters similar to
the values of TON-RNT-A. But unlike the tube wall of TON-
RNT-A, which appears to be composed of fused nanoblocks, the
wall of TON-RNT-B shows a structure of aggregated nanopar-
ticles with 20�50 nm in size. The nitridation of the NWs not
only shortened the lengths and widened the diameters but also
changed the structures to NTs with obvious increase of the
specific areas (Table 1). The XRD patterns of TON-RNT-A and
TON-RNT-B are shown in Figure 5. Both of them display five
diffraction peaks at 2θ = 36.98, 42.97, 62.30, 74.65, and 78.60�.
Each of them is at a position between the corresponding peaks
of cubic TiN (JCPDS 38�1420) and cubic TiO (JCPDS 77�
2170), two structure with very similar lattice parameters (see
Table S6 in the Supporting Information). A series of samples
with different nitridation time were examined by XRD also. The
refinements confirmed the products were rock-salt structured
cubic phase crystals (see Table S7 in the Supporting In-
formation). When the nitridation time was performed for 5 h,
both the lattice parameter and the crystal volume were close to
those of TiO. As the nitridation time was extended, these values
increased as well. After nitridation for 24 h, the sample showed a
lattice parameter close to that of TiN. Presumably, extended
nitridation replaced more O atoms with smaller atomic radius by
larger N atoms, causing the lattice parameters to increase. The
nitrogen contents, obtained from the EA studies, of TON-RNT-
A, TON-RNT-B and TON-NR were listed in Table S8 in the
Supporting Information. The quantities of Ti in the sample were
estimated from the TGA results. In TGA analyses, we heated
TON-RNT-A, TON-RNT-B, and TON-NR under air and raised
the temperature to 1273 K. The TGA data were shown in Figure
S6 in the Supporting Information. Obvious weight increases were
observed above 623 K. Through XRD studies, we found that
the powders were converted to TiO2. The Ti contents were
evaluated accordingly and listed in Table S8 in the Supporting

Information. Furthermore, we could approximate the original O
in the original samples by subtracting the Ti and N concentra-
tions obtained from the TGA and the EA results. The chemical
compositions of these compounds are listed in Table 1. For
TON-RNT-A, TON-RNT-B, and TON-NR, their formulas are
determined to be TiN0.98O0.44, TiN0.92O0.31, and TiN0.62O1.43,
respectively.
The NTs were further analyzed using TEM. In Figure 6a, a

low-magnification image shows a NT isolated from TON-RNT-
A. The sample is 2.2 μm in length, 150 nm in outer diameter, and
80 nm in inner diameter. The high magnification image in
Figure 6b displays the rough and porous surface of TON-
RNT-A. This is in good agreement with the SEM observations.
The SAED pattern in Figure 6c, taken from the area pointed by
the white arrow in Figure 6a, suggests that the NT is single
crystalline although the sample is rough and porous. The
observed spots are determined to be from (200) and (1�1�1)
planes of a cubic phase solid with [01�1] zone axis. The lattice
parameter a, estimated from the pattern, is 0.421 nm, close to the
standard values of cubic TiN (JCPDS 38�1420) and cubic TiO
(JCPDS 77�2170), 0.424 and 0.418 nm, respectively. Figure 6d
displays a low-magnification TEM image of a NT isolated from
TON-RNT-B. The sample is 5 μm long, 380 nmwide outside the
NT, 280 nm wide inside the NT. The further enlarged image in
Figure 6e displays the body of the TON-RNT-B from the area
pointed by the white arrow. For TON-RNT-B, the rough surface
of the NT agrees with the SEM observations shown in Figure 4.
The SAED pattern (Figure 6F), with [001] zone axis, reveals
slightly diffused spots. These are assigned to (200) and (020)
planes perpendicular to each other. The lattice parameter a is
estimated to be 0.422 nm. This value is close to the standard
values of cubic TiN and cubic TiO also. On the basis of the results
from the XRD and the TEM studies, we conclude that both
TON-RNT-A and TON-RNT-B are highly ordered cubic phase
titanium oxynitrides with preferred [200] orientations.
To evaluate the chemical environment of the elements in the

NT, we carried out XPS studies. The high resolution spectra in
Figure 7a show the signals assigned to Ti2p electrons. The as-
received sample shows two major peaks at 459.0 and 464.6 eV.
These are assigned to Ti 2p3/2 and Ti 2p1/2 electrons, respec-
tively, in the Ti(IV)�O environment.19 After the surface was
sputtered by Ar+ ions (120 s), the signals at 455.1 and 461.2 eV
become the main peaks. They are assigned to Ti 2p3/2 and Ti
2p1/2 electrons, respectively, in a less oxidized environment.

19 In
Ti(II)-O and Ti�N solids, the Ti 2p3/2 electrons were observed
at 455.1 and 455.2 eV, respectively. In Figure 7b, the peak at
397.3 eV is assigned to the N 1s atoms in a Ti�N solid.19 After
the Ar+ sputtering, the N 1s intensity is increased. This suggests
that after the sputtering step, more nitrogen containing material
underneath the surface layers is exposed. In addition, the signals
seen at 293.8 and 296.6 eV are assigned to K 2p3/2 and K 2p1/2
electrons of potassium ions on the surface, as shown in Figure 7c.
They decrease significantly after the Ar+ sputtering. This suggests
that after the nitridation of PT-NWs,most potassium ions shifted
from the structure inside to the surface. In Figure 7d, the signal at
531.1 eV is assigned to O 1s electrons. Because the value is higher
than that of O 1s electrons in Ti(IV)-O solids, 530.0 eV, we
suggest that the O atoms are bounded to Ti atoms in lower
oxidation states, such as Ti(II).19 The O 1s signal is reduced after
the sputtering. The XPS survey scan of the as-prepared TON-
RNT-Awas shown in Figure S8 in the Supporting Information. It
displayed the presence of K, Ti, O, N, andC atoms on the surface.

Figure 5. XRD patterns of (a) TON-RNT-A and (b) TON-RNT-B.
For comparisons, TiN (JCPDS 38�1420) and TiO (JCPDS 77�2170)
standards are shown.

http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-006.jpg&w=209&h=181
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The C 1s signal diminished significantly after the Ar+ sputtering.
We assign the origin of the signal to adventitious carbon on the
surface.

Proposed TiNxOy Nanotube Growth Pathway. To rationa-
lize how the TiNxOy NTs are formed, a pathway is proposed
in Scheme 2. In the first step, NH3(g) molecules adsorb on the

Figure 6. TEM studies of NTs. (a) Low-magnification image, (b) high-magnification image of the area pointed by the white arrow in a, and (c) SAED of
TON-RNT-A. (d) Low-magnification image, (e) high-magnification image of the area pointed by the white arrow in d, and (f) SAED of TON-RNT-B.

Figure 7. High-resolution XPS spectra of TON-RNT-A. (a) Ti 2p, (b) N 1s, (c) K 2p, and (d) O 1s electrons. (Red lines are signals obtained after Ar+

sputtering for 120 s. Blue lines are the curves fitted for the spectra obtained after sputtering.).

http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-007.jpg&w=360&h=239
http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-008.jpg&w=386&h=300
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PT-NW surface and diffuse into the NW through the vacancies in
the structure. Although the decomposition of NH3(g) to N2(g)
and H2(g) is kinetically slow in gas phase,20 the adsorbed
NH3(ads) starts to dissociate on the surface into NHx(ads) and
H(ads) fragments at temperatures above 573 K.21,22 The dehy-
drogenation rate increases with the rise of temperature. Whereas
some H(ads) atoms recombine and desorb from the surface as
H2(g), other H(ads) atoms combine with O atoms in the PT-
NW to produce OH(ads) and H2O(ads). Eventually, active
N(ads) atoms are formed.23,24 They can substitute O atoms and
form bonds to Ti atoms in the PT-NW. Meanwhile, K atoms are
expelled from the lattice, probably in the form of KOH(aq). The
continuous replacement of O atoms by N atoms and extrusion of
K atoms would create defects and cause instability in the
structure. At 873 K, formation of small crystallites on the NW
surface was observed in Figure S7h in the Supporting Informa-
tion. Above 973 K, the overall reaction and crystal growth rates
accelerate. The high surface energy small crystallites coalesce and
grow into large size ones. This can be attributed as an example of
Ostwald ripening type of crystal growths.25 The original NW not

only serves as the reactant but also the template to sculpt the
product’s morphology. In Figure 8, the TEM studies of a TON
sample grown at 973 K are shown. Formation of NRs is found in
Figure 8a. One of the NRs is covered by crystallites with 70�
80 nm in sizes (Figure 8a, b). Although in the images the NRs
appear to be polycrystalline, the SAED pattern taken from the
body of the NR, as shown in Figure 8c, suggests it is a single
crystal. The HRTEM image of the squared area in Figure 8b,
taken from the interface of the NR and a NP, does not display the
presence of a boundary. The lattice spacings are 0.21 nm
(Figure 8d). This is assigned to the distance between (020)
planes of the cubic TiNxOy with the zone axis [001]. Other
observation and characterization of the product TON-NR are
listed in Table 1 and in the Supporting Information (Table S2
and Figure S7). The EA analyses showed that the N wt % in
TON-NR and PT-NW-973�20 were much lower than those in
TON-RNT-A and TON-RNT-B. It is interesting to note that the
nitridation of PT-NW at 973 K produced TON-NR with a lower
N concentration, whereas that at 1073 K generated TON-RNT-
A and TON-RNT-B with higher N contents. The discrepancy
can be rationalized by the difference of the reaction rates at these
temperatures. It is reasonable that at 973 K, the rate was
comparatively slower than the rate at 1073 K. As a consequence,
the original NWs reacted slowly with NH3 and converted
gradually into the NRs with lower N contents and solid cores.
In Figure 8, we also observe that the crystallite size in the NRs is
70�90 nm, much larger than the ones in TON-RNTs. It is
evident that nitridation at 973 K caused small crystallites to
recrystallize into large particles, probably through a slowOstwald
ripening process. Prolonged nitridation degraded the NRs into
aggregates of particles (see Table S2 and Figure S7 in the
Supporting Information). On the other hand, the nitridation
was accelerated at 1073 K.When the crystallites grew on the NW
surface, they consumed the NW skeleton rapidly. The process
transformed the material into the observed RNT structures with
higher N contents and empty cores. Moreover, as shown in
Figures 4 and 6, the NH3 flow rate affected the RNT morphol-
ogy. For example, in a slower flow rate of 20 sccm, TON-RNT-A
was produced. It had a single-crystal tube body and a rectangular
tube cross-section. The observations suggest that under the low
NH3 flow rate condition, the nitridation process was not fast so
that the as-formed oxynitride crystallites could align into the

Scheme 2. Proposed TON-RNT Growth Pathway

Figure 8. TEM studies of TON-NR. (a) Low- and (b) high-magnifica-
tion image. (c) SAED and (d) HRTEM image of the squared area in b.

Figure 9. Nyquist diagrams of EIS analyses. TON-RNT-A/SPC and a
commercial flat Au electrode were used as the working electrodes in a
three-electrode system. Inset shows an equivalent circuit of the EIS
analyses.

http://pubs.acs.org/action/showImage?doi=10.1021/am201151t&iName=master.img-009.jpg&w=209&h=117
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ordered state gradually. On the other hand, in a higher flow rate
of 50 sccm, TON-RNT-B was generated. It possessed a slightly
less-ordered tube wall composed of particles and a round tube
cross-section. On the basis of the observations, we propose that
the reaction rate plays an important role affecting the final
product morphologies.
Potential for Electrochemical Electrode Applications. The

potential of the TiNxOy NTs for electrochemical applications
was explored. To analyze their charge transfer properties, we
conducted an EIS study for TON-RNT-A/SPC. Figure 9 shows
its Nyquist diagram. The inset of Figure 9 displays the equivalent
circuit and the components Rs, RCT, Cdl, and Zw, representing
solution resistance, charge transfer resistance, double layer capac-
itance, andWarburg impedance, respectively. The fitted variables
are listed in Table 2. TON-RNT-A/SPC shows a very low
charge transfer resistance, 20 Ω. This is much lower than the
value of the commercial flat Au electrode, 480 Ω. Clearly, the
nitridation converted TON-RNT-A from an insulator to a
conductor. To compare the charge transfer ability of TON-
RNT-A/SPC with a bare SPC electrode, their CV data were
shown in Figure S9 in the Supporting Information. For TON-
RNT-A/SPC, the redox peak separation was about 100 mV,
which was much narrower than the difference found for the SPC
electrode, 500 mV. Moreover, TON-RNT-A/SPC showed an
anodic current three times higher than that of the SPC electrode.
The result suggests that TON-RNT-A can significantly enhance
the charge transfer efficiency on the SPC electrode. CVs of
ferricyanide redox reactions performed at varied scan rates are
often used to estimate ESAs for electrodes by using the
Randles�Sevcik equation Ip = 2.69 � 105 ADo

1/2n3/2Coυ
1/2.26

Here, Ip is the reduction peak current in mA, A is the electrode
ESA in cm2,Do is the diffusion coefficient of ferricyanide (7.01�
10�6 cm2/s),27 n is the number of electrons transferred in the
reaction equation, Co is the concentration of ferricyanide in M,
and υ is the scan rate in V/s. Ideally, this equation should be
applied to electrodes with smooth surface and redox peaks
separated at 59 mV. Although the TON-RNT-A/SPC was not
an ideal case, we employed the equation for a qualitative
estimation of its ESA. Figure 10 shows the CV diagrams obtained
at varied scan rates. From the linear fitting of the currents of
K3[Fe(CN)6] on the electrode versus the square root of scan
rates, the obtained slope could be employed to calculate the ESA
of the electrode by assuming that the redox reaction of ferricya-
nide on TON-RNT-A/SPC was a quasi-reversible process. The
inset of Figure 10 displays the fitted line from the CV data with a
correlation coefficient R = 0.9995. The ESA of the composite
electrode is calculated to be 0.32 cm2 from the slope of the plot.
This is a significant increase from the geometric area of the SPC
electrode, 0.2 cm2. The results discussed above suggest that the
TiNxOy nanostructures can be employed for electrochemical

electrode applications. This is due to their large surface areas and
low charge transfer resistances.

’CONCLUSIONS

In this study, we synthesized PT-NWs by direct oxidation of
titanium powders mixed with KF in water vapor at a high temper-
ature. High-density NWs with several micrometers in length
were obtained. The presence of KF was found to be crucial to the
growths. Further nitridation of the PT-NWs at high temperatures
in NH3(g) produced 1D TiNxOy nanostructures. These 1D
nanostructures were characterized to be single crystalline cubic
phase titanium oxynitride materials with preferred [200] orienta-
tions. We propose that the formation mechanism of the 1D
TiNxOy nanostructures was via an Ostwald ripening type crystal
growth process. In the process, nucleation and crystallization of
the new solid state material converted the original PT-NWs into
the nanostructures observed. In addition, the TON-RNTs were
fabricated into an electrode which showed promising electro-
chemical behaviors. This suggests that the TON-RNTs may be
employed as potential electrode materials for electrochemical
applications in the future.
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Table 2. Summary of Variables Derived from EIS Analyses

TON-RNT-A/SPC

Electrode

Commercial Flat Au

Electrode

Rs (Ω) 54 85

RCT (Ω) 20 480

Cdl (F) 1.05 � 10�6 2.40 � 10�6

ZW (Ω s1/2) 0.0008 0.0017

σ 0.055 0.055

Figure 10. CVs of TON-RNT-A/SPC in K3[Fe(CN)6](aq) (2 mM)
and KCl(aq) (1 M) at different scan rates. Inset shows responses of
reduction peak currents to square root of scan rates of the electrode.
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