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1 Introduction

Owing to their low cost, low toxicity, high thermal/
chemical stabilities, and excellent optical/electronic
properties [1], TiO, materials have attracted extensive
attention and been employed for various applications

ABSTRACT

An energetic-material (NaN;) deflagration method for preparing N- and
Ti*-codoped TiO, nanosheets (NT-TiO,) was developed. In this method, N
radicals filled the crystal lattice, and Na clusters captured partial O from TiO,.
The deflagration process was fast and facile and can be completed within < 1s
after ignition. The obtained NT-TiO, exhibited rough surfaces with nanopits
and nanoholes. The doping concentration can be regulated by controlling the
NaN; addition. The NT-TiO, samples showed significant enhancements in the
visible-light absorption and photoelectric response. The simultaneously produced
N radicals and Na clusters from NaNj; deflagration served as N sources and
reduction agents, respectively. Additionally, the high deflagration temperature/
pressure improved the reactivity of N radicals and Na clusters. Thus, the present
NaNj deflagration method was demonstrated as an ultrafast and effective
approach to fabricate NT-TiO, with a visible-light response. The proposed NaNj,
deflagration method allows the ultrafast synthesis of new functional materials
via the efficient deflagration of energetic materials.

in solar-driven energy conversion [2, 3], paint additives
[4], sensors [5], and lithium-ion batteries [6, 7]. In
particular, their utilization in solar-energy conversion
is limited to the ultraviolet (UV) region owing to
the wide bandgap (~ 3.2 eV) of TiO,. Therefore, the
extension of the absorption range of TiO, to the
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visible region is strongly desired for energy-conversion
applications. Physically, doping impurities into the
TiO, lattice, which generates donor or acceptor states
in the bandgap, is an effective method. Dopants, such
as metals [8] or nonmetals [9-12], are feasible because
of the electronic transition of dopants, which results in
additional impurity energy levels in TiO.. Nevertheless,
individual doping of a metal or nonmetal cannot
remarkably improve the performance of the visible
response for TiO,. Codoping of a metal and nonmetal,
such as N and Fe or N and Ti%*, is a common way to
balance the deficiencies of individual doping.

When the synthetic technique is considered, doping
of N into TiO, is cheap and easy. The current N
sources, such as NH; [10, 13-15], NH,CI [16, 17], urea
[18], and kelp [19], are used to dope N into TiO, after
calcination treatment or hydrothermal processing at
high temperatures for a long period. The N doping
level can be controlled by adjusting the calcination
temperature and time [14]. A local Ti** impurity is
also generated by the calcination or hydrothermal
process with reduction species (such as H, [20, 21],
Al [22], and NaBHj, [23]) and treatment with a high-
energy particle flow, which contains N-ion implantation
[24], UV-pulsed laser ablation [25], and spark plasma
sintering [26]. However, considerably few studies have
reported the codoping of N and Ti*. These studies
are based on the fact that nonmetal doping produces
O vacancies and Ti*, and reduction agents must be
used in the procedure if it works; this method also
requires an uncontrollable doping concentration and
a large amount of time. In general, all of these doping
routes (such as N and Ti*) exhibit low efficiency,
high-power dissipation, and considerable time con-
sumption; these routes involve N species or reduction
species in a high-temperature environment with
external energy imported to keep N or reduction
species active. In particular, a two-step process is
required for the reduction species (H,) and N source
(NH;); long annealing treatment is also needed to
obtain N- and Ti*-codoped TiO, (NT-TiO,) with tunable
doping levels [13]. In this regard, determining an
ultrafast one-step approach and new reduction species
is a mainstream, but it remains a challenge for efficient
doping.
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An energetic material (EM) is a reactive substance
that contains a large amount of potential energy [27].
This substance can be initiated to undergo substantially
rapid, self-propagating reactions, generate various
radicals and gas products during the reconstruction
of chemical bonds, and liberate heat. In the present
work, an ultrafast, one-step NaN, deflagration route
is rationally designed for synthesizing NT-TiO,. With
regard to substances, the NaN, deflagration generates
highly reactive species (N radicals and Na clusters) to
provide both the N source and reduction species
for the doping of N and Ti*" in a one-step process.
With regard to energy, the deflagration produces an
instantaneous high-temperature/pressure environment,
improving the reactivity of N radicals and Na clusters
for the realization of ultrafast doping. The resulting
N and Ti* codoping introduces impurity energy
bands in NT-TiO,, which can efficiently narrow the
bandgap of TiO, and enhance its visible-light absorption.
The EM deflagration approach provides a promising
route for the ultrafast synthesis of other functional
materials.

2 Experimental section
2.1 Synthesis of NT-TiO, microporous nanosheets

TiO, nanosheets were fabricated via a facile hydro-
thermal method. In a typical process, 3 mL of
hydrofluoric acid was added dropwise into a 100-mL
Teflon pot containing 25 mL of Ti(OBu), while stirring.
After 15 min of stirring at room temperature, the Teflon
pot was sealed and kept at 200 °C for 24 h. Finally,
after the resulting precipitate was centrifuged three
times, washed with ethanol to remove the hydrofluoric
acid and organics, and dried in a vacuum oven for
12 h, the as-prepared TiO, nanosheets were obtained.

Afterwards, 1.0 g of TiO,nanosheets and a certain
amount of sodium azide (NaN3) were added to 5 mL
of deionized water while stirring under ultrasonic
conditions for 30 min to obtain a white homogeneous
suspension. The suspension was gradually poured
into a crucible filled with liquid N and subsequently
freeze-dried to obtain a mixture of TiO, and NalNj.
After the deflagration of NaN; in the mixture annealed
to 450 °C in an N, atmosphere, the product was washed
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with deionized water more than three times and dried
at 60 °C for 12h in a vacuum oven. The product
was labelled as NT-TiO,—-X, where X represents the
amount of added NaNj (X x 100 mg).

2.2 Characterization

The NaN;/TiO, mixture was examined via simul-
taneous thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC; TGA-DSC
1/1100 LF, Mettler Toledo). The thermal analysis
unit was coupled with a mass spectrometer for the
intermediate radical species. The emission spectra
were obtained using a Q-switched Nd:YAG laser at
a wavelength of 532 nm and an energy density of
92 J/em?. The crystal structures of all the samples were
examined via X-ray diffraction analysis (XRD, Bruker
D8 Advance with Cu-Ka radiation, A = 1.5418 A).
The morphology and particle size were determined
via transmission electron microscopy (TEM, JEOL
JSM-2010) with an accelerating voltage of 200 kV.
UV-visible (vis) absorption spectra were obtained
using a UV-vis spectrometer (Shimadzu UV-3600).
The Raman spectra of the samples were recorded
using a Renishaw Raman REQ1 scope with a 785-nm
infrared laser. Electron paramagnetic resonance (EPR)
spectra were recorded at 110 K using a Bruker
EMX-10/12 EPR spectrometer. X-ray photoelectron
spectroscopy (XPS) was performed using an ESCALAB
250 XPS X-ray Electron Spectrometer (American
Thermo Electron Corporation). The Brunauer-Emmett—
Teller (BET) surface area and porosity of the samples
were determined using a Micromeritics ASAP 2020 N
adsorption apparatus.

2.3 Photoelectrochemical measurements

To measure the transient photocurrent responses, the
as-prepared samples were fabricated as film electrodes
via the following method: 5 mg of photocatalyst was
added to 3mL of absolute ethyl alcohol, and the
mixture was ultrasonicated for 30 min to produce a
homogeneous suspension. Subsequently, the suspension
was coated dropwise onto F-doped SnO,-coated glass
(FTO glass) via the spin-coating method. Afterwards,
the electrodes were calcined at 300 °C for 20 min. The
photocurrents were measured using a quartz cell
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with a standard three-electrode system: The resultant
electrode served as the working electrode, with an
active area of approximately 1 cm? and the Pt plate
and Ag/AgCl (saturating KCI) served as the counter
and reference electrodes, respectively. A 300-W Xe
arc lamp equipped with a UV cutoff filter (A > 400 nm)
was utilized as the visible-light source. The electrolyte
was a Na,SO, (1 M) aqueous solution.

3 Results and discussion
3.1 Preparation of NT-TiO, nanosheets

Scheme 1 shows the entire procedure for the
preparation of NT-TiO, by using NaNj; and pristine
TiO,. First, a certain amount of as-prepared TiO,
nanosheets and NaN; were added to deionized water
to form a well-dispersed TiO, nanosheet suspension
in NaNj solution via stirring and ultrasonic treatment.
The suspension was poured into liquid N for quick
freezing and subsequently freeze-dried. The quick
freezing and freeze-drying are crucial for the sufficiently
uniform mixing of TiO, and NaN;. The mixture was
placed in a tube furnace with N, flowing at 450 °C to
trigger the NaNj; deflagration. The tube furnace was
used to observe the deflagration process and collect
the product. N and Ti** doping can occur and be
completed after rapid deflagration in less than 1s
(Fig. 1 and Videos ESM1 and ESM2). The high-speed
photographs of the deflagration process in Fig. S1 in
the Electronic Supplementary Material (ESM) and the
corresponding Video ESM3 show that the deflagration
process was rapid: It can be completed in appro-
ximately 300 ms. This duration was considerably
faster than those of other N or Ti* doping techniques.
These widely used techniques also involve time-
consuming thermal annealing or hydrothermal pro-
cedures. After NaNj; deflagration, the final products
exhibited different but uniform colors with various
amounts of NaNj (as shown Scheme 1), which indicates
the successful one-step doping process.

3.2 Characterizations of NT-TiO, microporous
nanosheets

To confirm the effects of NaN; deflagration on the
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Figure 1 Photos of the NaN;/TiO, mixture deflagration process.

A stepwise reaction started: (b) a minor initial ignition at 0.01 s,
(d) followed by a major deflagration at 0.10 s, (f) termination at
0.40 s, and (i) cooling to the enviromental temperature at 4.0 s.

morphology of the obtained NT-TiO,, the samples
were characterized via TEM. The pristine TiO, obtained
via the hydrothermal method exhibited square-shaped
sheets with an average edge length of approximately
50 nm (Fig. 2(a)). Each TiO, nanosheet was a single
crystal with a clean, smooth surface and an exposed
(101) facet (0.35 nm in lattice plane spacing) (Fig. 2(b)).
The NT-TiO,—2 sample showed fragments with
decreased sizes (Figs. 2(c)-2(f)). Unlike pristine TiO,,
the NT-TiO, sample surface became considerably
rough, with the formation of numerous nanopits
(Fig. 2(d)) and in-plane holes (Fig. 2(e) and Fig. 52 in
the ESM). This texture is attributed to the etching
effects of N radicals and Na clusters. The TEM images
of NT-TiO,-1 and NT-TiO,-3 samples (Fig. S3 in the
ESM) illustrate that many fragments with decreased
sizes and pores were formed with an increased amount
of added NaN;. However, with excess NaN; addition,
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Figure 2 TEM images of pristine TiO, (a) and (b) and NT-TiO,—2
samples (c)—(f). Scale bars are shown in each image.

large Nay,3TiO, particles were generated, as shown
in Fig. 54 in the ESM. In the high-resolution TEM
(HRTEM) image of Fig. 2(f), the TiO, section around
the pores exhibits an amorphous morphology, and
the remaining parts of the whole TiO, nanosheet
maintain a single-crystal nanostructure with the (101)
facet exposed. The amorphous morphology may
result from the lattice distortion caused by the high
concentration of N and Ti* doping and O vacancies.
The electron energy loss spectroscopy elemental
mappings (Fig. S5 in the ESM) reveal that N, O, and
Ti were homogeneously distributed within the NT-
TiO,—2 nanostructure, indicating the relatively uniform
doping via the NaNj deflagration method.

To confirm the effects of NaN; deflagration on the
doping and structural changes in the obtained NT-TiO,,
XRD, Raman spectroscopy, electron paramagnetic
resonance spectroscopy, and XPS were performed.

The XRD patterns of pristine TiO, nanosheets
and NT-TiO, microporous nanosheets are shown in
Fig. 3(a). The diffraction peaks in the XRD pattern of
the pure TiO, sample marked in black at 25.3°, 37.8°,
48.0°, 55.0°, 62.6°, 70.3°, and 75.0° were indexed to the
(101), (004), (200), (211), (204), (220), and (215) planes
of TiO, (JCPDS Card 21-1272), respectively. The XRD
patterns of the NT-TiO, samples obtained with
different amounts of NaN; deflagration treatment are
identical to those of pristine TiO, nanosheets. Figure 3(b)
shows the Raman spectra of pure TiO, nanosheets
and NT-TiO, microporous nanosheets. Four Raman
peaks at 149, 409, 515, and 633 cm™ can be observed
for the pure TiO, sample, which correspond to the
Eg, Biy Ajy and E; modes of the anatase-phase TiO,,
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Figure 3 Characterization of the obtained NT-TiO, microporous nanosheets. (a) X-ray diffraction curves, (b) Raman spectra of
pristine TiO, and NT-TiO, samples, (c) electron paramagnetic resonance spectra, and (d) N 1s XPS spectra of NT-TiO, samples.

respectively. After NaN; deflagration, nearly all the
NT-TiO, microporous nanosheet samples showed
the same Raman peaks, indicating that they had the
same crystal structure. Nevertheless, the E;, mode of
NT-TiO,-3 sample shifted from 149 to 165 cm™,
which suggests the change in the Ti-O bond with
excess NalN; addition. Notably, the TiO, rutile phase
showed no Raman peaks. The XRD patterns and
Raman spectra of the NT-TiO, samples showed no
significant change compared with those of pristine
TiO,. This indicates that the obtained NT-TiO, samples
retained their crystal structure and the phase of pristine
TiO,. However, excess NaN; addition can lead to
the formation of impurities (Nay,;TiO,, Fig. S6 in the
ESM). Thus, the addition of NaN; must be controlled.

The presence of Ti*" in the NT-TiO, samples was
supported by the EPR spectroscopy results. As shown
in Fig. 3(c), two strong EPR signals were observed at
g =195 and 2.01 compared with pristine TiO,; these
signals can be assigned to Ti**and O vacancies (O"),
respectively. In addition, the intensity of the EPR peaks
of Ti** and O increased with the amount of NaNs.
The doping conditions and chemical compositions
of the NT-TiO, samples were investigated via XPS.
The XPS peaks of N 1s at 399.8 and 398.1 eV of the

NT-TiO, samples were assigned to the N atoms
located at the interstitial sites of the TiO, lattice [17]
and substitutional N in the N-Ti-O structure [2§],
respectively (Fig. 3(d)). Similar to other dry-process
methods, substitutional N was dominant, with a
percentage of ~ 75%, according to the area ratio of
N 1s peaks. The N doping (atomic percentage of N in
the measured C, O, Ti, and N elements from XPS)
concentration increased with the NaN; amount;
the concentrations were 1.46 at.%, 2.65 at.%, and
3.48 at.% for samples NT-TiO,-1, NT-TiO,-2, and
NT-TiO,-3, respectively (Table S1 in the ESM). The
XPS features of Ti 2p were observed at 458.7 and
464.5 eV for TiO,, which can be assigned to Ti*. With
increased NaNj;, both Ti 2p3/2 and Ti 2p1/2 XPS peaks
broadened and shifted towards a low binding energy,
which suggests different chemical bonding environ-
ments with Ti*" doping (Fig. S7(a) in the ESM). XPS
data analysis demonstrated that the NaN; treatment
achieved N doping and reduced the partial Ti* in
TiO, to Ti**. Additionally, according to the complete
XPS spectra (Fig. S7(b) in the ESM), no other elements,
except C, N, Ti, and O, can be detected, reveals the
advantages of our designed NaN; deflagration method
with regard to purity.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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3.3 Light absorption and photoelectrochemical
properties of NT-TiO, samples

Figure 4(a) shows the UV-vis absorption spectra of
pristine TiO, and NT-TiO, samples. The absorption
edge of the pristine TiO, nanosheets was approximately
387 nm, which corresponds to a bandgap of approx-
imately 3.2 eV according to the formula A = 1239.8/E,.
Nonetheless, a secondary absorption edge at
approximately 520 nm was observed in the NT-TiO,
samples, which is attributed to the additional valence
states from doped N atoms [29]. The bandgap at
2.38 eV is consistent with the Tauc plot for bandgap
determination results (Fig. S8 in the ESM). In addition
to the absorption edge shifting, the light absorption
intensity in the visible region of the NT-TiO, samples
was considerably higher than that of pristine TiO,.
Notably, with the increased amount of NaNj, the
NT-TiO, samples exhibited an upward trend from
550 to 800 nm in the visible-light region, which is
attributed to the existence of Ti** [22]. In general, the
variation in the absorption spectrum consisted of two
main parts: One part is attributed to the generation of
the new absorption edge at 520 nm due to N doping,
and the other part is attributed to the Ti** doping that
caused visible-light absorption in the long-wavelength
region. Therefore, the light-absorption differences
in the NT-TiO, samples are attributed to the band
engineering caused by the codoping of N and Ti*
with different concentrations. Consequently, their
sample colors changed from gray or yellow to green
(inset in Fig. 4(a)) or blue and black (Fig. S9 in the ESM).

The transient photocurrents of the NT-TiO, samples
were measured to show their visible-light responses.
For all the NT-TiO, samples, the increase and decrease

—
o
—

e — .

Ti0,  NT-TiO, N‘I‘—;io, NT-TiO,
1 O 3 ey

NT=TIO. -3
NT-TIO_-2

Absorbance (a.u.)

Tio, —ANT-TiO -1~

400 500 B00 00 800

Wavelength (nm)

200 300

Nano Res. 2018, 11(9): 47354743

in the photocurrents responded rapidly to the light
irradiation being switched on and off (Fig. 4(b)). The
photocurrent density of pristine TiO, under visible-light
irradiation was approximately 0.4 pA/cm? and
those of NT-TiO,~1, NT-TiO,-2, and NT-TiO,-3 were
approximately 0.5, 2.0, and 1.4 pA/cm? respectively.
This density was highly enhanced after codoping of N
and Ti* via NaNj, deflagration treatment.

NT-TiO,-2 showed the highest photocurrent under
visible-light irradiation, which is attributed to the
moderate doping level of N and Ti*. In other words,
N doping introduces a higher valence band (N,,),
and Ti* doping can form an intermediate energy
level below the conduction band in NT-TiO,, which
narrow the bandgap of TiO, and improve the visible-
light response of NT-TiO,. However, excess N and
Ti** doping generally produces combination centers
for electrons and holes, reduces the concentration of
photogenerated carriers, and reduces the photocurrent.
Additionally, the appropriate amount of added NaNj,
makes NT-TiO,—2 possess the largest BET specific
surface area, which is beneficial for the improvement
of its photoresponse.

3.4 Mechanisms of ultrafast doping process

To obtain further information about the ultrafast
doping process, the NaNj; deflagration features and
subsequent doping mechanisms in the mixture were
investigated via a series of characterization techniques.
The mass spectrum was determined to confirm the
generation of N radicals, as shown in Fig. 5(a). The
main deflagration products of NaN; were N, and N
radicals with m/e at 28 and 14. The signals at m/e at 17
and 18 are attributed to ionized OH™ and H,O species
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Figure 4 (a) Diffuse reflectance UV—vis spectra. Inset: optical image for pristine TiO, and NT-TiO, samples. (b) Transient photocurrent
responses of TiO, and NT-TiO, samples under visible-light irradiation.
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Figure 5 (a) Mass spectra and (b) TGA/DSC curves of the TiO, nanosheets and NaN; mixture. (¢) IR image of the TiO,/NaN; mixture
deflagration process. Inset: measured temperature in the marked area. (d) and (e) Delayed time-dependent emission spectra of TiO, and

NaN; mixture generated with a 532-nm laser at 90 J/cm’.

from the absorbed H,O in the NaN; and TiO, mixture.
The TGA/DSC curves in Fig. 5(b) show that NaN;
exploded at 417 °C and lost 15.9 wt.% of the whole
NaN,/TiO, mixture with the release of N,. In addition
to the main heat flux peak at 417 °C, a broad peak
due to the heat released from the subsequent redox
reaction between Na and TiO, was observed.

To elucidate the temperature-field variation due to
heat liberation in the deflagration process, infrared
(IR) temperature measurement was conducted. As
shown in Fig. 5(c), many fire sparks were distributed
uniformly in the furnace, indicating a homogeneous
reaction environment. The time-dependent temperature
curve in the marked area reveals that the deflagration
temperature was high at 685 °C and was maintained
for only a few seconds. Notably, a high temperature
can increase the reactivity of N radicals and Na
clusters and promote the N and Ti** doping process.
Moreover, a short duration of a high temperature
protected TiO, against phase transformation from
anatase to rutile.

The intermediates in the deflagration process of
the NaN;/TiO, mixture were identified using the
time-resolved emission spectra (Figs. 5(d) and 5(e)).
Two main emission peaks at 588.99 and 589.59 nm are

attributed to the Na generated by NaNj deflagration
(Fig. 5(d)). Several Ti I emission peaks were observed,
revealing the formation of Ti metal from the O atoms
captured by Na in the TiO, crystal (Fig.5(d)).
Additionally, Ti species with other valence states (Ti
IT and Ti III), as well as N radicals (N I) and O I, were
detected (Fig. 5(e)). This observation confirmed the
formation of N radicals and reactions between Na
and TiO,. On the basis of the delayed time-dependent
intensity distribution of emission peaks, we inferred
that the doping process was completed at micro-
seconds because the N radicals and other Ti or O
species increased in the first few microseconds and
disappeared in less than 30 us. Therefore, the high
reactivity of N radicals and Na clusters and high
deflagration temperature should be responsible for
the successful ultrafast doping.

4 Conclusions

The present study provides an ultrafast and effective
approach for fabricating NT-TiO, microporous nano-
sheets. The doping process can be completed in 1 s.
The NT-TiO, samples showed rough surfaces with
nanopits and nanopores due to N radicals and Na

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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cluster etching effects. The doping concentrations of
N and Ti** can be easily controlled by adjusting the
NaNj; addition. NT-TiO, samples showed significant
enhancements in the visible-light absorption and
photoelectric response. Furthermore, this EM deflagra-
tion synthesis technique can be utilized for the
ultrafast fabrication of other multielement codoped
semiconductor photocatalysts with tunable bandgaps.
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NT-TiO,-2, NT-TiO»-10, and M-TiO,-2 samples and
their optical image; and deflagration process videos)
is available in the online version of this article at
https://doi.org/10.1007/s12274-018-2058-0.
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