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Ultrafast Synthesis of Layered Titanate Microspherulite Particles by
Electrochemical Spark Discharge Spallation

Yuxin Tang,"” Yuekun Lai,'" Dangguo Gong,”! Kok-Hui Goh,'! Teik-Thye Lim,'
Zhili Dong,**! and Zhong Chen*!*!

Recently, a new hydrothermal approach to fabricate tita-
nate materials has attracted much attention.!! These layered
titanate nanomaterials show excellent abilities in ion-ex-
change, absorption, photoelectronicity, and so on.”! To satis-
fy the requirement of different applications, there has been
a drastic increase in research to develop new approaches to
produce different types of semiconductor oxide nanostruc-
tures, especially titanium-based oxides. Up to now, the syn-
thesis of 1D and 2D nanotitanate has been widely investi-
gated with many interesting properties reported. For exam-
ple, 1D titanate nanotubes, nanowires, nanorods, and 2D ti-
tanate nanosheets have been synthesized by hydrothermal,
high-temperature oxidation, molten-salt synthesis, and exfo-
liation methods.”) Among which hydrothermal synthesis is
most widely used.”*! Recent investigations have demon-
strated that 3D hierarchical nanostructures could improve
the performance of the material in catalysis, biomedical,
energy conversion, and water-treatment applications, among
others, due to the superior properties derived from the high
specific surface area and porous structure.! However, it is
still challenging to produce 3D hierarchically complex
shapes of titanate over multiple scales and the synthetic
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method is usually not straightforward.”! Until now, the gen-
eral approach for preparing hierarchical titanate structures
involved the use of sacrificial templates, such as zinc oxide
nanotemplate.’ Alternatively, the template-free methods
for generating hierarchical titanates typically employ
bottom-up methods, such as reacting agar gel containing a
solution of titanium precursor in NH,OH, two-stage
growth through an H,0,-enhanced oxidation process,> two-
step synthesis combining hydrolysis and hydrothermal treat-
ment,” the chimie douce route by heating TiO, powder in
15M NaOH solution at reflux,* and self-assembly by treat-
ing TiCl, precursor in ethylenediamine at high tempera-
tures.’ These approaches either take multiple steps or re-
quire a long time to ensure complete reaction, for example,
the time taken for the reaction between agar gel with Ti pre-
cursor and NH,OH is one week.’™ A simple, fast, and inex-
pensive method to form 3D hierarchical nanostructures is
still lacking and will be of great interest.

It is known that a TiO, porous layer can be formed on a
Ti foil surface by mild anodic oxidation in fluoride-contain-
ing solutions, rapid breakdown anodization in chloride-/per-
chlorate-containing electrolytes, or a plasma electrolytic oxi-
dation method.””! However, to the best of our knowledge,
there are no reports using these techniques to generate the
titanate materials in powder form, which is traditionally pre-
pared by hydrothermal method.”*! Herein, we report a one-
step, template-free method (electrochemical spark discharge
spallation) to quickly fabricate layered titanate hierarchical
microspherulites (TMSs) with a large surface area
(406 m*g™") by carefully adjusting the applied electrical
spark parameters in the experimental setup (Figure S1 in
the Supporting Information). The formation principle of the
layered titanate is different from the formation of the TiO,
nanostructures, which include two important steps. First, an
ultrahigh anodic reaction oxidizes the Ti surface layer and
the formed oxide is immediately broken down by the ap-
plied electrical field into the solution in the form of small
precipitates. This spallation of the oxide particle is driven by
the continuously discharged sparks that simultaneously heat

Chem. Eur. J. 2010, 16, 7704-7708



up the solution. Second, the precipitates immediately react
with the hot NaOH solution to form the TMS particles. The
total reaction is within 20 min. Also, this method is different
from all known approaches to form titanate nanostructure.
For example, Ti foils could be hydrothermally treated to
form titanate nanotube or wires on its surface. However,
there were few titanate precipitates in the solution even at
high temperatures inside an autoclave.”

A typical FESEM and TEM image of the TMS formed in
10m NaOH for 20 min is shown in Figure 1a and b, respec-
tively. It is observed that the as-prepared TMSs are well dis-
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Figure 1. a) FESEM image, b) TEM image, c) high-resolution TEM
image, and d) XRD pattern of the fabricated TMS The insets in a) and
b) are the magnified image and electron diffraction pattern of TMS. The
inset in d) shows the crystal structure for lepidocrocite titanates. The
TMS powder is collected after anodization of Ti foils in a 10mM aqueous
solution of NaOH for 20 min.

persed and the particle sizes range from 0.4 to 1.5 um. The
inset image in Figure la shows that densely populated tita-
nate nanoribbons (TNRs) radiate from the core of the TMS.
The TEM image in Figure 1b reveals that the 3D hierarchi-
cal TMS is highly porous. The surface area of the as-pre-
pared TMS is 406 m*g ' (Figure S2 in the Supporting Infor-
mation), which is higher than the reported values of titanate
spheres! and nanotubes.’™ From the high-resolution TEM
fringes in Figure 1c, the interlayer distance of the layered
TNRs is approximately 0.75 nm, which is smaller than the
result obtained from the XRD measurement, with a d spac-
ing of 0.96 nm (Figure 1d). This deviation is caused by the
dehydration of the titanate in ultrahigh vacuum during the
TEM observation, which has been reported in previous
work.** The diffraction pattern of the TMS powder indi-
cates that the product has an orthorhombic H,Ti,OsH,O
(JCPDS no. 47-0124) layered crystal structure. The broad
peaks at 260=9.2 (d=0.96), 24.6 (d=0.36), 28.5 (d=0.31),
349 (d=0.26), 38.8(d=0.23), 48.3 (d=0.19), and 62° (d=
0.15 nm) correspond to the (200), (110), (310), (301), (501),
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(020), and (002) planes. Such a crystal structure consists of
similar lepidocrocite-type host layers (inset of Figure 1d) to
those in the layered H,Ti; gs5A017504H,0 (A: vacancy), but
with different protons.’*®" The inset of Figure 1b is the elec-
tron diffraction pattern of TMS. Diffraction rings are ob-
served because the sample is polycrystalline with nanorib-
bons radiating outwards. The three diffraction rings are in-
dexed as the three intensive (110), (310), and (020) diffrac-
tion planes for the orthorhombic titanate, which is consistent
with the XRD result.

Figure 2 shows the anodic voltage and solution tempera-
ture versus time behavior observed at a constant current
density of 0.5 Acm™2 Raman scattering spectra of the pow-
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Figure 2. Real-time observation of anodization voltage (a) and solution
temperature (b) of Ti foil anodized at a constant current density of
0.5 Acm 2 in a 10M aqueous solution of NaOH. Inset shows Raman scat-
tering spectra of the powders collected from the solution at different du-
rations marked on the plot. The regions i), ii)-a and ii)-b show the differ-
ent stages of the spark discharge process.

ders produced at different stages is shown in the inset. The
voltage plot exhibits two distinct regions: i) an initial abrupt
increase to a maximum followed by ii) a rapid decrease to a
steady state. The steady state in the voltage indicates the
equilibrium between the formation and spallation of the
anodized titanium oxide layer on Ti foil surface. Meanwhile,
the solution temperature increases gradually with the time
and finally reaches a steady state around 110°C. Formation
mechanism of TMSs consisting of TNRs can be explained in
the light of the voltage and temperature versus time plots as
follows: The formation of TMS powder involves two pro-
cesses composed of electrochemical anodization and reac-
tion of the anodized precipitates with the electrolyte solu-
tion. Initially, Ti oxidizes to form a compact TiO, layer on
the Ti foil surface by the reactions shown for the anode in
Equation (1) and the anode and solution shown in Equa-
tion (2).

Ti — de — Ti* (1)

Ti* + 40H™ — TiO, - 2H,0 2)
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The thickening of the oxide layer with increasing reaction
results in an increase in anode resistance, leading to the dra-
matic increase of the anode voltage (Figure 2, region i).
Simultaneously, a rapid evolution of hydrogen at the cath-
ode is observable as strong bubbling due to reaction shown
in Equation (3):

2H* +2¢ — H, | 3)

We find that in the current setup, the applied voltage
(~27.1 to 30.3 V, Figure 2) is more than the TiO, breakdown
voltage (about 25 V) in a 10M aqueous solution of NaOH.
Thus, the oxide layer at the electrolyte/oxide interface is
electrically broken down and spalled into the solution in the
form of small precipitates by the generated spark discharge.
On the Ti surface, corresponding pits are observed (Fig-
ure S3 in the Supporting Information). In region ii)-a of
Figure 2, as the anodization proceeds, the oxide layer starts
to dissolve with numerous small pores on its surface (Fig-
ure S4a-b in the Supporting Information), which leads to the
observed rapid decrease in the voltage. The anodization
spark spallation loop is a continuous process, generating a
large quantity of TMS in the solution. Moreover, the anodi-
zation spark spallation process can induce the formation of
crystalline TiO, structure, which is triggered by the local
exothermic heat caused by the vigorous spark discharge.
The Raman data shown in the inset of Figure 2 (point P1)
suggests that the precipitate is anatase because of the bands
located at 144, 198, 398, 515, and 640 cm™! belonging to
Raman active modes (A;,+2B;,+3E,) of the anatase
phase.™ The morphology of the TiO, precipitate is com-
posed of microscale sphere- and stem-like structures, and
the surface of precipitate is porous (Figure 3a). The TEM
image shown in Figure 3b reveals that the spherulite surface

Figure 3. FESEM (a, c, e) and TEM (b, d, f) images of powder samples taken at points marked P1 (a, b), P2
(c, d), and P3 (e, f) in Figure 2. The inset images are the same samples taken at low magnification.
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consists of small ribbons, while the core remains solid. In re-
gion ii)-b of Figure 2, the hydrothermal reaction takes place
in solution due to the increase of solution temperature, as
shown in Equation (4).

2TiO, +2NaOH — Na,Ti,Os - H,0 (4)

Figure 3c, corresponding to the point P2 on the plot given
in Figure 2, shows that the average size of precipitates de-
creases compared with that shown in Figure 3a for point P1
(Figure 2). This is likely to be due to the decrease of the
critical breaking-down thickness of the TiO, layer in a
heated solution in which the voltage applied to the dielectric
layer decreases. The titania—titanate transformation thor-
oughly takes place in small particles, which means that the
whole spherulite only consists of the radiating nanoribbons
(Inset of Figure 3d). For large particles, only the outer layer
is covered with nanoribbons (Figure 3d). The broad Raman
bands located near 188, 280, 389, 447, 705, and 905 cm™'
belong to titanate structure™ when the sample is collected
at points P2 and P3 (Figure 2), indicating that the anatase
TiO, precipitates have been transformed into TNRs in re-
gion ii)-b when the solution temperature is greater than
60°C. The formation of TNR is due to the dissolution/crys-
tallization of the TiO, at high alkaline conditions at relative-
ly low solution temperatures (<130°C), and it is an ob-
served intermediate product of nanotube/wire formed at
high temperatures.>**® As the reaction proceeds (P3,
Figure 2), the retrieved particles almost completely consist
of nanoribbons (Figure 3e—f), which means the reaction ex-
tends to the whole precipitate. Some of these completely re-
acted particles can be observed on the Ti foil surface too
(Figure S4c-d in the Supporting Information). Further ex-
tended treatment at P4 (Figure 2) sees similar morphology
(Figure 1a, b) and Raman spec-
tra with P3, which indicates a
steady state has been reached
beyond 20 min of reaction.

Recent work reveals that the
titanate materials show excel-
lent ion-exchange ability for the
removal of toxic radioactive
and heavy-metal ions, which are
very harmful to living organ-
isms.”*®! Divalent lead (Pb"),
one of the metals that has the
most damaging effects on
human health, can cause
damage to the central nervous
system and dysfunction to the
kidneys and immune system of
human beings, especially in
children.®! Herein, we investi-
gate the ability of our 3D TMS
to absorb toxic heavy-metal
Pb" ions and methylene blue
(MB), an organic dye. Figure 4
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Figure 4. Comparison of a)adsorption rate (C,=120.52mgrL™") and
b) adsorption isotherms of Pb" adsorption; c)adsorption rate (C,=
20 mgL") of MB adsorption by pyrosynthesized trititanate particles (m)
and anodized TMS (@); d) absorption spectra of MB solution in the pres-
ence of new hierarchical TMS at 0 (m), 5 (0), 10 (2), 20 (v), 30 (¢), and
60 min (x). Inset of ¢ shows photos of absorption of MB with time by hi-
erarchical TMS. C, and C are the initial concentration and the concentra-
tion of the Pb" or MB solution after adsorption at different intervals, re-
spectively.

shows the absorption of Pb" and MB dye in an aqueous so-
lution. Details of the adsorption experiment are given in the
Supporting Information. For comparison, we also synthe-
sized micro-sized sodium trititanate by a high-temperature,
solid-state reaction (Figure S5 in the Supporting Informa-
tion). Our TMS is able to remove Pb" from the solution
almost completely in less than 10 min, as evidenced by the
concentration decrease from 120.52 mgL™" (C,) to less than
0.5mgL™"' at room temperature. The trititanate formed by
the pyrosynthesis method shows only very limited absorp-
tion. Moreover, the adsorption rate of our TMS particles is
far higher than trititanate particles. Table S1 in the Support-
ing Information lists the reported removal capacity values
from existing reports, and our TMS is the best
(2.41 mmolg™') without any further optimization. Our TMS
also shows a high adsorption rate (Figure 4c and d, C,=
20mgL™") and excellent adsorption capacity of MB dye
(Figure S6 in the Supporting Information). This excellent
adsorption performance is due to the unique hierarchical
structure and crystal structure of the as-prepared TMS. The
isolated nanoribbon structure gives rises to the large surface
area, which is the prevailing factor for the fast MB removal
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rate and capacity. Moreover, the removal of Pb" ions is an
ion-exchange process, in which the exchange capacity is the
key parameter.”®! The obtained TMS has the chemical for-
mula A,Ti,Os (A=Na, H) with a theoretical cation-ex-
change capacity of 9.05 mmolg~!, whereas that for trititanate
Na,Ti;O, is 6.62 mmolg~'. Therefore, the surface area and
the crystal structure are the main factors that give rise to
the excellent adsorption rate and capacity of our TMS
particles.

In summary, we have demonstrated a new template-free
method that utilizes rapid electrochemical anodization and
electrical discharge spallation to synthesize 3D hierarchical
TMS particles with a large surface area in an ambient setup.
The mechanism for the formation of the particles and their
hierarchical structures has also been proposed. The obtained
TMS powders show excellent adsorption ability and a high
adsorption rate for toxic Pb" ions and the MB dye due to
their specific morphology and crystal structures. We expect
a wide range of applications for this type of material or its
derivatives, such as in photocatalysis or lithium batteries.

Experimental Section

Preparation: As shown in Figure S1 in the Supporting Information, the
Ti foil (99.7% purity purchased from Aldrich Corporation, 2 cm? anode)
was subjected to galvanostatic anodization current (0.5 Acm ) in a two-
electrode electrochemical cell connected to a DC power supply. A plati-
num foil (99.9% purity, 2.5x 1.5 cm) served as the counter electrode. The
electrochemical spark discharge process should be carried out in a fume
hood with good ventilation so that any generated gases can be instantly
removed. The experiments were conducted in 10mM aqueous solutions of
NaOH (~60 mL) under ambient conditions (~25°C) for 20 min without
any heating or stirring. The solution temperature increased to about
110°C at the end of reaction. When the solution cooled to room tempera-
ture, the grey/white precipitate (/0.25 g) collected from the solution was
centrifuged and then washed with deionized water three times to yield
the TMSs.

Characterization: The morphology of the as-synthesized 3D TMS was in-
vestigated by using FESEM (JEOL, JSM-6340F instrument). For TEM
observation, the suspension was dropped onto a copper grid and dried at
room temperature. A transmission electron microscope (JEOL, JEM-
2010) operating at 200 kV was used to characterize the nanostructures. A
Shimadzu 6000 X-ray diffractometer with a Cuyg, source was used for
phase identification. Nitrogen adsorption/desorption isotherms were mea-
sured at 77 K using ASAP2000 adsorption apparatus from Micromeritics.
The samples were degassed at 100°C for 4 h under vacuum before analy-
sis. Raman measurements were performed at room temperature in a
WITEC confocal spectrometer with a 488 nm excitation laser operated at
a low power level (1 mW), and the Si peak (520 cm™) was used as a ref-
erence for wavenumber calibration.
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