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In this study, we demonstrated a controllable synthesis of sodium titanates (NayTicO13 and NayTizO7) using
simple mechanochemical (dry ball milling) method. Although the titanates were obtained after calcination,
however, the milling speed and duration control the phase type, crystallinity, purity and morphology of the as-
synthesized materials. At low milling speed (200 rpm), cuboid-like NayTigO13 nanostructures were the dominant
phase, where the purity and crystallinity enhanced for prolonged milling duration (20 h). The nanorod-like

NayTi3O7 phase is the dominant phase at higher milling speeds (>300 rpm) with minor traces of NayTigO13
phase that disappeared at prolonged milling. In contrast to wet chemical methods, no byproducts such as titanic
acids or unreacted materials were detected in the materials synthesized by the mechanochemical method.

1. Introduction

The past two decades have witnessed a massive growth of research
interest in sodium titanate nanoceramics and their promising applica-
tions in energy storage systems [1,2], photocatalysis [3,4], sensing [5,
6], and bioactive [7] properties. With the general formula; NasTi O2p 11
(n = 3-8), sodium titanates have a variety of crystalline phases with
peculiar physicochemical properties. Particularly, sodium trititanate
(NayTi3O7) and sodium hexatitanate (NayTigO13) have been extensively
studied as promising anode materials in sodium-ion batteries [1,2,8]
due to their excellent stability, ionic conductivity and storage capability.
Despite lower theoretical capacity [9], NayTigO13-based electrodes
showed higher ionic conductivity, longer cycling stability and lower
operational voltage than NayTi3O7-based ones. NapTi3O; has a
two-dimensional layered structure with three-stacked TiOg octahedra
ribbons, whereas, Na;TigO13 shows a three-dimensional tunnel structure
with six TiOg octahedra that share edges [8]. Such different crystalline
structure may explain the higher ionic conductivity and faster diffusivity
of active Na™ ions exhibited by NayTigO13 structures [10]. Beside the
crystalline structure [11], the electrochemical performance of sodium
titanates is unambiguously closely related to the morphology [12-15],
particle size [16] and purity [9,10,17,18] of anode materials, and hence
their packing and homogeneity when formulating the electrode. The
synthesis method unequivocally influences the characteristics of sodium
titanates.

Sodium titanates have been synthesized using various approaches,
including the hydrothermal [9,12,13,19-21], solid-state reaction [1,11,

15,22], sol-gel [5,7,23], and soft template [8] methods. Table S1 sum-
marizes a comparison between the synthesis conditions and the char-
acteristics of produced sodium titanates using the most common
methods; hydrothermal and solid-state methods. The phase type
(NayTi3O7 or NayTigO13), purity, morphology, and particle size of the
synthesized titanates are very sensitive to various key factors including:
(i) the nature and concentration of starting materials, (ii) reaction
duration and temperature, (iii) protocol of post-treatment, and (iv)
calcination temperature and duration. As can been seen from Table S1,
there is no simple correlation between the synthesis method (and con-
ditions) and the characteristic of produced titanates. Roughly, the hy-
drothermal method mainly produces NayTizO; [12,19,21,24,25] and
rarely NayTigO13 [9,13,26] with nanotube/nanofiber morphologies. In
addition, highly concentrated NaOH (sodium source), prolonged hy-
drothermal reaction at higher temperatures favorably produce Na,Ti3O;
rather than NasTigO13 which is formed at diluted NaOH solution [9,26].
As a wet-chemistry, the hydrothermal method involves multi-step
preparation including dispersing of starting materials and utilization
of solvents, and more seriously washing by either water or acids. This
results in protons (H') exchange Na' ions and eventually undesired
protonated titanates are formed as byproducts [12,20,27-29].

The solid-state reaction (also called mechanochemical or ball mill-
ing) method is another common method that has been less used to
prepare sodium titanates [1,11,15,22]. It regularly involves the me-
chanical mixing of starting materials followed by calcination at high
temperature without post-treatment steps such as washing or purifica-
tion. Therefore, titanic acids and other byproducts are not formed.
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Beside the calcination temperature and duration, the milling parameters
(e.g. speed and duration) might have impact on the crystalline phase,
purity, morphology and particle size of synthesized titanates. These
parameters are rarely stated in the studies utilized the mechanochemical
method to synthesize sodium titanates [11,22,30]. Accordingly, we
believe that the inconsistency of phase type, purity, morphology and
particle size of synthesized titanates is a consequence of uncontrolled
milling parameters. For instance, Zhu et al. synthesized a pure Na,TizO7
[31], whilst Dynarowska et al. obtained polyphasic titanates (NayTizOy
with traces of NayTigO13) [32] using the same solid-state method and
precursor materials (TiOy anatase and anhydrous NayCO3).

The mechanochemical method has been extensively used to directly
synthesis various kinds of ceramic oxides [33-38] or simply activate the
reactants [39,40] before calcination step. It is a robust simple method
that enables controllable synthesis of the sodium titanates when the
milling parameters are sensitively tuned. In this study, we attempt to
systematically investigate the influence of milling parameters (i.e.,
milling speed and duration) on the phase type, crystallinity, purity and
morphology of the synthesized sodium titanates.

2. Experimental
2.1. Materials and mechanochemical synthesis

Titanium (IV) oxide anatase (TiO2, >99%), and anhydrous sodium
carbonate (NapCO3, >99%), were purchased, respectively, from Sigma-
Aldrich and Fluka, USA. The materials have been kept at 70 °C in vac-
uum oven to avoid the hydration, and used without further purification.

The sodium titanates were synthesized using plenary ball mill
(Changsha Tianchuang Powder Technology Co., Ltd). In 50 mL-agate
jars, stoichiometric amounts of the precursor materials (1 mol NayCO3
and 3 mol TiOy) were mixed using 5-agate balls (6 mm), keeping fixed
balls-to- materials mass ratio. The milling was conducted at varied
speeds (from 200 to 800 rpm) and duration as mentioned for each
synthesized material. Then, the milled materials were transferred into
ceramic crucible and calcined in a tube furnace at 800 °C (as determined
from TGA analysis) at constant heating rate (5 °C min_l) under air. The
as-synthesized titanates were left to naturally cool down to room tem-
perature (ca. 23 °C).

2.2. Characterization of the as-synthesized titanates

The calcination temperature of the milled TiO,-NayCO3 mixture was
determined by thermogravimetric analyzer TGA 4000 from Perki-
nElmer. Few milligrams of the mixture were placed onto aluminum
crucible and the temperature was scanned from 25 to 800 °C under Ny
environment at a heating rate of 5 °C min~'. A scanning electron mi-
croscope (SEM) from FEI Nova NanoSEM equipped with an energy-
dispersive X-ray (EDX) analyzer was used to determine the
morphology and the elemental composition in the as-synthesized sam-
ples. A small amount of freshly prepared sample was mounted on
aluminum stub using conductive tape. A Raman spectrometer from
ThermoFisher Scientific (DXR) equipped with a microscope MPlan 50 x
/0.25 BD were used to collect the spectra of the freshly prepared pow-
ders, excited by laser beam at constant wavelength (633 nm) and the
lowest excitation power. The crystalline structure and purity of the as-
synthesized materials were accomplished by X-ray diffraction (XRD)
using Panalytical Empyrean X-ray diffractometer with Cu Ka radiation
(wavelength = 1.5406 A), operating at scan rate of 2° min~*. The surface
composition of the powders was investigated by X-ray photoelectron
spectroscopy (XPS) from Kratos (AXIS Ultra DLD). The binding energies
were calibrated using C 1s peak (284.6 eV) as the internal standard. The
microstructure of as-synthesized materials was examined by trans-
mission electron microscope TEM (JEOL 100 CX). Trace amounts of
sodium titanates were dispersed in acetone in a bath sonication for few
minutes then a drop of the prepared dispersion was dried on grid of
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copper before characterization.
3. Results and discussion
3.1. Characterization of precursor materials and conditions

First, the structure and purity of precursor materials (TiO, anatase
and anhydrous NayCOs3) have firstly investigated by Raman spectros-
copy and X-ray diffraction (XRD). Raman scattering spectroscopy is very
sensitive technique that locally probe the crystallinity and microstruc-
tures of materials. It relies on the vibrational motion of atoms in the unit
cell and grains. Therefore, the synthesis of sodium titanate can be pro-
bed through investigating the change in Raman spectra due to the
transformation of TiO5 anatase (tetragonal structure) into targeted so-
dium titanates (mainly NayTizO7 or NayTigO;3; monoclinic structures).
Fig. 1a demonstrates the Raman spectra of the starting materials; TiO5
anatase and NayCOs. The spectrum of TiO5 is dominated by five active
Raman modes at 140, 192, 392, 512, and 635 cm ™!, which are char-
acteristic for highly crystalline TiO, anatase, and consistent with the
reported Raman scattering modes for similar material [3,41]. The strong
Raman peak at 140 cm™!, and the two bands at 192 and 635 cm™!
correspond to three E; modes, which mainly are due to symmetric
stretching vibration of O-Ti-O in TiOz [42]. The band at 512 cm lisa
doublet of A;g and By modes, which is well resolved at low temperature
[43]. These are, respectively, caused by antisymmetric and symmetric
bending vibrations of O-Ti-O [42]. On the other hand, the crystalline
NayCO3 shows featured Raman active modes with weak bands at 182
and 696 cm™!, and strong peak at 1075 cm™! (inset of Fig. la), in
agreement with those reported for anhydrous material [44].

X-ray diffraction reveals the long-range order of materials and gives
structural information within several unit cells (grain), and hence the
materials purity can be examined. Fig. 1b presents the patterns of TiO;
anatase and anhydrous NayCOs and the reference diffraction lines with
respect to tetragonal TiO, (I4,/amd) and monoclinic (C2/m) lattices,
respectively. As can be seen, TiO; is purely anatase phase with the usual
tetragonal crystal structure characterized by rational intensities and
positions of diffraction peaks at 20 = 25.3° (011), 36.9° (013), 37.8°
(003), 38.5° (112), 48.0° (020), 53.8° (015), 55.0° (121), 62.7° (024),
68.7° (116), and 70.3° (220) in good accordance with the diffraction
peaks for TiO, anatase structure [45]. The anhydrous Na,CO3 used in
this study is a mixture of y— and f—forms, with highest proportion of
y-NayCOs as revealed from its pattern and corresponding reference lines
(ICDD: 98-009-5549). Other prominent diffraction lines at 26 = 33.9°
(11-2) and 36.7° (310) are featured for p— Nay;CO3 (ICDD:98-008-0999;
lines are not shown in Fig. 1b).

3.2. Formation of metastable coarsen state under milling

Dry ball milling is a kind of mechanochemical synthesis (MCS) in
which the reacting materials are exposed to milling energy that may be
sufficient for the reaction completion and the formation of final product
or just mechanically activates the reactants. The mechanical activation
greatly enhances the reactivity of materials through various kinds of
milling-induced physical changes such as grain refinement, defects and
the lattice distortion, amorphization, and even formation of metastable
polymorphs [46-49]. The input milling energy depends on the milling
conditions and factors including milling speed and time, ball number
and diameter, powder-to-ball mass ratio, and other instrumental factors
[37,49-51]. The impact of milling energy (namely; cumulative milling
energy Eeym in J 1) can be calculated from the phenomenological
equations (Egs. 1-3) [37,50] as detailed in the Supplementary Data, and
summarized in Table S2, where the only two variables are the milling
speed and time, and other milling parameters are constant. Henceforth,
the impact of milling on the behavior of materials is alternatively rep-
resented either by the milling speed and time or the calculated milling
energy (Ecum)-
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Fig. 1. (a) Raman spectra, and (b) XRD diffraction patterns of TiO, anatase and anhydrous Na,COj3 and their corresponding reference diffraction lines: ICDD: 98-015-
6838 and ICDD: 98-009-5549, respectively.

First, to explore whether the input milling energy is sufficient to form
the target sodium titanates or even distort the crystalline structure of
starting materials, precursor materials have been mixed and examined

before calcination. Fig. 1S presents the full XRD patterns of
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TiO2-NayCO3 mixtures milled at low (200 rpm) and high (800 rpm)
speeds at varied milling durations. It can be seen that the mixtures show
dominant reflections of TiO5 anatase and weak peaks of Na,COs3 even at
high milling energies. The Raman spectra of the mixtures resemble that
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Fig. 2. Magnified XRD diffraction patterns of samples milled for different durations (from 1 h to 48 h) at (a, ¢) 200 rpm and (b, d) 800 rpm before calcination, and the
variation of crystallite size D of TiO, with cumulative milling energy (Ecym) at 200 rpm (e) and 800 rpm (f). The patterns of TiO, and Na,COj3 are for unmilled
samples. The reference diffraction lines for TiO, anatase (blue lines; ICDD: 98-009-6946), y-Na»CO3 (green lines, ICDD: 98-009-5549), p— Na,CO3 (black lines, ICDD:
98-009-5549), and NayO (red lines, ICDD: 98-008-7179) are shown. The calculations of Dg;1 based on Scherrer equation [53,54] are detailed in the Supplementary
Data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of unmilled TiO5 anatase and do not show any significant change, rather
than a decrease in band intensities with prolonged milling (data not
shown). This implies that the milling energy are not sufficient to produce
the sodium titanates, and does not induce a phase transition in contrast
with previous studies [47,48,52] that reported milling-induced poly-
morphic transformations of TiO5 anatase. The existence of NapCOs3 is
likely to suppress this polymorphic transition, which is sensitive to the
environment [45].

Fig. 2(a and b) represent the magnified diffraction patterns in the
small-angle regime that show the characteristic (011) reflection of TiO5
anatase at 20 = 25.3° in the mixtures milled at 200 and 800 rpm for
varied durations. In both cases, the peak slightly shifts to smaller angles
as the milling time increases until 10 h. This is likely to be a critical time
beyond which the peak returns to slightly higher angles as the milling
time further extends. This shift is almost ascribed to the uniform strain
(macrostrain) [55] that results from lattice imperfections induced by
milling energy [56-60]. Moreover, the trend of peak broadening
non-monotonically varies with the milling energy, which is directly
related to the variation of crystallite sizes [35,39,46,61]. Rationally, the
crystallite size of TiOy in mixtures milled at high milling energy (800
rpm) is lower than those milled at lower energy (200 rpm) as evident
from the peak intensities (Fig. 2a and b) and the dependency of crys-
tallite sizes (Dg11) with milling energy (Fig. 2e and f). As depicted in
Fig. 2e, the crystallite size of TiO2 in the mixtures milled at 200 rpm
slightly increases until 10 h beyond which it suddenly increases before
stabilizing at 20 h. Comparatively, the mixtures milled at higher energy
(800 rpm) have smaller crystallite size than those milled at lower energy
(200 rpm). As shown in Fig. 2f, Dy is in the range of ac. 60 nm (higher
than that of unmilled TiO3) over the milling energy range. Such
extraordinarily increase of crystallite size upon milling has been rarely
reported [62]. It may ascribes to the coarsening of mechanically activate
titanates which tend to minimize the high surface energy through the
oriented attachment mechanism [63]. Initially, the cumulative milling
energy E.un is insufficient to self-organize the new activated surfaces.
Above a critical Ecym (ca. 2.5 kJ g’l), the driving force for coarsening is
achieved and the crystals grow and survive [64] over the range Ecym ~
4-12kJ g~ (Fig. 2e). At higher Eeym, the crystal growth is accompanied
by long-range rearrangements; therefore, it would be kinetically sup-
pressed [55]. Accordingly, the crystallite size of particles milled at 800
rpm are much smaller than those milled in the intermediate E, range.
The milling energy does not alter the dy;;-spacing that remains constant
at ~3.50 nm that is the typical value of TiO, anatase. This indicates the
milling does not promote the Na intercalation or induce polymorphic
transition. In comparison to unmilled sample, the diffraction peaks of
NaCOs3 (polymorphs) in the mixtures milled at 200 rpm are slightly less
intense and shift to higher angles with time (Fig. 2c). The behavior is
more pronounced at 800 rpm and the peak intensities strongly decrease
so that the reflections at ca. 35.2° diminish upon further milling
(Fig. 2d). This suggests that milling turns Na;CO3 to be amorphous.

In conclusion, the input milling energy are not sufficient for the re-
action completion between TiO, and Nap,CO3 and eventually the for-
mation of sodium titanates. Instead, the reactants are mechanically
activated where intermediate forms of coarsen (stacked) titanates is
likely to form, pronouncedly at moderate cumulative milling energy
(Ecym = 4-12kJ g_l). This amount of Eqyy, (7-12 kJ g_l) was sufficient
for the completion of a mechanochemical reaction of analogous mixture
(NazCO3 -NbyOs) [38]. When NayCO3 was replaced by KyCOs, an
extremely higher Ecqm (5200 kJ g71) was required for the product for-
mation [35]. Rojac et al. systematically studied the rate of reaction
between Na,COs3 and transition metal oxide [34]. It has been found that
highly acidic metal cation reacts faster with Na;COs, and the reaction
proceeds through the formation of an amorphous carbonato complex
(Cosz 2 anions coordinate to the transition metal cation) which de-
composes upon further milling [34,35]. Due to instrumental limitation,
we could not reach Ecyy higher than ~730 kJ g’l, which is still insuf-
ficient for the reaction completion.
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To form the sodium titanates, the mechanically activated precursor
materials is calcined at an exact temperature. The calcination temper-
ature of an activated mixture was determined by thermogravimetric
analysis (TGA), as shown in Fig. S2. The initial weight loss below 100 °C
is about 2.0 wt%, which may corresponds to the desorption of water
traces. In the temperature range of 440-710 °C, there is a considerable
weight loss of about 14 wt% indicating that the evolution of CO, gas
starts at about 440 °C. The strong peak at ca. 640 °C points out that the
reaction between precursor materials occurs, according to the following
chemical equation: 3TiO9(s) + NayCOs(s) — NayTizO7(s) + CO2(g).
According to Tamman’s rule, the reaction will only occur when the
temperature reaches, at least, two-thirds of the melting point of one or
more of the reactants [65]. The critical temperature of 640 °C is in
accordance with this rule since the melting point of NayCOs3 is about
852 °C. Accordingly, the calcination temperature T = 800 °C was
selected to ensure the reaction completion and avoid the formation of
any possible phase transition. Previous reports have shown that longer
calcination time is likely to be the cause of formation of polyphasic ti-
tanates in comparison to shorter time [1,22,32]. Accordingly, a short
calcination time (3 h) has been used in this study.

3.3. Tunnel NayTigO;13 vs layered NayTisOy phases: the effect of milling
speed

The TiO2-NayCOs mixtures, milled at different speed and duration,
were calcined under the same conditions: 800 °C for 3 h in air. In order
to elucidate the impact of milling speed on the crystalline structure and
type of sodium titanates, Raman spectra of the as-synthesized materials
are depicted in Fig. 3. At a glance, the spectra are completely different
from those of uncalcined mixtures, implying that new products are
formed. The sample prepared at 200 rpm uniquely presents a spectrum
that differs from those of samples prepared at higher milling speeds
(Fig. 3). Its Raman spectrum perfectly coincides with that represented by
the tunnel phase of sodium hexatitanate; NasTigO13 [66] where it is

800 rpm

500 rpm
" ,,‘MJ\,, A A /Jl 400 rpm

300 rpm

200 rpm

‘l 800 rpm, uncalcined
" 200 rpm, uncalcined

200 400 600 800 1000 1200
Raman shift [cm™]

Intensity [au]

Fig. 3. Raman spectra of the as-synthesized sodium titanates prepared at
different milling speeds (from 200 to 800 rpm) for 3 h at constant calcination
conditions (800 °C for 3 h in air). Spectra of TiO>-Na,CO3 mixtures milled at
200 and 800 rpm without calcination are shown.
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dominated by strong, well-resolved peaks in the low-frequency regime
(200-300 cm_l), and weak/intermediate bands and doublets in the
high-frequency regime (400-950 cm™!). The same spectrum with
rational peaks’ intensity and frequency range has been reported in
previous research for hexatitanates prepared by solid-state reaction
[67-69], and hydrothermal [29] methods. However, NayTigO13 samples
synthesized by hydrothermal method showed somewhat different
(bands shape and frequency) Raman spectra [24,70]. The low-frequency
Raman modes at about 198, 227 and 280 cm correspond to the
Na-O-Ti bonds [67]. The bands at 663 and 683 cm ™! are attributed to
Ti-O-Ti stretching vibration in edge-shared TiOg, whereas the band at
874 cm~ ! is due to distorted TiOg with short Ti-O bond [67]. In com-
parison to the Na,TigO;3 prepared by hydrothermal method [24,70], no
peak was detected above 1000 cm™!, indicating the absence of any
unreacted Na,COs.

Interestingly, the samples prepared at higher milling speeds (>300
rpm) show distinct spectra that are different from that of hexatitanate,
implying that new phase is formed at higher milling speeds (Fig. 3). As
the milling speed raises, the bands become more intense due to a pre-
sumable development of textured microstructure of nanorods that are
roughly parallel to each other [24], as detailed below. The featured
Raman spectra of the samples prepared at milling speeds >300 rpm
identically match the spectra of layered Na,TizOy as reported in previ-
ous studies [66,68,71,72]. In contrast to the spectrum of NasTigO13, the
low-frequency bands are very weak implying the restricted vibrational
motions of Na atoms due to the zigzag structure of NayTizO7 [67]. The
Raman modes at about 300, 340, 448, 654, 847 and 882 cm™ ! are
featured for layered NayTizO7 structure, and are assigned to stretching
vibrations of Ti—O bonds [73].

In terms of crystalline structure, both layered NayTi3O7 and tunnel
NayTigO;3 structures commonly have a monoclinic structure with two
different symmetries (P2;/m and C2/m, respectively) and sets of lattice
parameters, hence each phase certainly has a characteristic diffraction
pattern. Fig. 4 depicts the XRD patterns of the as-synthesized samples
and reference patterns of NayTigO13 and NayTi3Oy. First, no diffractions
of unreacted starting materials have been detected, implying the
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Fig. 4. XRD patterns of the as-synthesized sodium titanate samples prepared at
different milling speeds (200-800 rpm) for 3 h at constant calcination condi-
tions (800 °C for 3 h in air). The lines are the reference diffraction lines for
Na,TigO13 (ICDD:98-018-6996) and Na,TizO; (ICDD:98-001-5463).
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reaction completion after calcination. The sample prepared at 200 rpm
presents a diffraction pattern that is strikingly different from those of the
samples prepared at higher speeds. This is consistent with Raman
spectrum (Fig. 3), revealing that the type of titanates is sensitive to the
mechanical activation of starting materials in their milled mixtures. As
shown in Fig. 4, the powder diffraction pattern of the sample prepared at
200 rpm is uniquely consistent with the pattern of a reference Na,TigO13
(ICDD:98-018-6996) with characteristic peaks being observed at 20 =
11.8° (200), 14.1° (20-1), 24.5° (110), 29.8° (310), 33.3° (402), 35.9°
(60-1), 37.9° (11-3), 44.2° (602), and 48.5° (020). This is in good
accordance with the diffraction patterns of NayTigO13 structure as re-
ported in previous studies [3,5,10,18,30,74,75]. The calculated
dooo-spacing ~0.75 nm that is characteristic for tunnel structure [10,29,
76,771. Additional peaks are detected at 20 = 10.5°and 15.9° which are
characteristic for the less crystalline Nap,T307 phase. This indicates that
the sample prepared at 200 rpm is a mixture of NasTigO13 and NazT307
phases, with relatively higher content of NayTigO;3 phase.

The samples prepared at higher milling speeds (>300 rpm) show
powder diffraction patterns with identical peak positions and decreased
intensities as the milling speed raises (Fig. 4). The patterns are consistent
with that of a reference NayT307 (ICDD: 98-001-5463) with character-
istic peaks being observed at 20 = 10.5° (100), 15.8° (101), 21.4° (201),
25.7° (110), 28.4° (111), 30.0° (003), 34.2° (302), and 43.9° (104).
Similar diffraction patterns have been reported for NayT307 nanorods
prepared by hydrothermal [10,24,28], and solid-state [14,31,32,78]
methods. It is worth noting that NayT307 phase is dominant as revealed
from the consistency of its Bragg peaks and the corresponding reference
ones, and the djgo-spacing of 0.84 nm that delineate the layered struc-
ture [77]. The coexistence of trace amounts of NayTgO13 is evident from
the weak peaks at 11.8°, which nearly disappear at higher speed (800
rpm) (Fig. 4). In addition, the change of the intensity of peaks with
milling speed is likely to attribute to variation of particle size as will be
confirmed by SEM analysis. Obviously, the structure and purity of
phases are sensitive to the milling energy where Nas;T307 phase favor-
ably dominates at higher milling energy. The coexistence of the two
crystalline structures have been previously reported for sodium titanates
synthesized by hydrothermal [9,10,24,30,70,72,75], wet-milling [32],
and stirring [75] methods, where it has been shown to be sensitive to the
synthesis conditions and calcination temperature [13,25,70].

The surface oxidation state and composition of constituent elements
of the as-synthesized titanates can be determined by X-ray photoelectron
spectroscopy (XPS). Fig. 5 depicts the typical survey and high-resolution
XPS spectra for samples synthesized at different milling speeds. The
survey spectra disclose the existence of symmetric peaks for Ti, O, Na
and C elements in the powders (Fig. 5a). The weak peak of carbon is
mainly an instrumental contribution due to the contamination by hy-
drocarbons [79]. The high-resolution spectra of Ti (2p) show two
photoelectron peaks centered at binding energies of 458.8 eV and 464.7
eV corresponding to the Ti 2p3,» and Ti 2p; /9, respectively (Fig. 5b).
These energies are characteristic for Ti** state of TiO5 [79,80], and have
been shown in analogous sodium titanates [23,81-84]. As shown in
Fig. 5c, the binding energy at 1071.9 eV is characteristic for Na 1s [85]
and assigned to Na-O bond of sodium titanates [14,84,86]. The photo-
emission peak of O 1s centered at 530.4 eV (Fig. 5d) is evident for O-Ti
bond [84,86], which extends to higher binding energies (532-534 eV)
due to likely unreacted carbonates [87]. Qualitatively, XPS peak posi-
tions cannot clearly differentiate between NayTizO; and NayTigOi3
phases and any variation in peaks shape or position (binding energies) is
associated with sample preparation and conditions, and presumably
instrumental parameters [88]. Nevertheless, the sample synthesized at
200 rpm clearly shows more intense (Ti, Na, and O) peaks than those for
samples synthesized at higher milling speeds (Fig. 5b-d).

Quantitatively, the atomic percentages of constituent elements (Na,
Ti, O) are calculated from the area under each corresponding peak, as
shown in Table S3. The sample prepared at 200 rpm shows lower oxygen
content and higher Na:Ti ratio (~0.48) than that of reference NasTigO13
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Fig. 5. (a) XPS survey spectra, and high-resolution spectra of (b) Ti 2p, (c) Na 1s, and (d) O 1s of samples prepared at 200, 500 and 800 rpm for 3 h, calcined at

800 °C for 3 h in air.

(~0.36) implying that the surface is rich in sodium [19,29,69]. In con-
trary, the surface of samples prepared at higher speeds (500 and 800
rpm) is Na-deficient as indicated from the low Na:Ti ratios (~0.53, 0.56)
in comparison to the reference NayTi3O7 (~0.67) (Table S3). In order to
better confirm the elemental composition in the bulk of the
as-synthesized samples, energy dispersive X-ray spectra (EDX) are
collected as shown in Fig. S3 and summarized in Table S3. The Na:Ti
ratio (~0.45) of the sample prepared at 200 rpm remains higher than
that of reference NayTigO13, which may be related to the coexistence of
the two phases as revealed from XRD analysis (Fig. 4). However, the
samples prepared at higher milling speeds show comparable Na:Ti ratio
(~0.71) to that of reference Na,Ti3O7. Obviously, the sample prepared
at higher milling speeds are dominate by NayTizO; phase, while that
prepared at lower speeds (200 rpm) is mainly composed of the two forms
of sodium titanate (NasTigO13 and NayTiz07).

Fig. 6 presents the SEM micrographs for samples prepared at
different milling speeds, under the same conditions as described in the
figure caption. In general, the as-synthesized materials are homoge-
nously dispersed and no agglomerations are observed in contrast to the
materials synthesized by hydrothermal method [21,26,89]. As shown in
Fig. 6a, the sample prepared at 200 rpm dominantly has a cuboid-like
morphology with low-aspect ratio and an approximate size of ca.
120-300 nm in width and ca. 250-500 nm in length. Trace of short
nanorods having nearly the same width and slightly longer than cuboids
is overserved. As the milling speed increases, the nanorods morphology
dominates with existence of some cuboid-like structures. At 300 rpm,
the sample has relatively short nanorods with dimensions of ca.
120-400 nm in width and ca. 700 nm-1.0 pm in length (Fig. 6b). The
elevated milling speeds enhance the longitudinal growth of nanorods
without considerable change in the width, so that the nanorods have
length of ca. 700 nm-1.1 pm at 500 rpm (Fig. 6¢) and ca. 850 nm-1.4
pm at 800 rpm (Fig. 6d). It is worth noting that the input milling energy
controls the morphology of titanates. Recall the analysis of Raman and

XRD, hexatitnates are dominant at low milling energy (200 rpm), while
trititanates do at higher energies (<300 rpm). It seems accordingly that
this crystalline transformation is linked with the change in the
morphology from cuboids to nanorods. Thus, the cuboid-like particles
are NayTigO13, whilst the NayTi3O7 has nanorod-like morphology with
higher aspect ratio where it dominates at higher milling energy. Ac-
cording to a significant amount of research, there is no unified
morphology for either NasTigO;3 or NayTizO;. The unpredicted
morphology is likely to be sensitive to the synthesis method (commonly
hydrothermal and solid-state), and conditions (starting materials, reac-
tion duration, calcination temperature, etc.). For instance, solid-state
method produced Na,yTi3O; nanoribbons [1], nanosheets [14], or
nanoplates [78] using the same starting materials (TiOy anatase and
NayCO3) and calcination temperature (800 °C). The same method and
conditions yielded NayTigO13 aggregates [90] and nanofibers [11,22]. It
should be stated that the solid-state method somewhat resembles the
mechanochemical method, however, the input activation energy of the
former is uncontrollable and hence we observe variation in the
morphology sodium titanates. In consistent with our findings, the hy-
drothermal method produced Na,TigO;3 with cuboid-like [26] and
nanofiber [9] morphology.

The microstructure of the as-synthesized sodium titanates was
further investigated by transmission electron microscopy (TEM).
Figures S4a,b showed TEM micrographs for the samples prepared at 200
and 800 rpm. The sample prepared at 200 rpm has cuboid-like
morphology (Fig. S4a) characteristic for NayTigO;3, while longer
NayTizO7 nanorods are formed at 800 rpm (Fig. S4b). Figure S4c pre-
sents the selected area electron diffraction (SAED) pattern of the sample
prepared at 200 rpm (NayTigO13) which exhibited a monoclinic char-
acteristic spot pattern and proved that the phase was single crystalline.
Its high-resolution TEM (HRTEM) images provided a set of clear lattice
fringes of NasTigO13 (Fig. S4e). The SAED image of the sample prepared
at 800 rpm (Fig. S4d) clearly indicates the single-crystal nature with
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Fig. 6. SEM micrographs of the as-synthesized sodium titanate samples prepared at different milling speeds (a) 200 rpm, (b) 300 rpm, (c) 500 rpm, and (d) 800 rpm
for 3 h at constant calcination conditions (800 °C for 3 h in air). The scale bar corresponds to 1 pm.

preferential growth along [010] direction revealing the layered struc-
ture of NayTizO7. The HRTEM image displays defect—free highly crys-
talline layered structure with interplanar spacing of ca. 8.0 A
corresponding to (200) plane.

3.4. Effect of milling time

So far, the effect of cumulative milling energy (E.um) at constant
milling time (3 h) has been explored. It has been concluded that
NayTigO13 and Na,TizO7 are dominantly existed at low (200 rpm) and
high (300-800 rpm) milling speed, respectively, with trace amounts of
other phase. Now, it is worth to investigate the effect of milling time at
constant speed to accurately investigate the influence of ball-impact
energy (AEp) on the crystalline structure and purity of titanates.

Fig. 7 demonstrates the effect of milling duration on the crystallinity
and purity, represented by Raman spectra and XRD patterns, of sodium
titanates synthesized at 200 rpm. Obviously, the samples synthesized by
milling for a duration of 3-20 h show nearly identical Raman spectra
featured for NayTigO13 phase (Fig. 7a). However, the band at 275 cm_l,
corresponding to Na—O-Ti bond [70], slightly shifts to lower frequency.
This redshift is likely to be consistent with the increasing of the Ti-O
bond length, which signifies the transformation of Na,TizO7 (short Ti-O
bond length ~ 0.17 nm) into NasTigO;3 (long Ti-O bond length ~ 0.22
nm) [70] as the milling time increases. In previous studies, sodium ti-
tanates exhibited similar [68,70] and opposite [72] phase transition
depending on the synthesis method and its conditions. The sample
milled at prolonged time of 24 h surprisingly shows a Raman spectrum
that clearly corresponds to neither pure structure of NayTigO;3 nor
NayTi3O7 (Fig. 7b). Indeed, the spectrum has some features from both
phases with high-frequency peaks characteristic for NayTizO; and
low-frequency ones of NaTigO13 structure. The unusual intense doublet

at 275 and 303 cm ™! (assigned to Na-O-Ti bond vibration) and peak at
883 cm™! (assigned to short Ti-O bond vibration) may indicate a for-
mation of an intermediate pseudo-tunnel phase [72] in which sodium
bridges result in compact TiOg octahedra. The sample synthesized at
prolonged milling for 48 h clearly presents a Raman spectrum charac-
teristic for NayTigO7 phase.

XRD patterns (Fig. 7b) reveal a coexistence of the two phases in the
samples prepared at 200 rpm with dominant NayTigO13 phase. As the
milling time increases from 3 to 20 h, the relative intensities of
diffraction peaks of Na;TigO13 notably increase on the expenses of drop
in the intensities of characteristic peaks of Na;Ti3O; phase (labelled by
red arrows in Fig. 7b), so that the sample milled for 20 h are dominated
by NayTigO13 phase with minor traces of other phase. This observation
supports the conclusion withdrew from Raman data where the pro-
longed milling time at 200 rpm seems to favorably form the tunnel
phase. The 20 h is likely to be a critical milling time beyond which the
diffraction peaks of NayTi3O; become more intense than those corre-
spond to NayTigO13 phase at 24 h (Fig. 7b). Indeed, the sample milled for
24 h shows diffraction peaks of mixed phases but its Raman spectrum
(Fig. 7a) manifests an intermediate structure. Several studies [29,70,72]
have reported this intermediate phase without clear identification for its
structure due to inconsistent Raman modes and unindexed diffractions.
Further prolonged milling for 48 h produces an almost pure NaTizO7
phase as evident from the diminishing of the reflections of Na;TigO13
phase.

The gradual morphological change of the as-synthesized samples
upon prolonged milling at 200 rpm is depicted in the SEM micrographs
in Fig. 8 a-c. Initially, the sample synthesized at 200 rpm for 3 h has a
cuboid-like morphology with average width of ca. 210 nm and length of
ca. 375 nm (Fig. 8a). As the milling time increased to 5 h, the sample still
has the same morphology with increase in the average width (ca. 300
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Fig. 7. Raman spectra (a) and XRD diffraction patterns (b) for samples prepared at 200 rpm at varied milling time from 3 h to 48 h, under the same calcination
conditions (800 °C for 3 h in air). The red arrows correspond to the characteristic peaks of Na,;TizO; phase. (For interpretation of the references to colour in this figure
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Fig. 8. SEM micrographs of the as-synthesized sodium titanates showing the effect of milling time at two different speeds; 200 rpm ((a) 3 h, (b) 5 h, (c) 48 h) and 800
rpm ((d) 1 h, (e) 5 h, (f) 10 h) at constant calcination conditions (800 °C for 3 h in air). The scale bar corresponds to 1 pm.
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nm) and length (ca. 650 nm) (Fig. 8b). As revealed from XRD data, the
sample milled at 3 h is an NayTigO;3—dominant mixture of the two
phases. Prolonged milling for 48 h results in a homogenously distributed
nanorods with average width of ca. 265 nm and length of ca. 750 nm
(Fig. 8c). This morphological change from short cuboid-like structures to
longer nanorods is likely to be consistent with the phase transformation
from Na,TigO;3 to NasTizO5.

The effect of milling time at high milling speed (800 rpm) on the
crystalline structure and purity of the as-synthesized titanates is depic-
ted in Fig. 9. As revealed from Raman spectra, there is no structural
change upon milling the sample for prolonged time at 800 rpm. The
samples milled over a duration from 3 to 20 h show Raman spectra
characteristic for NayTizO7 structure (Fig. 9a). However, the Raman
spectrum of the sample milled at shorter time (1 h) is not associated with
that of a pure titanate phase having a mixture of bands characteristic for
NayTizO7 (at high frequency) and NayTigO;3 (at low frequency).
Nevertheless, the XRD patterns do not show any significant change over
milling duration from 1 to 20 h, where the samples have identical
diffraction patterns of a pure Na;Ti3O; phase (Fig. 9b). Moreover, no
peaks from precursor materials are observed, and hence prolonged
milling does not decompose the titanates. The sole change upon pro-
longed milling at 800 rpm is the variation of the diffraction intensity,
where the sample milled for 5 h exhibits the most intense peaks implying
that the highest crystallinity is achieved under this condition.

Interestingly, the morphology of the sample synthesized at 800 rpm
for 1 h is submicron platelet-like structures (Fig. 8d). The nanorods
begin to appear in the sample milled for 3 h (Fig. 6d), which longitu-
dinally grow with the samples prepared at prolonged milling durations
without significant change in the width. The sample synthesized at 800
rpm for 5 h shows an average length of ca. 750 nm (Fig. 8e), which
increases to ca. 1.4 pm with the sample milled for 10 h (Fig. 8f).

4. Discussion

The mechanochemical reaction reaches a completion when the
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cumulative milling energy (E.,m) exceeds the energy barrier (activation
energy) and eventually the final product is formed [46,49]. The high
milling energy (Ecum ~ 730 kJ g7!) and presumable temperature of
milling (ca. 200 °C [91]) are not the necessary conditions for a complete
mechanochemical reaction between TiO, anatase and Na;COs3 and for-
mation of sodium titanates as suggested from XRD patterns (Figs S1).
Obviously, the calcination (at 800 °C, as revealed from TGA analysis) of
the mechanically mixed reactants urges the production of titanates.
Interestingly, the formation of the most common phases; NayTi3O7 and
NayTigO13 of titanates is more sensitive to the mechanical activation
applied before calcination, rather than the stoichiometric ratio of re-
actants. This is likely to be the significance of the input milling energy
that results in variety of physical transformations in the reactants such as
formation of new surfaces, defects and the lattice distortion, amorph-
ization, and even formation of metastable polymorphs [46-48]. No
polymorphic transformation of TiO, anatase has been observed, pre-
sumably due to the milling environment (presence of NayCOs) in
accordance with previous study [33]. Instead, the TiO5 is mechanically
exfoliated to titanate nanosheets [89]. These energetic nanosheets tend
to coarsen [63] and stack to eventually form a metastable thick coarsen
phase that survive at low milling speed (200 rpm). Different metastable
phase seems to form at higher milling speeds (>300 rpm), when the high
energy suppresses the stacking of nanosheets and the splitting growth
mechanism [92] drives the formation of relatively long and thin meta-
stable phase. While the amorphization of NaoCO3 simply increases as the
milling speed raises (Fig. 2c and d), the type of metastable phase is more
sensitive to the ball-impact energy (AE}) rather than cumulative milling
energy (Ecum). In general, stacked coarsen phase is predominant at low
AEy ~0.231 mJ hit ! (i.e. 200 rpm), whereas longer metastable phase is
favorable at higher AE, ~0.519-3.69 mJ hit™! (i.e. >300 rpm) as
deduced from the variation of crystallite size with milling speed (Fig. 2e
and f). (Detailed calculations for E.,y, and AE and values are explained
and tabulated in Table S2 in the Supplementary Data).

Considering the reaction is diffusion-controlled [93], the calcination
decomposes the Na;COg at the interface and promotes the diffusion of
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Fig. 9. Raman spectra (a) and XRD diffraction patterns (b) for samples prepared at 800 rpm at varied milling time from 3 h to 20 h, under the same calcination

conditions (800 °C for 3 h in air).
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Na™ and O~2 ions into the interior of TiO5 to finally produce NasTigO13
or NayTizO7 phase according to the nature of metastable phase. At low
ball-impact energy (i.e. 200 rpm), the stacked metastable phase seems to
have a tunnel network of polymerized TiOg octahedron [27] in which
Na™ ions diffuse to neutralize the charge of TiOg [94] during calcination
and eventually form the tunnel NayTigO,3 phase. This phase is thicker
than NayTi3O7 as revealed from SEM analysis (Fig. 6) and consistent
with previous report [10]. A thin metastable phase is favorable at higher
ball-impact energy (>300 rpm), in which the TiOg octahedrons are
connected through edges or corners [95] in longitudinally grown
layered structures where Na™ ions intercalate upon calcination, and the
layered NayTi3Oy structure is formed.

The Raman and XRD analysis (Figs. 3 and 4) differentiate two phases
of sodium titanates; tunnel NayTigO13 and layered NayTizOy structures
formed, respectively, at low and high ball-impact energies. However, the
coexistence of the two phases at low cumulative milling energy (i.e. 200
rpm, 3 h — Table S2) is pronounced as revealed from XRD (Fig. 3). This
implies the significance of the milling time where 3 h was not sufficient
to make the stacked coarsen phase dominate. At constant AE, ~0.231
mJ hit™! (i.e. 200 rpm), the crystallite size is significantly increases after
10 h (Fig. 2e), that is consistent with the gradual diminishing of the main
reflections of Na,Ti3Oy (at 20 = 10.5°, 15.8°, 25.7°) until 20 h (Fig. 7b).
This trend suggests that the 200 rpm-20 h is the optimal milling con-
dition at which the stacked metastable phase is dominant and hence the
tunnel NayTigO13 phase is dominant. Prolonged milling beyond 20 h is
likely to turn the metastable phase more amorphous and hence a less
crystalline NayTi3O; phase reappears. This behavior is in agreement
with previous studies that highlighted the influence of milling time on
the crystallinity [35,96]. At higher AEp > 0.591 mJ hit™! (i.e. >300
rpm), the two metastable phases may coexist with domination of the less
crystalline metastable phase (Fig. 2b). Upon calcination, the layered
NayTizO; obviously forms with coexistence of traces of the tunnel
NayTigO13 as revealed from its very weak XRD peaks (Fig. 4). In this high
AEFy, limit, the cumulative milling energy seems merely to influence the
crystallinity of NasTi3Oy rather than any notable structural transitions.
This is evident from the variation of Raman spectra and XRD patterns of
samples prepared at 800 rpm (Figs. 9) and 400 rpm (Fig. S5) with
milling time.

The milling energy influences the morphology of the as-synthesized
titanates. The tunnel Na,TigO13 phase is cuboid-like structure with
lower aspect ratio than nanorods of the layered Na,Ti3O7 phase (Figs. 6
and 8). The increased milling energy does not tremendously change the
particle width. Both structures have a comparable average width in the
range of ca. 200-300 nm. Nevertheless, the milling energy promotes a
longitudinal growth of the particles. The layered NayTizO; show a
length in the range of ca. 900 nm-1.4 pm, whereas the tunnel Na,TigO13
has shorter length in the range of ca. 375-750 nm.

5. Conclusion

The sodium titanates (NayTi,O2,+1) have variety of unpredictable
crystalline structures and morphology that is sensitive to the synthesis
method and conditions. In this study, we demonstrated the efficacy of
robust mechanochemical (dry ball milling) method to synthesis the most
common phases; sodium trititanate (Na,Ti3O7) and sodium hexatitanate
(NayTigO13) without any undesired byproducts such as titanic acids. It
has been found that the input milling energy mechanically activates the
starting materials (TiOy anatase and NayCOgs) resulting in metastable
phases that produce the sodium titanates after calcination. The cuboid-
like NayTigO13 phase was favorably formed at low ball-impact energy
(AEp) that corresponds to 200 rpm, while the nanorod-like NayTizO7 is
dominantly produced higher AE}, (i.e. >300 rpm) under constant milling
(ball diameter and number, jar volume, etc) and calcination (800 °C, 3 h,
in air) conditions, and the stoichiometric amounts of starting materials.
The purity, crystallinity and morphology of sodium titanates are sensi-
tive to the cumulative milling energy (Ecym), i.e. the milling time at
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particular AEy (i.e. milling speed). At low AEy, highly pure NayTigO13
was formed at 200 rpm for 20 h. Highly crystalline NayTizsO; was
preferably produced at higher AEy, (i.e. >300 rpm) at a particular milling
time that depends on the milling speed. The cuboid NasTigO13 and the
nanorod NayT307 structures had nearly constant width (ca. 200-300),
and longitudinally grew with the increased cumulative milling energy,
reaching maximum length of ca. 900 nm-1.4 pm.
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