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Abstract Titanium phosphate materials were synthesized
by evaporation-induced self assembly method by using
Ti(OC4Hy)4 and PCls, in the presence of Pluronic (P123)
as a non-ionic surfactant template. The molar ratios of
P/Ti and the heat treatment of the materials affected
their structures, particle geometries and electrochemical
performances as indicated by X-ray powder diffraction,
thermal gravimetric analysis, scanning electron and
transmission electron microscopy and other electrochemical
techniques. As expected, increasing the temperature to
800 °C for 3 h resulted in losing the mesoporosity and
generally led to a decrease in capacity of these
materials. Cyclic voltammetry showed that TiP,0O; is
formed at 500 °C for 10 h at a molar ratio P/Ti=0.412 as
amorphous phase. On the other hand, at molar ratio P/
Ti=2.06 showed sharp peaks indicated TiP,O; transformed
into crystalline material showed lower peak separation
potential indicated that kinetic reactions might be favored.
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Introduction

The discovery of silicious material M41S family by
Mobil researchers [1, 2] and its related members in 1992,
featured by ordered mesoporous structure and sharp pore
size distribution, led to surged interest in porous silicious
and non-silicious materials as well. Mesoporous materials
have taken extensive attention due to their involvement in
diversity of applications including, for example, catalysis
[3, 4], sensors [5, 6], host materials for lithium-ion storage
[7-10], hydrogen production [11, 12] and storage [13, 14],
electrochromic windows [15, 16], and dye-sensitized solar
cells [17-19].

The breakthrough [20-22] reporting the possibility of
using of olivine LiFePO, as cathode material in lithium-ion
batteries as stable electrode has led to intensive and focus
research on metal phosphates in general and on lithium iron
phosphate in particular [10, 23-27]. In general, the major
drawbacks of the majority of metal phosphate materials for
lithium-ion batteries application are their low electronic
conductivity, which renders their usage inapplicable.
However, this problem could be solved by the addition
of electronic conductor, such as, active carbon [22, 28,
29] or through synthesis of the metal phosphate materials
in the mesoporous range which can also improve the ionic
conductivity of the materials [30, 31].

Many attempts were tried to synthesize mesoporous
titanitum phosphates (TPs) by using different kinds of
surfactants as templates. For instance, cetyl trimethyl
ammonium bromide as a cationic surfactant, was used to
synthesize high surface area of TP with mesoporous
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structure [31], anionic surfactants were used as templates
to synthesize mesoporous TPs which were only stable
up to 300 °C [32], hydrothermal synthesis by using
organic molecules in fluorinated media was successful
to obtain a TP [33], a long chain alkylamine was reported
to be used as a surfactant in synthesize a mesoporous TP
[34] while a non-ionic surfactant route applied to
synthesize stable and relatively high BET surface area
(~250-350 m” g ') mesoporous titanium oxo phosphate
[35]. Mesoporous Ti-MCM-41 functionalized with
phosphate group by treatment with POCI; which
affected the textural properties of the Ti-MCM-41(P)
[36] is another example showing the applicability and
significance of mesoporous TP.

To sum up, up-to-date different synthetic protocols
affected the surface properties and hence the behavior
of electrodes for different applications. In this work,
we aimed at investigating different titanium phosphates
and their electrochemical performance with regard to
their application as positive electrodes in lithium-ion batteries.

Experimental section
Titanium phosphate synthesis and characterization

Samples were prepared by a modified copolymer
surfactant, EO20-PO70-EO20, Pluronic (P123) template
method [10]. The protocol of synthesis included dis-
solving of 4.5 g of P123 in appropriate volume of
ethanol by the help of ultrasonication, titanium tetrabutoxide
(Ti(OC4Hy)4) added to the above solution followed by
the addition of 4.12 g of PCl; slowly and dropwise. The
above mixture was allowed to mix through stirring and
was kept at 40 °C in oil bath to ensure a complete reaction
for a day, at least. The obtained sol was poured into Petri
dishes and was left in air to allow its transformation into a
gel at room temperature for about 2-3 weeks. Two
different molar ratios of P/Ti were prepared, viz., 0.412
and 2.06. The samples were dried gradually at 40, 60 °C
and then at 80 °C for 2 h each prior to final calcination at
120 °C for 1-2 days. Then, the samples were divided into
two groups, the first group heated at 500 °C for 10 h in air
while the second group heated at 800 °C for 3 h in air. All
samples were dried first at 120 °C before starting
thermogravimetric—differential thermal analysis experiments
which were carried out by using an STA 409 PC
analyzer (Netzsch, Germany) at a heating rate of
10 °C min ' under the flow of N, (40 mL min ).
Fourier-transform infrared (FTIR) spectra were
recorded on an Avatar 360 spectrophotometer (Nicolet,
USA). The spectra were recorded by using a pressed
disc technique in which a sample and KBr were mixed
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thoroughly using an agate pestle and mortar in the
approximate ratio of 1:25, respectively, then this mixture
was compressed by using stainless steel molds. The
spectral resolution of measurements was done by
selecting the spectra every 2-cm ' intervals over the
wavenumber range measured.

X-ray diffraction experiments were carried out by a
PANalytical X-pert diffractometer (Philips, Netherlands)
using CuK,, radiation at 40 kV and 30 mA, the 26 was in
the range of 10 to 90 degrees for wide-angle X-ray
diffraction (WAXRD) while it was from 0.5 to about 5
degrees for small-angle X-ray diffraction (SAXRD).

Scanning electron microscopy (SEM) studies were
performed on LEO1530 (LEO company, Germany).
Prior to mounting the samples to a vacuum chamber,
the samples were mounted on a holder by fixing it to a
double binder carbon tape, then sputtered with gold to
enhance the conductivity of the samples. On the other
hand, high-resolution transmission electron microscopy
(TEM) images were obtained on an instrument of
Philips-FEI Tecnai-F30 electron microscopy operating
at 300 kV. Samples were ultrasonicated in ethanol prior
to mount them on a copper grid coated with a polymer-
supported film and carbon.

Electrode fabrication and cell assembly

The cathodes were prepared by mixing 80% of the active
material with 10% carbon black and 10% polyvinylidene
fluoride. This mixture was made into a slurry using 1-
methyl-2-pyrrodinone solvent as a solvent by the assistance
of a ball milling at 500 rpm for a minimum of 3 h.
Aluminum foils, used as current collector, were roughened
by using emery paper of 320 grade, then pre-treated in an
ultrasonic bath of 0.1 M NaOH followed by washing with
bidistilled water and then in an ultrasonic bath of 0.1 M
oxalic acid for 10 min each, washed thoroughly with
double-distilled water, then dried in an oven prior to
loading of the cathode material. The electrodes were then
coated onto Al foils by doctor blade method. They were left
in an oven to dry at 120 °C for a minimum of 2 h under
vacuum. Thereafter, the dried slurry was pressed on the Al
current collector at 20 MPa to allow a good mechanical and
electrical contact with the Al foil. The electrochemical
properties of the synthesized samples were assessed by
using CR2025 coin cells. The coin cells were assembled
with the cathode as prepared, lithium metal as anode, and
Celgard 2300 film as separator. The electrolyte was 1 M
LiPFg dissolved in ethylene carbonate (EC) and dimethyl
carbonate (DMC) mixture (1:1 by volume). The cells were
assembled in an argon-filled glove box (mBraun model
100 G, Germany), where water and oxygen concentrations
were kept around 1-2 ppm.
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Electrochemical testing

Charge—discharge experiments were performed with current
density and voltage range as defined later using a LAND
CT2001A battery tester (Wuhan, China). The active mass
of all the positive electrodes was in the range of 1-3 mg.

Cyclic voltammetry experiments were performed
with conventional potentiostat instrument (EG&G PAR
263A). Electrochemical measurements were carried out
in a one-compartment cell using lithium metal strips as
reference and auxiliary electrodes, hence, all potentials
are referred to the Li/Li" electrode, and the cathodes
prepared as described above. The electrolyte was 1 M
LiPFg dissolved in EC+DMC (1:1 volume ratio). The
cell was assembled in an argon-filled glove box
(mBraun, Germany), where water and oxygen concen-
trations were kept less than 2 ppm, and then sealed well
with a paraffin wax and moved outside the glove box to
carry out the measurements. In all cyclic voltammetry
experiments, the direction of the first potential sweep
was (1) equilibrium potential, (2) lower vertex potential,
and (3) upper vertex potential.

Results and discussions

Titanium phosphate or related materials were synthe-
sized by an evaporation-induced self-assembly method
by using Ti(OC4Hy)s; and PCls, in the presence of
Pluronic (P123) as a non-ionic surfactant template. During
synthesis, two different molar ratios of P/Ti and two
different heat treatments after samples being synthesized
were used. The samples synthesized at P/Ti=0.412
(sample P-a) and at P/Ti=2.06 (sample P-b) were heat-
treated at 500 °C for 10 h, while samples synthesized
using P/Ti=0.412 (sample P-c) and at P/Ti=2.06 (sample
P-d) were heat-treated at 800 °C for 3 h. More details
concerning the synthesis protocol can be found in details
in the experimental section. Before heat treatment, all
samples were dried at 120 °C and analyzed by using
thermal gravimetric analysis (TGA) and differential
thermal gravimetric (DTG) as depicted in Fig. 1.

It is obvious that TGA curves can be categorized into
three distinctive regions: the first region positioned
below 200 °C and is characterized by gradual weight
loss which is attributed to desorption of physically
adsorbed water while the second region located nearly
at 200400 °C and characterized by fast weight loss
which is assigned mainly to the loss of the remaining
template (P123) which could not be removed completely
in the drying process; in this region it is highly
probable that transformation of orthophosphoric to
pyrophosphoric acid starts to occur. The third region is
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Fig. 1 TGA-DTG of the titanium phosphate materials after dried at
120 °C for 2 days. Titanium phosphate synthesized by using different
molar ratio of P/Ti=0.412 (a) and P/Ti=2.06 (b)

located above ~400 °C which is characterized by a
slight or no weight loss indicating a thermal stability of
the materials in this region.

Moreover, DTG analysis of Fig. 1 shows that there is a
sharp weight loss around 107, 272, and 392 °C, which can
be attributed to loss of surface-bound water, template
burning to carbon accompanied by orthophosphoric acid
to pyrophosphoric acid transformation, followed by trans-
formation of pyrophosphoric acid into metaphosphonic
acid, respectively. The step around 392 °C was manifested
more when the P/Ti molar ratio was 0.412 (dried at 120 °C
for 1-2 days, curve a). This manifestation suggests that the
phosphorus precursors did not react entirely to form TP
compounds (vide infra). Accordingly, the free (unreacted)
PCl; can explain a remarkable transformation into pyro-
phosphoric acid and then into metaphosphonic acid
according to Egs. 1-3. However, by increasing the P/Ti
molar ratio, (2.06 calcinated at 120 °C for 1-2 days, curve
b) we might have the same products with different kinetics
which rely on the amount of free PCl;. This is manifested
by the intensity of peaks at 272 and 392 °C.

PCl; can be easily hydrolyzed to phosphonic acid, and
hydrochloric acid is produced (Eq. 1) which is important to
keep the pH lower (acidic) for the hydrolysis of titanium
butoxide in the presence of PCls.

PCl; + 3H,0=H;PO; + 3HCI (1)

Then phosphonic acid disproportionates when heated to
form orthophosphoric acid according to Eq. 2

A (2)
4H;PO; ZPH; T +3H3POy
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The pyrophosphoric acid is followed by its transformation
into metaphosphonic acid (evidenced by the detection of
the peak at 392 °C of DTG curves). This can be described
[36] according to Eq. 3:

260°C 300°C
H3PO, 22 H, P, 0,225 (HPO3),, (3)

However, titanium pyrophosphate (TPP) or other phos-
phate derivatives formed instead of the pyrophosphoric
acid upon the reaction with titanium precursor as will
be discussed later. Some of this pyrophosphoric acid
existed in excess with no involvement in reaction which
is dependent on the amount of P/Ti molar ratio used.
The excess of pyrophosphoric acid can be transformed
into metaphosphonic acid at around 300 °C according to
Eq. 3. The choice of heat treatment to be higher than
450 °C is on the base of the TGA.

Figure 2 shows the FTIR spectra of all prepared
samples. All samples showed characteristic bands
around 2,344 cm ' assigned previously either to the
presence of phosphorus acid or ester P-H stretching
detected at 2,425-2,325 cm ' [37]. Presence of the
phosphorus acid and ester P-H can be existed and could
be explained according to reaction (4):

PCl; + 3C,HsOHHPO(OC,Hs), + CoHsCl + 2HCI  (4)

Since ethanol was used in significant amount to dissolve
the co-polymer non-ionic surfactant (P123) used in this
work, the presence of ester at either 500 °C for 10 h or
800 °C for 3 h could be explained. It seems impossible
that ester could exist; the sole way to explain its
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Fig. 2 FTIR spectra of titanium phosphate materials for samples
prepared from P/Ti molar ratio of 0.412 (a) and of 2.06 (b) after heat
treated at 500 °C for 10 h and of P/Ti molar ratio of 0.412 (¢) and 2.06
(d) heat treated at 800 °C for 3 h. All heat treatment done in air
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presence at such relatively high temperature is that it
might be trapped in the pores due to condensation
phenomenon (ink-bottle geometry of the pores, data not
shown here).

Samples P-a and P-b showed bands at 1,646 and
1,630 cm™' (Fig. 2a, b, respectively) assigned to H-O—-H
bending vibration from the structural water and the peak
intensities of these bands were diminished in the
direction of increasing of P/Ti molar ratio which
suggests that the amount of the structural water is
inversely related to P/Ti molar ratio. Lowering the P/Ti
molar ratio favors the formation of TiO, in the samples
at 500 °C for 10 h (confirmed later by X-ray diffraction
(XRD) analysis as shown below), this behavior is in
agreement with work reported previously that the increase
of titanium ions in a tetrahedral coordination is more
effective in adsorbing water [38].

The band appeared at 1,457 cm ' exclusively for
sample P-a, at P/Ti=0.412 molar ratio (Fig. 2a), could not
be attributed to the deformation of —CH, and —CHj3 of
the P123 copolymer, used as the template in this work, as
evidenced from the TGA (Fig. 1), instead it can be
ascribed to the Bronsted acidity due to the presence of P
(OH), groups [39]. The main band appeared at around
1,055 cm ' (Fig. 2a) is usually assigned to Ti—O-P
skeletal stretching vibrations [32, 40, 41]. Since Bhaumik
and Inagaki [32] could not find this peak for mesoporous
TiO, and this band could be assigned to be of metal
phosphate, we attributed this peak to the presence of
titanium phosphate. By increasing the P/Ti molar ratio to
2.06, (Fig. 2b) few weak peaks at 757 and 509.5 cm '
appeared, the first peak is attributed to the deformation
vibration of P—O-P [42] indicating the presence of
pyrophosphate while the second one assigned as P—CI
stretching [37] and interpreted as traces of unreacted PCls
adsorbed or trapped inside the porous structure. While by
increasing the temperature during the heat treatment from
500 °C for 10 h to 800 °C for 3 h, generally, the broad peaks
changed into sharp peaks and some sub-peaks formed.

Sample P-c (Fig. 2¢) shows bands around 2,344, 1,631,
1,209, 1,062, 982, and 924 cm ' which are assigned as
phosphorus acid, structural water, titanium phosphate or
TOP, P=0 [42], aliphatic P-O-C, and stretch vibration
of P-OH (assigned to phosphate, oxide phosphate or
pyrophosphate), respectively. On the other hand, sample
P-d (Fig. 2d), shows bands positioned at around 2,344,
1,634, 1,074, 954, 743, 621, 565, and 449 cm ' which
were assigned as phosphorous acid, structural water, Ti—
O-P skeletal stretching vibrations [32, 40, 41], phospho-
rus ester P-OH stretching [37], deformational vibration of
P-O-P similar to this reported by Patnaik [42] who
indicated the presence of TPP, bending vibrations of
phosphate groups, respectively.
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At 500 °C for 10 h, the synthesized materials
(samples P-a and P-b) show the quasi-hexagonal
(short-range-ordered mesoporous structure), as shown
from SAXRD (Fig. 3a, b). The SAXRD shows only one
single peak. The absence of any peak at higher angles
indicated that walls of these materials are amorphous and
lack of long-range order which suggested the presence of
disordered hexagonal or wormhole type structure [28].

Our SAXRD is inconsistent with that of Fei et al.
[43], where they claimed that the material they prepared is
in the range of mesoporous—macroporous porous materi-
als; however, there was no evidence from the SAXRD
where there was no detectable diffraction peaks. The
mesoporosity in their work can be evidenced only from
the nitrogen adsorption isotherms they presented, while
the pore—distribution curves they showed did not reveal
any macroporous structure, instead, it confirmed the
mesoporous structure, the TEM image showed as a proof
of macroporous is misleading, instead, it showed channels
between agglomerated particles and not pores as they
claimed. The same issue of misleading evidence of
mesoporous structure was reported in the work of Qiao
et al. [44]. The quality of the SAXRD, in many cases of
the titanium phosphate could be affected by the hygro-
scopic nature of the samples which might cause a
difficulty of experimental measurements and affect the
quality of the SAXRD peaks. Sample P-a (Fig. 3a) shows
a reflection at 26 of around 0.84° corresponding to a d-
spacing of 10.48 nm, which we assigned to the average of
the pore size of this material.

On the other hand, sample P-b (Fig. 3b) shows a
reflection at 20 of around 0.79° corresponding to the d-

illl|| |I|||||

e e

"

<

Z b

‘@

=

2

= d

aclLlllJ

LR E: MENLRIEN
1 2 3 420 40 60 80

26/ degree

Fig. 3 SAXRD powder pattern of titanium phosphate materials of
sample synthesized using P/Ti molar ratio of 0.412 (a) and 2.06 (b).
WAXRD powder pattern of samples synthesized using P/Ti molar
ratio of 0.412 (d) and 2.06 (e). Diffractogram (¢) showing the JCPDS
number 71-1168 corresponding to anatase TiO,. All samples heat
treated at 500 °C for 10 h in air

spacing of 11.11 nm. This incremental shift in d-spacing
upon increasing the P/Ti ratio of about 0.6 nm in the d-
spacing shows that the material is still in the range of
mesoporous material as identified by IUPAC classifica-
tion of the porous materials. Thieme and Schueth [35]
showed a similar shift of the d-spacing of as-received
sample compared to sample calcined at 550 °C, the
difference of the d-spacing was 0.4 nm, which is
consistent with our results. They reported that the material
is titanium oxo phosphate without giving an experimental
evidence of the presence of this material. In our work, the
formation of definite TOP phase could not be proved
solely by XRD.

At the same heat-treatment conditions, WAXRD
(Fig. 3c, d) sample P-a shows a crystalline phase indexed
to anatase TiO, (Fig. 3d compared to JCPDS no. 71-1168,
Fig. 3¢) at the lowest P/Ti molar ratio used in this work.
By increasing the molar ratio of the P/Ti, sample P-b,
the characteristic peaks of anatase TiO, vanished except
the main peak, at a value of 26 of around 23.8° very close
to 25.2° corresponds to (101) peak of anatase TiO,. This
peak’s broadening and the absence of other peaks
characteristic to TiO, suggesting that the material is
amorphous anatase TiO,, (TiO),P,0, or TiP,O; (Fig. 3e
compared to Fig. 4f, g). It is obvious that by increasing
the P/Ti molar ratio the formation of anatase-TiO, is
suppressed by the increase of phosphorus amount compared
to titanium ratio.

When introducing phosphate as additive into calcined
TiO,, transformation of anatase—TiO, into the most stable
thermodynamic form, the rutile (provided that the average
particle size diameter of TiO, is higher than 10 nm) [45, 46]
is inhibited. The inhibition of anatase—rutile transformation
by phosphorus was discussed early [47] and confirmed
recently [48, 49], the transformation of anatase TiO, itself

Intensity / A.U.

a iR [T " i c

420 30 40 50 60 70 80 90
26/ degree

2 3

Fig. 4 SAXRD powder pattern of titanium phosphate materials of
samples synthesized using P/Ti molar ratios of 0.412 (a) and 2.06 (b).
WAXRD powder pattern of samples synthesized using P/Ti molar
ratio of 0.412 (f) and 2.06 (g). Diffractograms ¢, d and e represent the
JCPDS numbers 71-1168, 39-0207 and 38-1468 corresponding to
anatase TiO,, (TiO),P,07 and TiP,0-, respectively. All samples heat
treated at 800 °C for 3 h in air
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might be retarded due to formation anatase—phosphate
surface of the amorphous titanium oxide leading to
suppress the crystal growth of the TiO, crystallite. The
presence of phosphate on the surface of TiO, limits the
growth of grains during calcination and suppresses the
anatase—rutile transformation, while the presence of phos-
phate in bulk of TiO, promotes the anatase—rutile transfor-
mation [50]. After changing calcination conditions, from
500 °C for 10 h to 800 °C for 3 h (Fig. 4), the SAXRD
(Fig. 4a, b) shows that the mesoporosity is lost completely,
as indicated by the absence of any peaks attributed to the
incomplete condensation of the wall [27].

On the other hand, WAXRD (Fig. 4c—g) showed
completely different XRD patterns from those discussed
in Fig. 3. P-c sample (Fig. 4f) even still showing the anatase
TiO, as indexed by JCPDS no. 71-1168 (Fig. 4c) showed
some other peaks which we identified as TOP of chemical
formula (TiO),P,0,, as indexed by JCPDS no. 39-207
(Fig. 4d); however, the presence of a third phase of TiP,0,
JCPDS no. 38-1468 (Fig. 4¢), could not be excluded in this
sample. The phase purity of this material still need further
confirmation which could not be attained exclusively from
XRD patterns as mentioned above.

By increasing the P/Ti molar ratio, sample P-d (Fig. 4g),
the relative concentration of TOP decreased as indicated by
the increase of the peak signal intensity while those of the
TPP increased. However, minor phase such as anatase TiO,
might still present either as an amorphous or even
crystalline phase in concentration behind the detection limit
of the XRD technique.

At 800 °C for 3 h, the samples were affected obviously
by increasing P/Ti molar ratio, and structural changes were
observed. We believe that structural change occurred during
TPP formation, and the structural change was from the
tetragonal (anatase TiO,) to orthorhombic (TOP), then to
cubic (TPP) structure.

Figure 5 showed the discharge—charge curves of samples
P-a to P-d at a constant current density of 20 mA g ' at
cutoff potentials between 1.5 and 3.5 V. The specific
capacity of the materials prepared at 500 °C for 10 h
(Fig. 5) decreased by increasing the P/Ti molar ratio. The
specific capacities were ~137 mA hg™' for sample P-a
(Fig. 5a) and around 25 mA hg ! for sample P-b (Fig. 5b)
compared to a theoretical capacity of TiP,O, of about
121 mA hg ' (calculation based on one mole insertion of
lithium); however, at this temperature, crystalline TiP,O,
single phase could not be confirmed as indicated from the
WAXRD (Fig. 3). The very low capacity of sample P-b is
attributed to its amorphous nature as shown above from
XRD data. The low capacity of amorphous material is
in agreement with the work of Wilhelm et al. [51];
however, most of the amorphous materials showed high
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Fig. 5 The first cycle of charging—discharging capacities of titanium
phosphate materials heat treated at 500 °C for 10 h in air, showing
samples synthesized using P/Ti molar ratio of 0.412 (a) and 2.06 (b)
and materials heat treated at 800 °C for 3 h in air showing samples
synthesized using P/Ti molar ratio of 0.412 (¢) and 2.06 (d). Current
density used during charging—discharging was 20 mA g’

capacity when compared to crystalline one [52-55]. It is
worth mentioning that Patoux et al. [56] synthesized
TiP,O7; however, their work was not focusing on the
mesoporous structure.

In this work, we did not notice any significant lithium-
ion insertion into our amorphous sample, which can
exclude the presence of amorphous anatase TiO, in that
sample. Instead, mesoporous, polycrystalline anatase TiO,
(Fig. 3a and d) is present, while mesoporous, amorphous
phase developed when the P/Ti molar ratio increased
(Fig. 3b and e). We anticipated this amorphous phase to
be either TOP or amorphous TPP as discussed above.

The specific capacity of our prepared anatase TiO, of
~137 mA hg ' (Fig. 5a) is in good agreement with the
work of Kijima et al. [57], where they reported a value
of 85 mA hg™' (for the first discharge—charge cycle at
10 mA g ' with a cutoff potential between 1 and 3 V) for
thin flakes TiO,, our prepared mesoporous material
showing better capacities due to its stabilization by
phosphate groups. On the other hand, our discharge
capacity of ~137 mA hg ' is better than the value
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reported by Zhou et al. [58] for TiO, nanotubes of
~90 mA hg ' prepared by the hydrothermal method
(compared at the same cut-off potentials and at the same
applied current density).

The increase of phosphorus content in the prepared
materials resulted in a decrease in the specific capacity
as it is shown in Fig. 5b to a value of about 25 mA hg ',
this decrease indicated that amorphous TOP or TPP has
been developed. The detection of polycrystalline anatase
TiO, was a straightforward from the XRD results;
moreover, lithium insertion electrochemistry confirmed
its presence where sample P-a (Fig. 5a) showed a
discharge plateau around 1.75 V corresponding to the
insertion of lithium ions, and charge plateau around
1.86 V, corresponding to extraction of lithium ions, which
is similar to that of pure anatase TiO, [59, 60]. However,
Huang et al. [59] reported slightly different values of the
insertion of 1.65 V and extraction of 1.95 V at
0.99 mA cm 2 These values shifted slightly to more
positive values upon decreasing the applied current
densities. Zotti et al. [61] reported lithium-ion insertion
into amorphous titania at a potential around 0.5-0.6 V
more negative than that of polycrystalline anatase, their
results confirmed afterwards [62].

On the other hand, samples heat treated at 800 °C for
3 h (Fig. 5c¢ and d), showed a decrease in specific
capacities by increasing the phosphorous amount similar
to the heat treatment of samples at 500 °C for 10 h. The
specific capacity shows about 81 mA hg ' for sample P-c
(Fig. 5c) which decreased after increasing the P/Ti ratio
for sample P-d (Fig. 5d) to about 53 mA hg '. This
decrease in capacity from sample P-c to sample P-d is less
than that for sample P-a to P-b (Fig. 5a and b), which is
due to structure changes as shown above from the XRD
data. Figure 5c¢ showed three plateaux at 1.75, 1.9 and
2.6 V. The first two plateaux are typical characteristics for
insertion and extraction of Li" into/from anatase TiO,
structure, respectively. The extraction of lithium at higher
redox potential showed as the third plateau at 2.6 V. The
redox value corresponds to the presence of Ti**/Ti*" in
TiP,O7 [63]. The absence of the corresponding discharge
plateau is unclear; however, a mixture of TiP,O; and TiO,
might present with a higher percent of the latter. By
increasing the P/Ti molar ratio, the first two plateaux
(Fig. 5d), raising a discharge and charge plateau of 2.6 V
which is consistent with previous work [10, 56, 63] or
even slightly shifted from these values [64].

Our experimental results suggest that the formation of
the TiO,, (TiO),P,0; and/or TiP,0 can be related to the
amount of titanium and of phosphorous precursor used
during the synthesis. The amount of phosphorus can
affect directly the amount of the generated H;PO,

according to Egs. 1-3, which can affect the amount of
pyrophosphoric acid and its reaction with Ti precursor
during the reaction. The cycleability of all synthesized
materials for consecutive 20 cycles showed that the
materials can be cycled without loss in the specific
capacity (Fig. 6).

Figure 7 shows cyclic voltammograms P-a and P-b
samples treated at 500 °C for 10 h (Fig. 7a and b), and
samples P-c and P-d heat-treated at 800 °C for 3 h
(Fig. 7c and d). At 500 °C for 10 h, the voltammogram
(Fig. 7a) shows an insertion broad peak located at 2.56 V
compared to its counterpart of extraction positioned at
2.82 V. We attributed these peaks to the presence of
amorphous (TiO),P,0, (vide supra) by sweeping the
potential further to a more negative value; a relatively
sharp peak found at 1.67 V assigned to insertion Li" into
the anatase TiO, compared to its counterpart of extraction
peak located at 2.04 V. The reported values in our work
are lower than the values of around 1.75 and 1.95 V
assigned respectively to insertion and extraction of lithium
into anatase TiO, [65—67]. At 500 °C for 10 h, the
increase in P/Ti molar ratio resulted in the vanishing of the
anatase peak while a sharp peak positioned at 2.6 V
prominently appeared.

The difference in the insertion and extraction peaks
of the data we report in this work, to the best of our
knowledge, is attributed to phosphate chemisorption on
the surface of TiO, in place of hydroxyl groups which
can affect the ionic mobility because of changing
bidentate attachment [48], or to particle size contribution
which might stimulate this potential shift. Subramanian
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et al. [68] reported dependence of potential peak shift
on particle size; in their work, they reported that
decreasing the particle size to nanometer size resulted
in cathodic (insertion) potential peak shift to a more
positive value while anodic (extraction) potential peak
shifted to a more negative value (at a scan rate of
0.1 mV s ). Based on this, our values of the potential
peak suggested that we have a nano-TiO, even with a
smaller particle size as described above [68]. Peak
separations reported by Subramanian et al. [68] were
0.65 and 0.49 V corresponding respectively to micro- and
nano-anatase TiO, particles, while in our work the peak
separations are 0.38 and 0.375 V for samples P-a and P-c,
respectively assigned to anatase TiO, in the presence of
phosphate or pyrophosphate materials. In our work,
crystallite sizes of samples P-a, P-c and P-d were 13.3,
26.7, and 64.5 nm, respectively as determined by analysis
of peak broadening by using the Scherrer equation [69]
and taking Si as a standard. While the particle size at 800 °C
for 3 h was found to be dependant on the P/Ti molar
ratio, the lattice strain was found to be inversely
dependent on the P/Ti molar ratio. The reported values
in our work are 1.34%, 0.74% and 0.37% for the P-a,
P-c and P-d samples, respectively, which shows that the
lattice strain was minimized for the TiP,0O5 sample.

At 800 °C for 3 h, peak potentials were positioned at
2.58 V for insertion while positioned at 2.66 V for
extraction (AE,=0.08 V) for sample P-c. On the other
hand, the peak potentials for sample P-d were positioned at
2.57 V for insertion of lithium ion and 2.63 V for lithium-
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ion extraction (AE,=0.06 V). The peaks of sample P-c
were more broad compared to the sharp peaks of sample
P-d where the all tetragonal (TiO,) not converted fully to
cubic (TiP,O), which are dependent on the amount of P/
Ti, once the P/Ti increased, all the tetragonal converted
into cubic. The reported 2.6 V for insertion of lithium ion
into TiP,05 [63] is very similar to the value reported here
in our work, the little shift of around 20-30 mV could be
ascribed to the presence of mixed phase or due to the
particle size changing which can have this effect as
discussed above. At such a high temperature of 800 °C
for 3 h, surprisingly, anatase TiO, still exists (sample P-c),
which we ascribed to the stabilizing effect of phosphate
ions and the inhibition effect of conversion into the rutile
phase by phosphate, as discussed above. By increasing the
P/Ti molar ratio, anatase disappeared completely and
vestigial broad peak appeared around 1.38 V as a result
of formation of traces of rutile TiO, [70], this rutile traces
could not be detected by XRD.

The lithiation or intercalation into the anatase TiO,
structure can occur according to general reaction:

TiO»+ xLit+ xe~ =Li, TiO,

Sample P-a showed the same peak for anatase TiO, as
that for the heat-treated samples at 500 °C for 10 h;
however, the redox peaks converted into sharp peaks by
increasing the heat treatment. By increasing the P/Ti molar
ratio, sample P-b showed two main peaks around 1.7 and
2.6 V which were assigned to anatase TiO, and TPP,
respectively, as confirmed by XRD. However, XRD could
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not confirm the presence of pure phase because the
strongest signals of the phases are common in these
phases. Cyclic voltammetry confirmed that sample P-b is a
pure TPP, which could not be assured solely by XRD.
Sample P-d showed sharp CV peaks compared to
amorphous ones which indicated its high crystalline
formation of TiP,0; as confirmed by XRD.

The morphologies of different particles were depicted
in Fig. 8. At 500 °C for 10 h, sample P-a shows pores on
the surface with an average diameter of around 23 nm.
However, since particle aggregation might be misleading,
this should be considered only as approximation. For

Fig. 8 Representative graphs of SEM of the synthesized samples after
heat treatment at 500 °C for 10 h in air using P/Ti molar ratio of 0.412
(a) and 2.06 (b) and of heat treatment of 800 °C for 3 h in air for
samples synthesized using P/Ti molar ratio of 0.412 (c¢) and 2.06 (d).
HRTEM of sample synthesized from P/Ti=0.412 followed by heat
treatment at 500 °C for 10 h, showing the mesoporous arrangement
and wall of pores (e), inset showing SAED

sample P-b, spherical aggregated particles. At 800 °C for
3 h, sample P-c shows an array of particles, which we
believe is a form of a mixture of TiO, and TiP,O-, as
confirmed above from cyclic voltammetry, charge—dis-
charge and XRD data. By increasing the molar ratio,
sample d shows particles attributed to formation of
TiP,0O;. These particles show some zigzag-like grooves
on its surface.

Figure 8e, sample P-a, shows the repeated spacing
(sum of wall and pore sizes) of ca. 9.5 nm, close to the
value from SAXRD (ca. 10.48 nm; Fig. 3a); the former is
more precise since the XRD peak at 0.84° is very broad.
The pore size was estimated to be ca. 6.5 nm and its wall
thickness of 3 nm. The SAED image shows that this
material possesses poorly crystalline wall instead of
amorphous one, which is consistent with the characteriza-
tion by WAXRD.

Conclusions

The mesoporous TP materials were stable up to 500 °C
for 10 h in our experimental conditions; the mesoporos-
ity lost after heat treatment at 800 °C for 3 h. The
FTIR, XRD, lithium insertion electrochemistry, all
proved that TPP has a less capacity compared to a
mixture of titanium oxide and TOP. However, TiP,O,
has a flat potential which can be related to the battery
application which needs constant current drain and of
moderate power. The molar ratio of P/Ti and heat
treatment affected the purity of the phase produced of TP
and hence affected other electrochemical properties and
morphology of particles, while low P/Ti molar ratio
concentration favored formation of stable anatase TiO,,
with traces of rutile undetectable with XRD, the high P/Ti
molar ratio favored the formation of TiP,O, at high
temperature (800 °C for 3 h) with zero strain for the
lattice. At moderate temperature (500 °C for 10 h), a
mixture of titanium oxo phosphate and TiP,O; formed.
The morphologies of the TiP,O; materials vary during
synthesis where it is dependent on the P/Ti molar ratio
and temperature which required to complete the synthe-
sis process. Spherical particles formed for the TiP,O~ at
P/Ti=2.06 at 800 °C for 3 h, while at 500 °C for 10 h, a
combination of TiO,, titanium oxo phosphate and
TiP,0O; can form spheres only when P/Ti molar ratio is
high. At lower temperature (500 °C for 10 h) and lower
P/Ti molar ratio (0.421), sample (a) showed the best
capacity; however, upon cycling, this capacity faded. On
the other hand, at a higher temperature (800 °C for 3 h),
and at lower P/Ti molar ratio (0.421), sample (b) showed
the best behavior, where the capacity is not faded
compared to sample (a).
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