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A B S T R A C T   

α-titanium phosphate phase [α-Ti(HPO4)2⋅H2O; abbreviated as α-TiP] is a nanolayered metal phosphate with 
several industrial and recent biotechnological applications related to their nanolayered morphology and ion 
exchange capabilities. Structural wise, α-TiP is a tetravalent metal phosphate that tends to crystallize into 
microcrystalline powder. Here we report that the crystallization of single α-TiP crystals with suitable dimensions 
(>50 μm) for single-crystal X-ray diffraction could be effectuated using a prolonged hydrothermal treatment of a 
metallic titanium alloy (Ti–6Al–4V) in a highly concentrated phosphoric acid aqueous solution. Accordingly, the 
single-crystal X-ray diffraction analysis revealed the crystalline structure in a monoclinic space group, P21/c, 
with a = 8.6288(5) Å, b = 5.00546(17) Å, c = 19.1468(11) Å, and β = 127.555(9)◦. Although the space group is 
the same crystallographic space group that was previously reported from the microcrystalline powder relying on 
powder X-ray diffraction (PXRD) and neutron powder diffraction, the obtained unit cell volume is slightly larger. 
Bulk of the obtained crystals were also subjected to detailed analyses using polarization optical microscopy 
(POM), scanning electron microscopy combined with energy dispersive X-ray microanalysis (SEM-EDX), Fourier 
transform Infrared Spectroscopy (FTIR) and thermal analysis (TG/SDTA). The single crystals are hexagonally 
shaped and exhibit the exact titanium to phosphorus ratio expected for α-TiP. The bulk sample PXRD pattern 
resembles perfectly that reported for the α-TiP polycrystalline powder with clearly sharper peaks. TGA-SDTA 
analysis revealed the expected thermal behaviour for α-TiP phase and demonstrated their higher thermal sta-
bility when compared to the polycrystalline powder.   

1. Introduction 

α-titanium phosphate, with the chemical formula α-Ti(HPO4)2⋅H2O, 
(abbreviated hereafter as α-TiP), is a tetravalent metal phosphate, on 
which investigations started in the middle of 1960s in an attempt to 
reproduce the synthesis and applications of its preceding zirconium 
analogue (α-ZrP) [1–4]. Like α-ZrP, α-TiP has high capacity for ion ex-
change and could be functionalized and exfoliated through intercalation 
with amines and other ions (species) or could be used as a repository for 
bio-functional nanoparticles [5–16]. With the same nanolayered 
morphology, there exist two other compounds with the chemical for-
mula γ-TiP [Ti(PO4)(H2PO4)•2H2O] and its anhydrous form β-TiP [Ti 
(PO4)(H2PO4)] [17–22]. To our knowledge, none of these nanolayered 
structures nor the other nanofibrous titanium phosphates (ρ-TiP and its 

polymorph π-TiP) could be crystallized into single crystals suitable for 
single-crystal X-ray structural studies. This is because they all tend to 
crystallize in the form of polycrystalline powder and, therefore, this 
made it only possible to study the crystalline structure of these phases 
using neutron and X-ray (also lately synchrotron) powder diffraction 
and solid-state NMR [23–29]. These results allowed for obtaining 
valuable general information about the bulk crystallinity and an 
approximate depiction of their three-dimensional structures. Neverthe-
less, the possibility of solving structures using single-crystal XRD would 
undoubtedly allow for the observation of the absolute atomic positions, 
bond lengths and angles and thus the determination of their definite 
pseudo 3D crystalline structure. For this the nucleation and crystal 
growth of high-quality crystals suitable for single crystal studies are the 
limiting factors [30–33]. Several methods have been reported to 
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effectuate the growth of high-quality crystals for inorganic, organic, or 
hybrid (macro-) molecules at different size scales [34–38]. However, 
obtaining single crystals in the case of a metal phosphate such as α-TiP is 
a three-step process, the first of which is the chemical reaction that 
would mediate the production of the required chemical compound [39]. 
Many studies reported on the synthesis of α-TiP, the first step of which is 
the synthesis of an amorphous titanium phosphate that is then treated 
hydrothermally with phosphoric acid solutions to be converted to a 
polycrystalline phase and this is indeed the reason for the difficulty of 
obtaining high-quality single crystals of appropriate sizes for single 
crystal XRD studies, because the immediate high supersaturation that 
results of that mixture would indeed decrease any possibility for single 
crystal growth [40,41]. Therefore, changing the starting materials 
source and/or decreasing the supersaturation could facilitate the route 
to more controlled nucleation and crystal growth. 

Here we report our approach to effectuate the growth of α-TiP single 
crystals using a 3-day hydrothermal treatment of a titanium alloy 
(Ti–6Al–4V) that is regularly used for medical applications [42,43]. This 
hydrothermal treatment in phosphoric acid aqueous solution allowed 
for the controlled formation of α-TiP growth units through the slow 
formation of titanium cations (Ti4+), due to the slow corrosion of the 
titanium alloy (substrate), and their subsequent reaction with hydro-
lysed phosphate groups (HPO4 

2-). Afterwards, the α-TiP growth units 
heterogeneously nucleated on the titanium alloy surface and continued 
their growth as 3D crystals through the 2D nucleation mechanism, as 
was revealed using the microscopic inspection. The crystals grew to 
dimensions that allowed for an unprecedented determination of the 
crystalline structure from single-crystal XRD data, that largely coincided 
with the crystal structure obtained previously for the polycrystalline 
powder using neutron powder diffraction [44,45]. The obtained crystals 
were also studied using POM, FTIR, SEM-EDX, PXRD and TGA and the 
results confirmed that the resultant crystals bear almost the same 
structural properties of the polycrystalline powder with a higher thermal 
stability. 

2. Materials and methods 

2.1. Crystallization of α-TiP single-crystals 

Ti–6Al–4V discs of 1 mm thickness and 5 mm diameter (c.a. 0.55 g of 
titanium) were cut and cleaned thoroughly using sonication in acetone, 
ethanol and distilled water, each for 10 min, respectively, and picked 
out to dry on dust-free papers. In a typical experiment, a disc was 
immersed in a 5 mL of 5 M H3PO4 aqueous solutions and hydrothermally 
treated at 180 ◦C for 3 days under autogenous pressure using well-sealed 
Teflon-lined stainless-steel autoclaves of 40 mL volume capacity. Af-
terwards, the autoclaves were left to cool down to room temperature. 
The grown single crystals were filtered, washed thoroughly with 
distilled water, and finally air-dried in an oven at 40 ◦C. 

2.2. Structural characterization methodologies 

2.2.1. Single-crystal X-ray diffraction studies 
Data collection was performed on an Oxford Diffraction Gemini S 

single-crystal diffractometer, using monochromatic radiation. Images 
were collected at a 55 mm fixed crystal–detector distance, using the 
oscillation method, with variable exposure time per image. The sample 
was measured using CuKα radiation (λ = 1.5418 Å) at 120 K. The crystal 
structure was solved by direct methods and refined by full-matrix least 
squares on F2. The complete model, except H atoms, was indicated by 
the direct-methods program SIR2014 [46]. The atomic positions were 
introduced in the program Olex2 [47] and refined from a least-squares 
calculation. The H atoms were added geometrically to the model. 

2.2.2. Morphological characterization 
Polarization optical microscopy (POM) images were obtained using 

an automated optical microscope Olympus BX61 for transmission and 
fluorescence studies equipped with a motorized stage and a high- 
resolution digital camera Olympus DP-70 (12Mega pxiels). 

Scanning electron microscopy (SEM) micrographs and energy 
dispersive X-ray microanalysis (EDX) were recorded with a JEOL JSM- 
6100 scanning electron microscope (JEOL, Tokyo, Japan) operated at 
20 kV coupled with an energy dispersive X-ray microanalysis (EDX) with 
an X-Max silicon drift (SDD) 80 mm2 detector (Oxford instruments, High 
Wycombe, England). 

2.2.3. Phase characterization 
The Fourier transform Infrared Spectroscopy (FTIR) for the poly-

crystalline and single crystal α-TiP were recorded in the range of 
4000–600 cm− 1 with an FTIR spectrophotometer, attached to a micro-
scope with an image-forming system (Varian 620-IR and Varian 670-IR) 
and three detection systems: one located in the spectrometer and two in 
the microscope (FPA, for imaging and MCT). Samples were used as-is, 
thanks to the used mode of the attenuated total reflectance. 

2.2.4. Powder X-ray diffraction studies 
The powder X-ray diffraction (PXRD) pattern was recorded on an 

X’Pert diffractometer (Philips, Amelo, The Netherlands) with Cu-Kα 
radiation (λ = 1.5406 Å) at room temperature over the angular 2θ range 
5–90◦ with a step of 0.02◦ and a counting time of 1.5 s/step. Rietveld 
refinement was carried out by the FullProf program [48]. Our single 
crystal structure of α-TiP was used as the initial model. The PXRD profile 
has been modeled as a Pseudo-Voigt function in the range 2θ = 5–90◦. 
The zero offset, the scale factor, background (Linear Interpolation be-
tween a set background points with refinable heights), the unit cell, 
fwhm and shape parameters, asymmetry correction for peaks below 2θ 
= 20◦, and the atomic positions and anisotropic temperature factors of 
Ti, P, and O atoms (excepting H) were refined. 

2.2.5. Thermal characterization 
A Mettler-Toledo TGA/SDTA851e was used for the thermal analyses 

in oxygen and nitrogen dynamic atmospheres (50 mL/min) at a heating 
rate of 10 ◦C/min. In all cases, ca. 20 mg of powdered sample was 
thermally treated, and blank runs were performed. 

3. Results and discussion 

Using the hydrothermal treatment of Ti–6Al–4V alloy in aqueous 
phosphoric acid solution, that resulted in a reaction crystallization 
mechanism, led to the growth of platy hexagonally shaped α-TiP crystals 
reaching an average size of 50–100 μm in their largest dimension and 10 
folds lower values (<10 μm) in their smallest dimension, i.e., the crystal 
thickness, as revealed through the optical microscopy observations 
(Fig. 1). This indicates that, unlike the usually obtained sub- 
microcrystalline powder for α-TiP (around 100 nm) through conven-
tional synthesis approaches [7,10–14,16], using this hydrothermal 
crystallization methodology allowed for: 1) controlled corrosion of the 
titanium disc, that in turn led to; 2) controlled dissolution of the tita-
nium ions into the phosphoric acid aqueous solution, that 3) under the 
hydrothermal conditions had undergone decomposition to different 
phosphate groups. The controlled titanium ions release into the system is 
indeed the way we controlled the supersaturation levels to be the lowest 
possible and therefore this minimized the nucleation events and allowed 
crystals to grow to relatively larger sizes. This is unlike the other 
methods where all the free titanium ions are put in direct vicinity 
reactive conditions with the phosphorous ions, leading to immediate 
high supersaturation levels and thus uncontrolled nucleation and poly-
crystallinity. Worth mentioning is that the hydrothermal treatment was 
performed in a relatively narrow cylindrical autoclave (surface area = 7 
cm2) and thus due to gravitational forces, the formed solid phases would 
settle at the bottom, possibly on the disc surface, before the complete 
dissolution of the whole disc, leaving behind isolated crystals. An overall 
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look to the obtained crystals, shows that around 25% of the obtained 
crystals have successfully grown to crystals of good quality. Particularly, 
smaller-sized crystals have better crystal surfaces when compared to the 
larger crystals that mostly have their surfaces blocked with irregularities 
and defects, possibly through secondary heterogeneous nucleation on 
their surfaces (Fig. 1). 

Scanning electron microscopy confirmed the size aspects and 
revealed that the crystals grew in a layered pattern with 2D nucleation 
as the main regime of crystal growth, while screw dislocations wherever 
detected led to spiral growth of polycrystals or the growth of relatively 
much larger crystals with weak or no diffraction ability (Fig. 2). 

Energy dispersive X-ray microanalysis (EDX) was performed on 
several crystals, and the normalized titanium to phosphorus atomic 
percentage ratio (Ti:P %atom) for all examined crystals was 1:2, which is 
the theoretically expected value for this compound [α-Ti(HPO4)2⋅H2O] 
(Fig. 3). 

As another important aspect, the synthesis was carefully evaluated 
after different periods of hydrothermal incubation to reveal the nucle-
ation mechanism. SEM inspection of the Ti–6Al–4V discs incubated for 3 
and 4 h in this reactive crystallization conditions showed that the disc 
started to experience its surface corrosion with almost no detected 
phosphorous and Ti to Al to V proportions very close to the theoretical 
values of that alloy (Fig. S1). However, in the solution, this etching led to 
increasing the amount of titanium ions (most probably Ti4+, since TiO2 
forms easily upon subjecting titanium to oxygen containing medium) in 
the solution, leading to the formation of the very first titanium phos-
phate phases (Fig. S2). It is important to mention here that although the 
disc etching should have released Al3+ and V5+ cations, they were 
almost not detectable in the areas where crystalline nuclei sediments 
were detected on the disc surface (Fig. S2). SEM imaging of the 
Ti–6Al–4V discs after 6 h in the same conditions showed tiny crystals 
covering the disc surface, indicating possible heterogenous nucleation, 
before they continued their crystal growth to completely exhaust 
(dissolve) the discs (the titanium source) (Fig. 4). At this early stage, Ti:P 
%atom obtained with EDX analysis showed various values (Fig. S3). This 
could be attributed to the presence of different phosphate groups form in 
the reactive solution (H2PO4

− , HPO4
2− and/or PO4

3− ), and thus the for-
mation of different TiP phases at the early stage of the hydrothermal 
treatment [49–51]. 

The spectroscopic characterization of the vibration modes of the 
polycrystalline powder and single crystals of α-TiP coincided perfectly, 

but the single crystals showed relatively lower transmittance and thus 
higher absorbance at most of the vibration bands compared to those 
resulting from the polycrystalline powder (Fig. 5). This implies that 
there is a higher population of bonds which have vibrational energies 
corresponding to the incident light in the single crystals when compared 
to the polycrystalline powder. The bands corresponding to the OH 
functional groups of water, the OH of the P–OH group, the P–O and P––O 
of PO4

3− and PO3
2− of HPO4

2− , and the terminal group Ti–O were detected. 
The bands at 3550 cm− 1 and 3475 cm− 1 are attributed to stretching 
vibrations of the OH groups in the molecular water that was adsorbed 
and crystallized in the region of the inter-laminar structure. The absence 
of a band at 3249 cm− 1 (that only is shown as a hardly defined shoulder) 
indicates that our material is dehydrated. The wide band around 3000 
cm− 1 indicates a strong union between the phosphate groups and the 

Fig. 1. Polarization optical microscopy images for single-crystals of α-Ti 
(HPO4)2⋅H20. Scale bar: 50 μm. 

Fig. 2. Scanning electron microscopy images for crystals of α-Ti(HPO4)2⋅H20. 
The images confirm the crystal habit, size, and final morphology (a). Crystals of 
relatively smaller sizes show smooth surfaces (b). Stacked crystals appear to be 
a result of spiral crystal growth relying on screw dislocations (c). At high 
magnification, islands of 2D nucleation were observed on the surface of rela-
tively smooth-surfaced crystals (d,e). 

Fig. 3. Representative EDX for a single α-Ti(HPO4)2⋅H20 crystal showing the 
normalized atomic and weight percentage ratio of titanium to phosphorus that 
coincides with its exact chemical formula. 
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titanium atoms in the Ti–O–P angle. Bands around 1615 cm− 1 are 
attributed to the H–O–H angle that generates a bending vibration of the 
water molecules coordinated with phosphate groups. A shoulder is 
observed at 1243 cm− 1 accounts for the asymmetrical stretching vi-
bration mode of P–OH. The presence of multiple bands around that 
wavenumber range can also imply the effect of the stretching mode of 
the P––O bond. Around 1000 cm− 1, big band with multiple minima 
occurs that can be attributed to vibration modes for the symmetrical and 
asymmetrical stretching of P–O, out-of-phase with the PO4

3− and HPO4
2− . 

Finally, the bands appearing around 720 and 614 cm− 1 can be attributed 
to the P–OH group and the overlap of the Ti–O group [52–57]. 

Regarding the crystallographic aspects, the structure of α-Ti 
(HPO4)2⋅H2O (α-TiP) was previously determined using neutron powder 
diffraction in combination with Rietveld refinement and Fourier syn-
thesis [44]. The calculated P21/c space group using single-crystal 
refinement is the same space group obtained using powder diffraction, 
but the unit cell parameters and thus the unit cell volume (Table 1) are 
around 0.6% larger than the previously obtained unit cell [a = 8.6110 
(3) Å, b = 4.9933(2) Å, c = 16.1507(7) Å and β = 110.206(3)◦, Volume 
= 651.70(5) Å3]. This could be attributed to two factors, the first of 
which is the possible incorporation of impurities, especially that the 
substrate contains other elements than titanium [58,59]. Another pos-
sibility could be the non-avoided radiation damage that those platy 
crystals could have encountered due to the prolonged exposure to the 
X-ray beam [60]. The crystallographic data and details of the final 
least-squares refinement are summarized in Table 2. Bond lengths and 
angles are listed in Tables 3 and 4. 

Powder X-ray diffraction analysis (PXRD) of the obtained bulk α-TiP 
crystals showed high crystallinity with much sharper peaks compared to 
that of the polycrystalline fine powder pattern, with the first charac-
teristic peak at 2θ = 11.651◦ (d002 = 7.5895 Å), that corresponds to its 
interlayer spacing’s. In order to verify the agreement of these new cell 

Fig. 4. SEM microscopy for the Ti–6Al–4V discs after their hydrothermal treatment in phosphoric acid aqueous solutions for 6 h at low (a) and high magnifications 
(b) and after 12 h (c), showing the early heterogenous nucleation of the α-Ti(HPO4)2⋅H20 crystals on the disc surface. 

Fig. 5. FTIR spectra of the synthesized polycrystalline powder (blue) and single 
crystals (red) of α-TiP obtained by scanning from 4000 to 600 cm− 1. 

Table 1 
Crystal data and structure refinement for α-Ti(HPO4)2⋅H20 (a: single-crystal, b: 
powder [44]).  

Empirical formula H4O9P2Ti (a) H4O9P2Ti (b) 

Formula weight 257.87 257.87 
Temperature/K 120 RT 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21/c 
a/Å 8.6288(5) 8.6110(3) 
b/Å 5.00546(17) 4.9933(2) 
c/Å 19.1468(11) 16.1507 (7) 
β/◦ 127.555(9) 110.206(3) 
Volume/Å3 655.60(8) 651.70(5) 
Z 4 4 
ρcalcg/cm3 2.613  
μ/mm1 16.107 No. of parameters: 

71 
F(000) 512.0 Rwp: 1.67 
Radiation Cu Kα (λ = 1.54184) Rexp: 1.05 
2Θ range for data 

collection/◦
10.926 to 151.3 RF: 4.45 

Index ranges − 7 ≤ h ≤ 10, − 6 ≤ k ≤ 4, − 23 ≤
l ≤ 21 

χ2: 2.54 

Reflections collected 3926  
Independent reflections 1330 [Rint = 0.0625, Rsigma =

0.0710]  
Data/restraints/ 

parameters 
1330/0/114  

Goodness-of-fit on F2 1.053  
Final R indexes [I ≥ 2σ 

(I)] 
R1 = 0.0450, wR2 = 0.1008  

Final R indexes [all data] R1 = 0.0725, wR2 = 0.1182  
Largest diff. peak/hole/e 

Å− 3 
0.52/-0.56  

CCDC no. 2124760  

Table 2 
Bond Lengths for α-Ti(HPO4)2⋅H20.  

Atom Atom Length/Å Atom Atom Length/Å 

Ti1 O3a 1.954(4) P1 O6 1.506(4) 
Ti1 O4 1.932(4) P1 O7 1.516(4) 
Ti1 O6 1.948(4) P1 O9c 1.522(4) 
Ti1 O7b 1.907(4) P2 O1 1.552(4) 
Ti1 O8 1.914(4) P2 O3 1.520(4) 
Ti1 O9 1.940(4) P2 O4 1.527(4) 
P1 O5 1.569(4) P2 O8d 1.523(4) 

Symmetry code. 
a -X,1-Y,2-Z. 
b 1-X,-Y,2-Z. 
c +X,-1+Y,+Z. 
d +X,1+Y,+Z. 
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parameters with the experimental PXRD pattern of the bulk sample of 
α-TiP, Pawley fitting method was performed with our generated CIF file 
and the experimental powder pattern (blue pattern) using the program 

High Score Plus [61]. The Rwp (= 8.15) and goodness-of-fit (χ2 = 1.64) 
values show a good agreement, which means that the obtained unit cell 
found by single-crystal XRD study reproduces the experimental PXRD 
diagram and these values are reliable (Fig. 6). Moreover, the final 
Rietveld refinement plot is given in Fig. 7, while crystallographic and 
refinement data are reported in Table S1. The obtained crystallographic 
and refinement data confirms the proposed unit cell found by 
single-crystal XRD study for α-TiP. 

The asymmetric unit cell of α-TiP comprises one Ti4+ cation, two 
HPO4

2− anions, and one water molecule (Fig. 8a). In α-TiP, Ti4+ cation 
occupies a slightly distorted octahedral environment (Fig. 8b), being 
surrounded by six Ti–O bonds belonging to two crystallographically 
non-equivalent PO4 tetrahedra of HPO4

2− anions (Fig. 8c and d). Out of 
the six oxygen atoms coordinated to Ti4+ cation, each three come from 
three crystallographically equivalents PO4 tetrahedra of HPO4

2− anions 
(Fig. 8e). The Ti–O interatomic distances range from 1.907(4) to 1.954 
(4) Å, with the average values of 1.933(4) Å, are reasonable and com-
parable to those found in the α-TiP previously determined using neutron 
powder diffraction in combination with Rietveld refinement and Fourier 
synthesis [44]. Moreover, the bond lengths and angles are in agreement 
with those value found for analogous Ti4+ octahedral geometries from 
CDS (Cambridge Data Base-2020) [62]. The two mono-hydrogen phos-
phate groups, HPO4

2− , crystallographically non-equivalent with tetra-
hedral geometry are vertex-shared with {TiO6} octahedra, and each PO4 
tetrahedron shares three of its four oxygen atoms with Ti4+ cation, while 
the fourth is linked to a hydrogen atom, constituting the most active site 
in α-TiP material (Fig. 8f and g). The P–O bonds range from 1.506(4) to 
1.569(4) Å, with the average values of 1.529(4) Å. These vertex-shared 
PO4 tetrahedra with {TiO6} octahedra gives rise to 2D-inorganic sheets 
in the ab-plane with an interlayer spacing of 7.59 Å (See the first 
diffraction peak in PXRD pattern in Fig. 6). In these inorganic sheets, the 
monohydrogen phosphate groups are located alternatively up and down 
each ab-plane containing the {TiO6} octahedra (Figs. 9 and 10). The 
packing of these inorganic layers generates six-sided cavities that 
contain the non-coordinated water molecules, which interact strongly 

Table 3 
Bond Angles for α-Ti(HPO4)2⋅H2O.  

Atom Atom Atom Angle/◦ Atom Atom Atom Angle/◦

O4 Ti1 O3a 89.23(17) O6 P1 O93 111.1(2) 
O4 Ti1 O6 178.84(17) O7 P1 O5 108.8(2) 
O4 Ti1 O9 91.88(16) O7 P1 O93 110.7(2) 
O6 Ti1 O3a 89.63(17) O9c P1 O5 109.7(2) 
O72 Ti1 O3a 178.66(18) O3 P2 O1 104.3(2) 
O72 Ti1 O4 89.47(17) O3 P2 O4 111.0(2) 
O72 Ti1 O6 91.67(17) O3 P2 O8d 112.4(2) 
O72 Ti1 O8 89.92(17) O4 P2 O1 109.2(2) 
O72 Ti1 O9 90.22(17) O8d P2 O1 108.6(2) 
O8 Ti1 O3a 90.43(17) O8d P2 O4 111.0(2) 
O8 Ti1 O4 90.80(17) P2 O3 Ti1a 141.1(3) 
O8 Ti1 O6 89.01(16) P2 O4 Ti1 142.4(2) 
O8 Ti1 O9 177.32(17) P1 O6 Ti1 141.8(2) 
O9 Ti1 O3a 89.48(16) P1 O7 Ti1b 152.0(3) 
O9 Ti1 O6 88.31(16) P23 O8 Ti1 149.0(2) 
O6 P1 O5 103.4(2) P14 O9 Ti1 141.3(2) 
O6 P1 O7 112.8(2)     

Symmetry code. 
a -X,1-Y,2-Z. 
b 1-X,-Y,2-Z. 
c +X,-1+Y,+Z. 
d +X,1+Y,+Z. 

Table 4 
Geometry of Hydrogen bond (Å, ◦) for α-Ti(HPO4)2⋅H2O.  

Donor –H⋅⋅⋅Acceptor D-H H⋅⋅⋅A D⋅⋅⋅A D - H⋅⋅⋅A 

O1–H1⋯O2 0.82 1.92 2.723(8) 166 
O2–H2a⋅⋅⋅O3 0.71 2.38 3.047(6) 157 
O2–H2b⋅⋅⋅O5 0.86 2.14 2.984(7) 166 
O5–H5⋯O2 0.82 192 2.737(7) 175  

Fig. 6. Pawley fitting (green) of the experimental powder XRD pattern (blue) with the new obtained cell parameters and the difference curve for the fit (red).  
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through hydrogen bonds with the P–OH groups of the inorganic sheets 
(Table 4 and Fig. 9). 

As one of the physical properties that are highly related to crystal-
lographic structures, we chose to study the thermal behaviour of the 
obtained single crystals and determine whether the subtle expansion in 
the cell parameters led to any changes in that regard. TG-DTG-SDTA 
curves of α-TiP carried out in N2-atmosphere are shown in Fig. 11 and 
an overlay of TG curves is shown in Fig. S4. The DTG results from the 
polycrystalline powder of α-TiP show three distinct minima at ≈ 60, 216 
and 497 ◦C (Fig. 11, left panel) [63]. On the other hand, the DTG curve 

Fig. 7. Final Rietveld refinement plots showing the experimental (red circles), calculated (black line) and difference profiles (blue line); green tick marks indicate 
reflection positions. 

Fig. 8. Crystal structure details of α-Ti(HPO4)2⋅H20: asymmetric unit (a), 
perspective view of the coordination environment of Ti (b) and HPO4

2− (c,d). 
Perspective view of the vertex-shared {TiO6}, {P(1)O4} and {P(2)O4} poly-
hedra (e,f,g). 

Fig. 9. Projection of the structure of α-Ti(HPO4)2⋅H20 along the b-axis.  
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of the single crystals shows three minima, first of which started later at 
248 ◦C, that overlaps with another minimum at 333 ◦C (Fig. 11, right 
panel). The total mass loss of single crystals at the first and second 
minima is 7.2% (calculated 6.98%), corresponding to the loss of hy-
dration water, with approximately 30% of this hydration water lost in 
the first band and 70% in the second one. For the single crystals, the first 
loss is slower (broad peak) and the second is faster (fine peak). These 
two minima are associated with two endothermic peaks on the SDTA at 
246 ◦C and 336 ◦C. The third minimum between 450 and 800 ◦C is due to 
the elimination of condensation water with a total mass loss of 7.2% 
(calculated 6.98%) and minima at 553 ◦C (associated with an endo-
thermic peak on the SDTA at 555 ◦C). This is a bit different from the DTG 
curve of the polycrystalline powder where the loss of hydration water at 
≈ 216 ◦C (with the first minimum observed at 60 ◦C is due to the 

elimination of adsorbed water) and the minimum for the elimination of 
condensation water is reached at 497 ◦C, with a total mass loss of 18.3% 
(calculated for Ti(HPO4)2⋅H2O: 13.95%). For the same α-TiP sample, 
TGA was also performed under O2-atmosphere (results not shown). The 
behaviour is similar (loss of hydration water: exp. 7.71%, cal. 6.98%; 
loss of condensation water: exp. 6.46%, cal. 6.98%). The temperature 
ranges are also similar to those observed in an N2-atmosphere. So, in 
summary the total mass losses for single crystals is around 4% less than 
that of the polycrystalline powder, added to that the single crystals have 
started their mass loss at higher temperature than that of the poly-
crystalline powder, and thus it needed reaching higher temperature to 
complete its mass loss. This indicates that single α-TiP crystals could 
possess an overall higher thermal stability compared to the α-TiP poly-
crystalline powder. 

4. Conclusions 

Here, we report on a facile and novel synthesis methodology for 
obtaining 2D single-crystals of the α-TiP phase, suitable for single-crystal 
X-ray diffraction analysis. This methodology is based on the hydro-
thermal incubation of a titanium alloy (Ti–6Al–4V) in a concentrated 
phosphoric acid aqueous solution. This resulted in the controlled 
dissolution of titanium ion species, mostly Ti4 (that easily forms on the 
titanium surface in the presence of oxygen), from the Ti–6Al–4V alloy 
surface and their reaction with the dissociated ions (possibly H2PO4

− , 
HPO4

2− and/or PO4
3− ) of the aqueous H3PO4 (weak acid) under these 

hydrothermal conditions. Here, we suppose that due to the relatively 
long treatment time, the disc surface area to solution volume ratio and 
the used high concentration of H3PO4 in our experiments, the third 
dissociation constant of H3PO4 is quite small. Thus, HPO4

2− was the most 
abundant ion that easily reacted with titanium ions (Ti4+) forming the 
α-TiP. From our adequate observations, α-TiP is a 2D crystalline struc-
ture that undergoes apparent difficulty to proceed its growth into 3D 
crystals. The suggested method in this research provides means for 
controlled mass transport through the slow release of titanium ions into 
the reactive crystallization solution and this allowed for apparently low 
supersaturation, relatively fewer nucleation events, slower formation of 
the growth units (α-TiP) and, thus, better incorporation of such growth 
units on the growing crystal surface. On the other hand, all the results of 
the performed analyses (single-crystal XRD, PXRD, POM, SEM-EDX, 

Fig. 10. Projection of the structure of α-Ti(HPO4)2⋅H20 along the a-axis.  

Fig. 11. TG (red line), DTG (blue line) and SDTA (green line) curves for microcrystalline powder (left panel) and single crystal (right panel) α-Ti(HPO4)2⋅H20 
obtained at 10 ◦C/min− 1 heating rate in N2-atmosphere. 
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FTIR) agreed with what was expected and reported previously for the 
polycrystalline α-TiP phase. The crystallographic details obtained for 
α-TiP single crystals closely resemble those revealed using the poly-
crystalline powder of α-TiP with subtle changes in the cell parameters 
and distinct difference in the thermal behaviour that could indicate that 
α-TiP single crystals possess higher thermal stability compared to the 
conventional polycrystalline powder. 

Funding 

This work was funded by MINECO, grant numbers MAT2016-78155- 
C2-1-R and MCI-21-PID2020-113558RB-C41; and by the Government of 
the Principality of Asturias, grant number GRUPIN-IDI/2018/170. A. 
Adawy research is also funded through the personal grant Ayudas Per-
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