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ABSTRACT:To realize high-power performance, lithium-ion
batteries require stable, environmentally benign, and economically
viable noncarbonaceous anode materials capable of operating at
high rates with low strain during charge� discharge. In this paper,
we report the synthesis, crystal structure, and electrochemical
properties of a new titanium-based member of the MPO4
phosphate series adopting the� -CrPO4 structure type.� -TiPO4
has been obtained by thermaldecomposition of a novel
hydrothermally prepared� uoride phosphate, NH4TiPO4F, at 600
°C under a hydrogen atmosphere. The crystal structure of� -
TiPO4 is re� ned from powder X-ray di� raction data using a
Rietveld method and veri� ed by electron di� raction and high-
resolution scanning transmission electron microscopy, whereas the
chemical composition is con� rmed by IR, energy-dispersive X-ray, electron paramagnetic resonance, and electron energy loss
spectroscopies. Carbon-coated� -TiPO4/C demonstrates reversible electrochemical activity ascribed to the Ti3+/Ti 2+ redox
transition delivering 125 mAh g� 1 speci� c capacity at C/10 in the 1.0� 3.1 V versus Li+/Li potential range with an average potential
of � 1.5 V, exhibiting good rate capability and stable cycling with volume variation not exceeding 0.5%. Below 0.8 V, the material
undergoes a conversion reaction, further revealing capacitive reversible electrochemical behavior with an average speci� c capacity of
270 mAh g� 1 at 1C in the 0.7� 2.9 V versus Li+/Li potential range. This work suggests a new synthesis route to metastable titanium-
containing phosphates holding prospective to be used as negative electrode materials for metal-ion batteries.

� INTRODUCTION

The projected shift toward a low-carbon economy demands
powerful, high-energy, and cost-e� cient batteries emergent in
the market,1 where lithium-ion batteries (LIBs) occupy the
dominant position. However, it becomes obvious that
carbonaceous negative electrode (anode) materials are not
capable of meeting the high-power performance requirements
desired in various applications. For large electric transport,
spinel-type oxide-based materials such as Li4Ti5O12 (LTO) are
considered to be attractive anodes owing to their long cycle life
and high-power characteristics even at the cost of a relatively
high redox potential of 1.55 V versus Li+/Li and a
comparatively low speci� c capacity of 175 mAh g� 1.2,3

Notably, titanium is not a rare metal, being the next-in-the-
row 3d metal after iron by distribution and availability.
Together with environmental benignity and nontoxicity,
titanium has turned into a highly demanded element for
energy storage materials. More importantly, electrode materials
operating via a de/intercalation charge storage mechanism
show much promise in terms of their functional properties,
resulting in longer cyclability and better power characteristics
in comparison to, for instance, alloying materials, which display
more signi� cant cell volume variation, resulting in huge
mechanical stress and poor cycling.4

Besides LTO, there are several other titanium-based anode
materials that can work through the de/intercalation
mechanism.3 Among them are diverse TiO2 modi� cations
with comparable redox potentials of� 1.5 V versus Li+/Li but a
higher theoretical capacity up to 330 mAh g� 1 corresponding
to the Ti4+/Ti 3+ redox transition.5 However, full lithium de/
intercalation is challenging and has been experimentally
achieved only at low current densities for nanosized powders
of TiO2.

6 Apart from oxides, polyanion compounds with
titanium have also been investigated as anode materials:
phosphates, silicates, and sulfates, such as LiTi2(PO4)3

6,7 and
LiTiPO4F.8,9

According to the literature data, utilization of the Ti3+/Ti 2+

redox couple upon Li+ de/intercalation was demonstrated for
several polyanion materials such as Ti2(SO4) 3,10

Na3Ti2(PO4)3,
11,12 and presumably LiTiPO4F.8,9 Generally,

the Ti3+/Ti 2+ transition is expected to exhibit lower potentials
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compared to the Ti4+/Ti 3+ one, which allows an increase of the
overall speci� c energy. Unlike Ti4+, Ti3+-containing materials
should have higher electronic conductivity because of the d1

electron con� guration, which partly eliminates the necessity of
using conductive surface coatings. The ionic conductivity of
titanium-based materials is mostly determined by the adopted
crystal framework, which was shown to be favorable in the case
of open-channel structures such as NASICON, KTiOPO4
(KTP),13,14 and CUBICON.15

The � -CrPO4 structural type, successfully exploited in the
electrode materials recently,16� 19 possesses spacious channels
accessible for alkali-ion migration.14,20� 22 Depending on the
chemical composition,� -CrPO4-structured compounds can be
employed as anode or cathode materials for LIB and sodium-
ion batteries.14,23 It should be noted that� -MXO4 (M = 3d
metal; X = P, As), being a metastable phase, cannot be directly
synthesized through a high-temperature solid-state reaction,
with the exception of� -CrPO4.

24 Thereby, the indirect
approaches should be designed to stabilize most of� -MXO4.
For instance,� -VPO4 and� -FeAsO4 were obtained by a low-
temperature decomposition of the corresponding ammonium
salts NH4VOPO4

16 and NH4FeAsO4F.25 However, there is no
evidence in the literature of the existence of TiPO4 crystallizing
in the� -CrPO4 structural type.

In this work, a novel titanium phosphate� -TiPO4 adopting
the � -CrPO4-type structure was obtained by thermal
decomposition of a hydrothermally prepared precursor,
NH4TiPO4F, and examined as an anode material for LIBs
utilizing the Ti3+/Ti 2+ redox couple.

� EXPERIMENTAL PART
Synthesis.To synthesize� -TiPO4, the NH4TiPO4F precursor was

prepared by a hydrothermal method. A total of 0.2400 g of metallic
titanium, 0.8000 g of TiOSO4, 3.4504 g of NH4H2PO4, and 0.5600 g
of NH4HF2 (all Sigma-Aldrich) were dissolved in 45 mL of deionized
and degassed water, then transferred to a 100 mL Te� on vessel with a
stainless-steel shell, and further heated at 210°C for 3 h with constant
magnetic stirring. The resulting product was washed with degassed
and deionized water and then with acetone. The obtained dark-violet
NH4TiPO4F powder was thoroughly dried over P2O5 in an argon
atmosphere overnight at room temperature. Then NH4TiPO4F was
annealed at 650°C for 9 h (the heating rate was 3°C min� 1) in a
hydrogen atmosphere with a titanium oxygen absorber in the hot zone
of the tube furnace and desiccative P2O5 near the hot zone to protect
Ti3+ from oxidation. After annealing, the dark-gray powder of� -
TiPO4 was stored under argon. The known modi� cation of TiPO4 (� -
TiPO4) was obtained by thermal treatment of� -TiPO4 at 850°C for
20 h (the heating rate was 3°C min� 1) in an argon atmosphere using
titanium powder as an oxygen absorber. The product was a gray
powder.

To obtain the TiPO4/C composite, 0.300 g of� -TiPO4 was mixed
with 0.090 g of poly(acrylonitrile) powder and 0.5 mL of
dimethylformamide. The mixture was poured into ethanol, and the
obtained slurry was thoroughly dried under vacuum at room
temperature. With the same precautions, the mixture was held at
600 °C for 1 h (the heating rate was 3°C min� 1). The resulting
powder of the� -TiPO4/C composite was used to prepare the
electrode materials.

Materials Characterization. Powder X-ray di� raction (XRD)
patterns were collected with a Huber G670 powder di� ractometer;
(Cu K� 1 radiation, 10� 100° 2� range). Ex situ di� raction patterns
were acquired using a Bruker D8 ADVANCE di� ractometer (Cu K�
radiation, 10� 80°, 2� range, 0.010° s� 1 scanning rate).

The attenuated-total-re� ectance Fourier-transformed infrared
(ATR-FTIR) spectra were recorded with a stand-alone LUMOS
(Bruker) FTIR microscope equipped with a germanium ATR crystal

(single re� ection, tip diameter� 100 � m), ZnSe beamsplitter, and
liquid-N2-cooled mercury� cadmium� telluride detector. Spectra were
recorded in the 4000� 600 cm� 1 range with 2 cm� 1 resolution and an
average of 64 scans.

Energy-dispersive X-ray (EDX) analysis was performed on a JEOL
JSM-6490LV scanning electron microscope (W-cathode, operating at
30 kV) equipped with an EDX system INCA Energy+ [Oxford, silicon
(lithium) detector].

Electron paramagnetic resonance (EPR) measurements were
performed at liquid-N2 temperature using an X-band (frequency
9.23 GHz) SPIN (St. Petersburg, Russia) spectrometer with a high-
frequency (100 kHz) magnetic-� eld modulation. Spectra were
collected with 0.5 mW input microwave power and a modulation
amplitude of 0.2 mT.

For transmission electron microscopy (TEM) studies, samples
were prepared by crushing the crystals with an agate mortar and pestle
in ethanol. The resulting suspension was deposited onto a carbon� lm
supported by a copper grid. In the case of a discharged material, the
samples were stored and prepared in an argon-� lled glovebox using
dimethyl carbonate. A Gatan vacuum transfer holder was used for
analysis and transportation of the sample from an argon-� lled
glovebox to the TEM column to prevent interaction with air. Electron
di� raction (ED) patterns, high-angle annular-dark-� eld scanning
transmission electron microscopy (HAADF-STEM) images, annu-
lar-bright-� eld scanning transmission electron microscopy (ABF-
STEM) images, and STEM-EDX compositional maps were acquired
at 200 kV on a probe aberration-corrected FEI Titan Themis Z
electron microscope equipped with a Super-X system for EDX
analysis and a Quantum 965 GIF detector for electron energy loss
spectroscopy (EELS) measurements. The EELS spectra were
collected using a monochromatic beam at 120 kV, while the energy
resolution calculated as the full width at half-maximum height of the
zero-loss peak was 0.12 eV.

Structure Re� nement. The Le Bail� tting of NH4TiPO4F [space
group (S.G.)Pnna(No. 62)] and Rietveld re� nement of the� -TiPO4
crystal structure from powder XRD data were performed using the
JANA2006program package26 with the � -VPO4 structure16 [S.G.
Imma(No. 74)] as an initial model. In both cases, the background
was estimated by a set of Chebyshev polynomials, followed by� tting
of the unit cell parameters and the peaks’ shape with the pseudo-
Voight function. After full pro� le matching, the scale factors, atomic
coordinates, and isotropic atomic displacement parameters (ADPs)
were re� ned.

Electrochemical Measurements.For electrochemical testing,� -
TiPO4/C, Carbon Super-C (Timcal), carbon nanotubes (Oscial), and
CMCNa (160 kDa, 0.9 degree of substitution, Sigma-Aldrich)
(80:5:5:10 wt %) were mixed with 0.5 mL of deionized water, cast
onto aluminum or copper foil by the doctor blade technique, and then
dried under a N2 � ow at room temperature. The round-cut electrodes
(loading of the active material: 1.0� 1.4 mg cm� 2) were sustained
under vacuum at 60°C for 12 h. The electrochemical properties were
evaluated using Swagelok-type two-electrode cells with copper and
stainless-steel current collectors, 1 M LiTFSI (Sigma-Aldrich,
� 99.0%) in a bis(2-methoxyethyl) ether (diglyme, Sigma-Aldrich,
anhydrous, 99.5%) electrolyte solution, glass-� ber separators (GF/A,
Whatman), and a lithium metal (ribbon, 0.38 mm, Sigma-Aldrich,
99.9%) negative electrode. The galvanostatic and cyclic voltammetry
(CV) measurements were carried out at room temperature using a
Biologic VMP3 potentiostat. The anodic (upper) cuto� potential was
set to the initial open-circuit voltage (OCV) value, generally lying
within 2.9� 3.1 V versus Li+/Li.

Bond Valence Energy Landscape (BVEL) Calculations.The
BVEL27,28 method, implemented in the3DBVSMAPPER2.0soft-
ware,29,30was used for the estimation of Li+-ion migration pathways in
� -TiPO4 (Imma) and � -TiPO4 (Cmcm) frameworks with a 0.2 Å
spatial resolution. The crystal structures and migration pathways (as
isosurfaces) were depicted usingVESTA 3.0software.31

Density Functional Theory (DFT) Calculations.DFT calcu-
lations were performed using the projected-augmented-plane-wave
(PAW) method, with the Vienna ab initio simulation package
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(VASP)32 and the high-throughput python-based packageSIMAN.33

We adopted the generalized gradient approximation to the exchange-
correlation functional and standard PAW PBE potentials34 with a
minimum number of valence electrons. To take into account the
strongly correlated character of Ti 3d electrons, a Hubbard-like
correction was added within the Dudarev scheme35 and aU value of
3.2 eV, which was used in our previous studies for KTiPO4F.13

Gaussian smearing with a smearing width of 0.1 eV was used for
Brillouin-zone integrations. All calculations were performed with spin
polarization with the ferromagnetic ground state. An energy cuto� of
400 eV, a� -centeredk-point mesh of 2× 2 × 4 for the unit cell with
72 atoms, and a total energy convergence tolerance of 0.0001 eV were
used. Optimization of the cell size, shape, and atomic positions was
performed using a conjugate-gradient algorithm until the forces acting
on the atoms were smaller than 0.05 eV Å� 1, which is enough for
obtaining the total energies within 1 meV atom� 1 precision. The
initial geometry of� -TiPO4 was taken from the experiment. The
discharge voltage curve was obtained by the sequential insertion of
lithium into the� -TiPO4 host using one unit cell. At each step, the
most favorable position for lithium insertion was determined by
screening all available empty voids. The lowest-energy con� guration
was used for the next step, and the process was repeated until 10 Li
atoms were inserted. In total, this required 126 atomic optimizations,
which were performed at reducedk-point mesh and 300 eV energy
cuto� . The initial positions of the empty voids were found using an
approximation of the hard spheres, followed by atomic optimization

in DFT. The� nal lowest-energy con� gurations were fully optimized
using the DFT+U level of theory at an increased energy cuto� of 600
eV. The average potential at each lithium concentrationx was
calculated as� � E(x)/ e, where � E(x) is the enthalpy for the
intercalation reaction (in eV) ande is the elementary charge. The
� E(x) is de� ned as

� �� = [ Š Š ]�+E x E E E( ) (Li TiPO ) (Li TiPO ) (Li) /x x4 4 (1)

whereE(Lix+� TiPO4) and E(LixTiPO4) are the total energies of two
phases atx andx + � lithiation limits andE(Li) is the energy per alkali
atom in the metallic state with abcclattice. The consideredx values
are 0, 0.08, 0.17, 0.33, 0.5, 0.75, and 0.83 and� = 0.08� 0.16, de� ned
as the di� erence between the two consecutivex values.

The tools for the sequential insertion of cations into the host
structure and voltage curve construction were added to theSIMAN
package.

� RESULTS
The powder XRD data of hydrothermally prepared
NH4TiPO4F were fully indexed in the orthorhombic crystal
system [S.G.Pnna(No. 62)] with the unit cell parametersa =
13.0224(3) Å,b = 10.7173(2) Å,c = 6.5349(2) Å, andV =
912.03(3) Å3 (Figure S1). The XRD pattern of TiPO4 after
thermal decomposition of NH4TiPO4F was fully indexed on an

Figure 1.(a) Rietveld re� nement of� -TiPO4 based on the XRD data: experimental, calculated, and di� erence patterns. (b) ED patterns of� -
TiPO4 along three main zone axes. (c) Ball-polyhedral representation of the� -TiPO4 crystal structure along the [010] axis. (d) Enlarged fragment
of the� -TiPO4 crystal structure demonstrating the connectivity and distortion of key structural units. O atoms are depicted as dark-green spheres.
(e) [010] ABF-STEM and (f) HAADF-STEM images as well as (g) the [001] HAADF-STEM image of� -TiPO4. Enlarged representative
fragments are given on the insets with the corresponding crystal structure projections. Ti, P, and O atoms are designated with dark-red, green, and
light-red spheres, respectively.
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orthorhombic lattice [S.G.Imma(No. 74); Figure 1a], with
the unit cell parameters listed inTable 1. No traceable known

crystalline admixtures were detected by powder XRD phase
analysis. The space group was validated by ED: the ED
patterns (Figure 1b) clearly demonstratehk0 (h, k = 2n), h0l
(h + l = 2n), and 0kl (k + l = 2n) re� ection conditions, which
are consistent with the assigned space group.

The crystallographic parameters, atomic positions, ADPs,
and selected interatomic distances from the Rietveld re� ne-
ment of TiPO4 are presented inTables 1� 3. The obtained

product was found to be isostructural to� -CrPO4 and further
referred to as� -TiPO4. The hitherto known structural
modi� cation of TiPO4 crystallizing in the CrVO4 structure
type at ambient conditions [S.G.Cmcm(No. 63)]36,37 is
further designated as� -TiPO4.

The crystal structure of� -TiPO4 represents a polyhedral
framework formed by the edge- and corner-shared TiO6
octahedra linked by PO4 tetrahedra by either corners (P1O4)
or edges (P2O4). The continuous system of channels formed
along thea andb directions remains unoccupied (Figure 1c).
An interesting feature of this structure is the formation of
complex edge-sharing units consisting of two Ti2O6 octahedra
and one P2O4 tetrahedron that leads to a severe distortion of
both TiO6 octahedra and PO4 tetrahedra (Table 3andFigure
1d). The P2O4 tetrahedron is subjected to a larger distortion

of the P� O bonds because of edge-sharing, whereas the
corner-sharing P1O4 one is more symmetric. The ABF- and
HAADF-STEM images (Figure 1e� g) con� rm the re� ned
structure. In the HAADF-STEM image, the bright dots
correspond to projected mixed Ti� P columns (Figure 1f,g).
In the ABF-STEM image, both mixed Ti� P and O atomic
columns are visible as dark spots, with the darkness according
to the average atomic numbers along the columns (Figure 1e).

The FTIR spectra of NH4TiPO4F and � -TiPO4 are
presented inFigure 2a. In the� -TiPO4 structure, no H2O or

OH groups exist, as validated by the absence of characteristic
bands in the 3200� 3800 cm� 1 region and near 1600 cm� 1.
The band near 1500 cm� 1 characteristic of the H� N� H
deformation mode in NH4TiPO4F is not observed in� -TiPO4,
con� rming the full removal of ammonia upon thermal
decomposition. The bands corresponding to the O� P� O
stretching vibrations are severely split in the FTIR spectrum of
� -TiPO4, which is presumably related to the existence of two
symmetry-independent PO4 tetrahedra: the distorted edge-
sharing one and the other more symmetric one, corner-shared
with other structural units. Shorter P� O bonds would
correspond to the absorptions at higher wavenumbers. The
tetrahedra in the NH4TiPO4F precursor are both corner-
sharing and rather symmetric, revealing no signi� cant splitting
of the bands that appeared near 900 cm� 1 (Figure 2a).

It is well-known that Ti3+-containing compounds might
exhibit an EPR signal due to the d1 electron con� guration. The
EPR spectra of both� -TiPO4 and NH4TiPO4F reveal quite

Table 1. Lattice Parameters of Rietveld Re� nement Indices
for � -TiPO4

formula � -TiPO4

space group Imma
a, Å 10.8444(6)
b, Å 13.1956(7)
c, Å 6.3669(4)
V, Å3 911.09(13)
Z 12
GOF 1.16
RF, % 6.38
Rp, Rwp, % 2.09, 2.63

Table 2. Atomic Positions, Fractional Coordinates, and
ADPs for� -TiPO4

atom position x/ a y/ b z/ c Uiso, Å2

Ti1 4d 1/ 2
1/ 2 0 0.023(1)

Ti2 8d 1/ 4 0.3620(3) 1/ 4 0.023(1)

P1 4d 1/ 2
1/ 4 0.0788(14) 0.023(1)

P2 8d 1/ 4 0.5727(4) 1/ 4 0.023(1)

O1 8d 0.3903(11) 1/ 4 0.2335(17) 0.023(1)

O2 16d 0.3650(6) 0.4978(5) 0.2278(16) 0.023(1)
O3 16d 0.2284(7) 0.6426(5) 0.0618(10) 0.023(1)
O4 8d 1/ 2 0.3509(7) � 0.0370(16) 0.023(1)

Table 3. Selected Interatomic Distances for� -TiPO4

bond distance, Å bond distance, Å

Ti1� O2 (×4) 2.061(8) P1� O1 (×2) 1.544(13)
Ti1� O4 (×2) 1.981(8) P1� O4 (×2) 1.522(10)
Ti2� O1 (×2) 2.124(9) P2� O2 (×2) 1.597(7)
Ti2� O2 (×2) 2.188(9) P2� O3 (×2) 1.530(7)
Ti2� O3 (×2) 2.000(6)

Figure 2.(a) FTIR spectra of� -NH4TiPO4F and� -TiPO4. (b) EELS
spectrum of� -TiPO4 in the vicinity of the Ti-L2,3 edge. The TiO,
Ti2O3, and TiO2 EELS spectra are given as references. (c) EPR
spectrum of� -TiPO4 revealing the Ti3+ broad resonance signal with
geff � 1.84.
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intense signals of a resonant absorption with e� ectivegfactors
of 1.84 (Figure 2c) and 1.90 (Figure S1, inset), respectively,
manifesting the Ti3+ oxidation state. A broader EPR signal was
observed in the case of� -TiPO4 (the peak-to-peak line width
� Hpp � 31 mT, while� Hpp � 13 mT in the case of
NH4TiPO4F), which re� ects a stronger dipole� dipole
interaction due to the shorter distance between paramagnetic
ions (3.29 Å av. and 2.94 Å min. in� -TiPO4 vs. 3.57 Å min. in
NH4TiPO4F). For� -TiPO4, the 3+ oxidation state of titanium
is additionally con� rmed by EELS analysis of the Ti-L2,3 edge
(Figure 2b). The 3+ oxidation state of titanium is also in line
with the average bond-valence-sum value for titanium of
2.88(6).

The Ti/P ratio in� -TiPO4 was found to be 1.00(2):1.00(2)
by STEM-EDX analysis with no� uorine or nitrogen detected
in the sample (Figure S2). It is noteworthy that the Ti and P
elements are uniformly distributed in bulk, which is shown by
the STEM-EDX mapping (Figure 3a). The powder consists of
“sponge-like” rhombohedral particles of 0.5� 4 � m in the
longest direction (Figure 3b).

In order to assess the electrochemical performance of� -
TiPO4, the carbon-coated� -TiPO4 electrodes were initially
studied by CV. The OCV potential for� -TiPO4 in a lithium
cell stabilizes at 2.9� 3.1 V versus Li+/Li. To determine
correctly the available potential window, CV curves were
recorded with a descending cathodic potential by 0.1 V starting
from 1.8 V (Figure 4a). Upon a decrease in the cathodic cuto�
potential, the CV curves reveal four pairs of peaks. Process I
has a much larger peak-to-peak separation than the others, and
its formal potential gradually shifts upon charging, while the
formal potentials of redox processes II� IV practically do not
change. It was clearly shown that, upon going below 0.9 V, the

cathodic current rises drastically and the electrode material
seemingly undergoes a conversion reaction. Upon further
cycling down to 0.8 V, the shapes of the CV curves alter
largely, with the electrode showing capacitive behavior (Figure
4b).

Products of this conversion process might be titanium and
Li3PO4, as follows from a possible decomposition reaction:

� � + = +TiPO 3Li Ti Li PO4 3 4 (2)

At the galvanostatic discharge curve in the 0.45� 2.90 V range,
a plateau-like feature at around 0.8� 0.9 V can be clearly seen
(Figure 4b, inset), which might indicate a possible phase
transformation. For this conversion reaction, the theoretical
capacity amounts to 558 mAh g� 1, which is equivalent to a
three-electron transfer. At the end of discharge with a constant-
voltage region, the experimental speci� c capacity reaches 573
mAh g� 1, which is in good agreement with the expected
reaction given above. The titanium and Li3PO4 products are
not distinguishable on the powder XRD patterns (Figure S3).
However, they were recognized in the recovered electrode
discharged to 0.45 V by high-resolution scanning transmission
electron microscopy (STEM) and the corresponding EDX
analysis (Figure 5a).

Thus, for further studies, the cathodic cuto� potential was
set to 1.0 V. In the 1.0� 2.9 V potential range,� -TiPO4 shows
reversible electrochemical activity. CV measurements with
di� erent scan rates from 0.1 to 0.5 mV s� 1 in the 1.00� 2.90 V
potential region were performed to establish the mechanism of
de/intercalation charge storage that can be di� usional or
pseudocapacitive, or a combination of both (Figure S4).
Assuming that the CV currentI is proportional to the
electrochemical potentialV to a power ofb (I = aVb), the b
value will characterize the ratio between the two types of
charge storage (0.5, di� usion-controlled; 1.0, surface-con-
trolled). The experimental data clearly show that theb
coe� cient for process I upon charging is 0.70, while for the
other processes, theb values lie in the 0.9� 1.0 range, which
indicated mostly pseudocapacitive charge storage behavior,38

which is in line with the porous microstructure of the material
and small di� usion length for the primary particles. The DFT-
calculated change of energy in this reaction is� 4.5 eV,
con� rming its strong favorability.

Galvanostatic measurements of the� -TiPO4/C composite
were performed in the gradually opening voltage window
starting from 1.8 to 3.1 V with a 0.1 V step at every cycle until
1.0� 3.1 V. It can be easily deduced from thex(t) plot (Figure
4c, inset) that there is some irreversible capacity at each cycle
totally reachingx = 0.37, which is equal to 69 mAh g� 1. This
capacity loss might be explained by a permanent consumption
of some amount of Li+ ions with the formation of a stable
phase of a presumable Li0.3TiPO4 composition. A similar
irreversible behavior was previously observed for� -VPO4,
which forms the Li0.7V3(PO4)3 (or Li0.23VPO4) phase after one
full cycle.16 Afterward, three extra charge� discharge cycles at
C/10 were performed to stabilize the Coulombic e� ciency at
around 99.8%. The practically delivered speci� c capacity is
125/123 mAh g� 1 for discharge� charge processes respectively
for the 12th cycle at C/10.

Upon an increase of the C rate up to 10C, the material
retains 54 mAh g� 1 (Figure 4d), revealing a rather attractive
high-power performance. Regardless of the increasing polar-
ization with higher C rates, the Coulombic e� ciency is near
100%. According to the ex situ XRD data, the volume variation

Figure 3.(a) STEM-EDX elemental map of the Ti and P elements of
� -TiPO4 particles, demonstrating the homogeneous distribution of P
and Ti atoms among the particles. (b) Low-magni� cation HAADF-
STEM image of� -TiPO4 showing a sponge-like type of micro-
structure with mostly rhombohedral morphology.
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between the initial one and that discharged to the 1.00 V
electrodes is only 0.5% (Figure S3). The unit cell expansion of
the discharged material is in accordance with a larger ionic
radius of Ti2+ in comparison to that of Ti3+ (0.86 and 0.67 Å,
respectively). Moreover, the EELS spectrum of the fully
discharged to 1.0 V electrode demonstrates the shift of the
peaks’ maxima to lower energies, which indicates the Ti3+/2+

oxidation state transition, con� rming the de/intercalation
mechanism in this potential region with the formation of a

Li� TiPO4 phase (� � 1; Figure 5b). For the cycled and charged
to 3.0 V electrode, the EELS peaks’ maxima move right yet do
not fully recover their initial positions as in the OCV electrode,
thus presumably manifesting a mixed Ti2+/3+ state. This is in
accordance with the above-mentioned formation of the mixed-
valence Li1/3TiPO4 phase and veri� ed by a slight di� erence in
the unit cell parameters between the pristine and cycled
electrodes of 0.15% in the cell volume (Figure S3 and Table
S1).

Figure 4.(a) CV curves of� -TiPO4 with a descending cathodic cuto� potential from 1.8 to 1.0 V versus Li+/Li. (b) CV curves of� -TiPO4 at 1.0,
0.9, and 0.8 V cathodic cuto� potentials showing a change in the electrochemical charge storage mechanism. Inset: Galvanostatic discharge curve
showing a plateau-like feature related to a conversion reaction. (c) Galvanostatic charge� discharge curves for� -TiPO4 at C/10 with a descending
cathodic cuto� from 1.8 to 1.0 V with a 0.1 V step. Inset: Evolution ofx in LixTiPO4 with time derived from the corresponding charge� discharge
curves. (d) Galvanostatic charge� discharge curves for� -TiPO4 manifesting a C-rate performance at 10C� C/10 rates after one cycle in the CV
regime (1C is equal to 187.6 mAh g� 1). (e) Galvanostatic charge� discharge curve down to 0.8 V, with subsequent curves manifesting a capacitive
type of charge storage with 0.8 (red) and 0.7 V (violet) cathodic cuto� potentials. (f) Galvanostatic discharge curve predicted from DFT+U
calculations. The voltage atx = 0 is� xed at 2.75 V. The dashed line is an approximation by the third power polynomial to guide the eye.

Figure 5.(a) STEM-EDX images of the� -TiPO4 electrode discharged to 0.45 V showing the presence of metallic titanium and Li3PO4 particles.
(b) EELS spectra of pristine discharged to 1.0 V and charged to 3.0 V� -TiPO4 electrodes.
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When discharged down to 0.8 V, the material undergoes a
conversion reaction, and the products show capacitive
electrochemical behavior, delivering up to 270 mAh g� 1

speci� c capacity (Figure 4e).
To determine stable lithium positions at di� erent concen-

trations, we performed DFT+U full optimization of lithiated
structures by the sequential insertion of Li atoms in the� -
TiPO4 host. The corresponding galvanostatic charge curve is
provided inFigure 4f, which is in good agreement with the
experimental results. The optimized lattice constants for the
considered intermediate concentrations (0.0, 0.08, 0.17, 0.33,
0.5, and 0.75) are provided inTable S2and the geometry� les.
� -TiPO4 contains numerous interstitial positions with trigonal-
prismatic coordination as well as two distinctive channels along
the b axis: large (Figure S5d) and small (Figure S5e).
According to DFT+U, the intercalation of lithium starts from
the positions with a prismatic coordination and proceeds forx
< 0.33 (Figure S5a). At x = 0.33, close neighboring prismatic
sites are� lled, which causes a reduction of the potential due to
Li� Li repulsion because the O atoms are o� set and cannot
provide su� cient screening in such a geometry (Figure S5b).
The coordination of lithium becomes more square-like. Atx =
0.5, lithium is pinned to the surface of the large channel, which
changes the coordination of the neighboring lithium from
prismatic to square-like (Figure S5c� e). Additionally, lithium
is intercalated into the center of the small channel also in a
square-like coordination (Figure S5e). At x = 0.75, the
intercalation proceeds to the surface of the large channel with a
triangular-like coordination (Figure S5d). It is important to
note that the correct voltage curve is reproduced only with
DFT+U, while DFT withoutU correction underestimates the
intercalation potential by 0.5� 0.6 V. At the same time, the
calculated lattice constants of the intercalated material are
unusually overestimated by both the DFT and DFT+U

methods compared to the experiment. The reasons for that
are currently not clear and will be considered in future studies.

� DISCUSSION
Both NH4TiPO4F and � -TiPO4 are � rst-reported new
compounds complementing the NH4MPO4F (KTP-type)
and � -MPO4 families, respectively. It is well-known that
metallic titanium can be chemically activated after depassiva-
tion of the surface oxide� lm in solutions of phosphoric and/or
hydro� uoric acids, especially at the hydrothermal reaction
temperatures. At the same time, Ti3+-containing compounds
might be unstable toward oxidation by water at elevated
temperatures. Nevertheless, the parameters of a hydrothermal
reaction, which can stabilize the Ti3+ oxidation state, are
primarily the acidity of the solution, pressure, concentration of
F� , and solubility of the product. A chemical equation for the
hydrothermal preparation of NH4TiPO4F can be written in the
following manner:

+ + +

= � + + +

Ti 3TiOSO 4NH H PO 2NH HF

4NH TiPO F 2NH HSO H SO 3HO

4 4 2 4 4 2

4 4 4 4 2 4 2

(3)

Then, NH4TiPO4F decomposition might be carried out at the
500� 700°C temperature range under a hydrogen atmosphere
with elimination and decay of NH4F:

= + � + �NH TiPO F TiPO NH HF4 4 4 3 (4)

More important is to maintain a high purity of hydrogen
because even small amounts of oxidative impurities can
prevent crystallization of� -TiPO4, leading to the formation
of an amorphous byproduct. For the same reason, obtaining
carbon-coated TiPO4/C directly from NH4TiPO4F might be
not desirable because of the much lower crystallinity of the

Figure 6.(a) Unit cell parameters for the NH4MPO4F series depending on the M3+ ionic radius (M = Ga, V, Fe, Ti). (b) Unit cell parameters for
the � -MPO4 series depending on the M3+ ionic radius (M = Cr, V, Ti). BVEL Li+ migration maps for� -TiPO4 (c) and� -TiPO4 (d) depicted as
cyan isosurfaces atEa values of 0.8 and 2.0 eV, respectively.
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resulting� -TiPO4 along with the possibility of oxidation. The
carbon coating was done at the obtained crystalline� -TiPO4.

In the case of Cr3+ (0.615 Å), the structural type is easily
stabilized by direct annealing at 1000°C. Upon an increase of
the radius of the d metal cation in the Cr� V� Ti series, the
structure is hardly formed at high temperatures and should be
prepared by indirect routes, as described for� -FeAsO4,

25 � -
VPO4,

16 and � -TiPO4 (this paper). It should be particularly
noted that, in both the NH4MPO4F and� -MPO4 series (M =
Ga, V, Fe, Ti;� -GaPO4 is not known), there is a linear
correlation between the unit cell parameters and ionic radii of
the 3d metals (Figure 6a,b).

At temperatures higher than 800°C, � -TiPO4 irreversibly
transforms into a known modi� cation, crystallizing in the
Cmcmspace group (further referred to as� -TiPO4; Figure S6),
which shows only insigni� cant electrochemical activity in the
1.0� 3.0 V potential range versus Li+/Li ( Figure S7), which
might be attributed to lithium de/insertion in the TiO2
admixture (Figure S6). Such a di� erence in the lithium de/
insertion behavior between the two polymorphs can be
accounted for by the topology and dimensionality of their
lithium migration maps. The crystal structure of the electro-
chemically active� -TiPO4 polymorph encloses continuous
channels along theb axis, which are available for lithium
migration according to BVEL analysis, with the energy barrier
Ea being 0.4 eV for 1D migration and around 0.8 eV for 3D
migration (Figure 6c). On the contrary, the� -TiPO4
framework contains only entrapped nonpercolating regions
accessible for Li+ ions (Figure 6d). These isolated domains
merge into a continuous network only at increasingEa up to
3.3 eV, which is 9 times higher than that for� -TiPO4, thus
elucidating the discrepancy in the electrochemical behavior. A
similar picture can be seen by comparing the� - and � -
polymorphs of VPO4. � -VPO4 electrochemically interacts with
Li+ to form LixVPO4

16 (x � 1) with preservation of the initial
framework, while� -VPO4 undergoes a conversion-type
reaction and decomposes into metallic vanadium and
Li3PO4.

39,40

Further optimization of the electrochemical performance
within the de/intercalation potential range of 1.0� 3.0 V by
tuning the morphology/microstructure or by means of
chemical doping and adjustment of the carbon-coating
procedure could make this� -TiPO4 material competitive
with LTO because the theoretical speci� c capacity for one-
electron reaction for the LiTiPO4� TiPO4 transition amounts
to 183 mAh g� 1, which is slightly higher than that of LTO (175
mAh g� 1), along with the anticipated high-power capabilities.
The capacity gain will result in an increased speci� c energy of
the full cell based on such an anode once the problem with the
irreversible consumption of lithium is solved.

� CONCLUSION
The MPO4 phosphate series crystallizing in the� -CrPO4
structure is now complemented by a novel titanium-based
representative,� -TiPO4, prepared by the thermal decom-
position of KTP-type NH4TiPO4F. It remarkably di� ers from
the known� -TiPO4 by showing promising reversible electro-
chemical activity as a negative electrode for LIBs. When the
Ti3+/Ti 2+ redox transition is utilized,� -TiPO4/C is capable of
delivering 125 mAh g� 1 at C/10 (1.0� 3.1 V vs Li+/Li) at an
average potential of� 1.5 V, maintaining a good rate capability
and stable cycling. It is noteworthy that the cell volume
variation does not exceed 0.5% upon lithium de/insertion,

rendering � -TiPO4 as an ultralow-strain material. The
electrochemical behavior of� -TiPO4 drastically changes after
a conversion reaction below 0.8 V, revealing capacitive-type
charge storage exhibiting 270 mAh g� 1 at 1C (0.7� 2.9 V vs
Li+/Li). By suggesting this� -TiPO4, we particularly articulate
the applicability and versatility of the proposed synthesis
approach to designing promising� -MPO4 to be employed as
electrode materials for metal-ion batteries.
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