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ABSTRACT:To realize high-power performance, lithium-iorNH,TiPO,F a-TiPO, B-TiPO,
batteries require stable, environmentally benign, and economicaliys work) (this work) (known)
viable noncarbonaceous anode materials capable of operaittig s %

high rates with low strain during chadischarge. In this paper,™~>€
we report the synthesis, crystal structure, and electrochemiga
properties of a new titanium-based member of the, MRE
phosphate series adopting th€rPQ, structure type.-TiPO,

has been obtained by thermdd@composition of a novel H:

hydrothermally preparedoride phosphate, NHPO,F, at 600 Spacious Isolated

°C under a hydrogen atmosphere. The crystal structure 01" channels domains

TiPO, is rened from powder X-ray daction data using a kriopo,-type Promising ' ") Etectrochemically

Rietveld method and vexd by electron diaction and high-  precursor LIB anode material inactive

resolution scanning transmission electron microscopy, whereas the

chemical composition is camed by IR, energy-dispersive X-ray, electron paramagnetic resonance, and electron energy los:s
spectroscopies. Carbon-coatetiPO/C demonstrates reversible electrochemical activity ascribed td*/ffie* Tiedox

transition delivering 125 mAH gpecic capacity at C/10 in the 1.8.1 V versus 1/Li potential range with an average potential

of 1.5V, exhibiting good rate capability and stable cycling with volume variation not exceeding 0.5%. Below 0.8 V, the materi
undergoes a conversion reaction, further revealing capacitive reversible electrochemical behavior with an ecezaile speci

270 mAh g at 1C in the 0.72.9 V versus 1/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 Besides LTO, there are several other titanium-based anode
@gaterials that can work through the de/intercalation

The projected shift toward a low-carbon economy deman MRechanist.Among them are diverse Jignodi cations

powerful, high-energy, and costient batteries emergent in with comparable redox potentials b6 V versus 1Li but a

the market, where lithium-ion batteries (LIBs) occupy the Igigher theoretical capacity up to 330 mAregrresponding

dominant position. However, it becomes obvious th Ay L ot
carbonaceous negative electrode (anode) materials areaE tthe TF/Ti ** redox transition However, full lithium de/

capable of meeting the high-power performance requremelfiCRR 0T, S (RIETDCT (U R SRITCIECY
desired in various applications. For large electric transpoo, TIO.6 A )allrt from oxides. bolvanion com oundspwith
spinel-type oxide-based materials sucfTa®lj (LTO) are 2 AP » POly P

considered to be attractive anodes owing to their long cycle |

titanium have also been investigated as anocie materials:
and high-power characteristics even at the cost of a relativ%ﬁOSphates’ siicates, and sulfates, such B and
high redox potential of 1.55 V versu¥LLiand a

YiPo,F2°
. . S .
comparatively low speci capacity of 175 mAh g According to the literature data, utilization of tA&TT?
Notably, titanium is not a rare metal, being the next-in-th

egedox couple uponile/intercalation was demonstratl%d for
. S ... Several polyanion materials such agST,)s,

flf)w tsk? mettari after iron b%IIdEtr'bUt'.?n an((j:l aVallab.'l'.t,[y'NagTiz(PO4 3,1}*/12 and presumably LiTiRE*° Generally,
Ogether with -environmental benignity and -nontoxIiCity e 13+ 2+ transition is expected to exhibit lower potentials
titanium has turned into a highly demanded element for

energy storage materials. More importantly, electrode materiais

operating via a defintercalation charge storage mechanigiicéived: May 10, 2021 bk ety
show much promise in terms of their functional properties,uPlished:August 5, 2021 =g
resulting in longer cyclability and better power characteristics t Ef‘j
in comparison to, for instance, alloying materials, which display TTP-
more signicant cell volume variation, resulting in huge —

mechanical stress and poor cytling.
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compared to the 1§Ti *" one, which allows an increase of the (single reection, tip diameter 100 m), ZnSe beamsplitter, and
overall speat energy. Unlike T Ti3+-c0ntaining materials liquid-N--cooled mercurycadmium telluride detector. Spectra were

should have higher electronic conductivity because df the gcorded i][‘éze 400800 cm' range with 2 crt resolution and an
. . o ; verage o scans.
electron corguration, which partly eliminates the necessity of Energy-dispersive X-ray (EDX) analysis was performed on a JEOL

using conductive surface_ coatings. The lonic conductivity 9EM-6490LV scanning electron microscope (W-cathode, operating at
titanium-based materials is mostly determined by the adoptg KV) equipped with an EDX system INCA Energy+ [Oxford, silicon
crystal framework, which was shown to be favorable in the cgggium) detector].
of open-channel structures such as NASICON, KTiOPO Electron paramagnetic resonance (EPR) measurements were
(KTP),"*** and CUBICON? performed at liquid-Ntemperature using an X-band (frequency
The -CrPQ structural type, successfully exploited in thed.23 GHz) SPIN (St. Petersburg, Russia) spectrometer with a high-
electrode materials receﬁ%)},g possesses spacious channelgrequency (100 kHz) magnetild modulation. Spectra were
accessible for alkali-ion migratiofi.?? Depending on the collected with 0.5 mW input microwave power and a modulation

chemical composition,CrPQ-structured compounds can be amplitude of 0.2 mT.

. . __For transmission electron microscopy (TEM) studies, samples
employed as anode or cathode materials for LIB and sodiup; . :
ion batteries* It should be noted that-MXO, (M = 3d Were prepared by crushing the crystals with an agate mortar and pestle

i : . in ethanol. The resulting suspension was deposited onto alcarbon
metal; X = P, As), being a metastable phase, cannot be diregllynorted by a copper grid. In the case of a discharged material, the
synthesized through a high-temperature solid-state reactig@mples were stored and prepared in an diegryovebox using

with the exception of -CrPQ.** Thereby, the indirect dimethyl carbonate. A Gatan vacuum transfer holder was used for
approaches should be designed to stabilize meMXD,. analysis and transportation of the sample from an Hegon-

For instance,-VPQ, and -FeAsQ were obtained by a low- g!oveb_ox to the TEM column to prevent interaction with air. I_Electron
temperature decomposition of the corresponding ammoniuft raction (ED) patterns, high-angle annular-cack-scanning

salts NHVOPQ‘lG and NH,FeAsQF.25 However, there is no transmission electron microscopy (HAADF-STEM) images, annu-

: ; ; ; : P lar-bright-eld scanning transmission electron microscopy (ABF-
evidence in the literature of the existence of,GRStallizing STEM) images, and STEM-EDX compositional maps were acquired
in the -CrPQ, structural type.

. de . . at 200 kV on a probe aberration-corrected FEI Titan Themis Z
In this work, a novel titanium phosphafEPO, adopting  gjectron microscope equipped with a Super-X system for EDX
the -CrPO-type structure was obtained by thermalanalysis and a Quantum 965 GIF detector for electron energy loss
decomposition of a hydrothermally prepared precursogpectroscopy (EELS) measurements. The EELS spectra were
NH,TiPO,F, and examined as an anode material for LIBsollected using a monochromatic beam at 120 kV, while the energy
utilizing the T"/Ti ?* redox couple. 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 NH, TiPO,F [space
EXPERIMENTAL PART group (S.G.PnnaNo. 62)] and Rietveld reaement of the-TiPO,
Synthesis.To synthesize-TiPQ,, the NH,TiPO,F precursor was  crystal structure from powder XRD data were performed using the
prepared by a hydrothermal method. A total of 0.2400 g of metallANA2006program packagewith the -VPQ, structure® [S.G.
titanium, 0.8000 g of TiIO$(8.4504 g of NkH,PQ,, and 0.5600 g Imma(No. 74)] as an initial model. In both cases, the background
of NH,HF, (all Sigma-Aldrich) were dissolved in 45 mL of deionizedwas estimated by a set of Chebyshev polynomials, followtedby
and degassed water, then transferred to a 100 oiLvEssel with a  of the unit cell parameters and the pesilepe with the pseudo-
stainless-steel shell, and further heated ¥£ 2403 h with constant ~ Voight function. After full prie matching, the scale factors, atomic
magnetic stirring. The resulting product was washed with degass@grdinates, and isotropic atomic displacement parameters (ADPS)
and deionized water and then with acetone. The obtained dark-violgere rened.
NH,TiPO,F powder was thoroughly dried oveDsFAn an argon Electrochemical MeasurementsFor electrochemical testing,
atmosphere overnight at room temperature. ThefiRB,F was TiPO,/C, Carbon Super-C (Timcal), carbon nanotubes (Oscial), and
annealed at 65 for 9 h (the heating rate was@ min %) in a CMCNa (160 kDa, 0.9 degree of substitution, Sigma-Aldrich)
hydrogen atmosphere with a titanium oxygen absorber in the hot zo(@9:5:5:10 wt %) were mixed with 0.5 mL of deionized water, cast
of the tube furnace and desiccatj@ Rear the hot zone to protect onto aluminum or copper foil by the doctor blade technique, and then
Ti®* from oxidation. After annealing, the dark-gray powder of dried under a N ow at room temperature. The round-cut electrodes
TiPO, was stored under argon. The known neation of TiPQ( - (loading of the active material: 1104 mg cn?) were sustained
TiPO,) was obtained by thermal treatment-3iPQ, at 850°C for under vacuum at 68C for 12 h. The electrochemical properties were
20 h (the heating rate wa8@min 1) in an argon atmosphere using evaluated using Swagelok-type two-electrode cells with copper and
titanium powder as an oxygen absorber. The product was a gighginless-steel current collectors, 1 M LiTFSI (Sigma-Aldrich,
powder. 99.0%) in a bis(2-methoxyethyl) ether (diglyme, Sigma-Aldrich,
To obtain the TiPQIC composite, 0.300 g ofTiPO, was mixed anhydrous, 99.5%) electrolyte solution, dlasseparators (GF/A,
with 0.090 g of poly(acrylonie) powder and 0.5 mL of Whatman), and a lithium metal (ribbon, 0.38 mm, Sigma-Aldrich,
dimethylformamide. The mixture was poured into ethanol, and th89.9%) negative electrode. The galvanostatic and cyclic voltammetry
obtained slurry was thoroughly dried under vacuum at rooniCV) measurements were carried out at room temperature using a
temperature. With the same precautions, the mixture was held Biblogic VMP3 potentiostat. The anodic (upper) cpbtential was
600°C for 1 h (the heating rate was’@ min Y. The resulting set to the initial open-circuit voltage (OCV) value, generally lying
powder of the -TiPQ/C composite was used to prepare the within 2.9 3.1 V versus 1Li.
electrode materials. Bond Valence Energy Landscape (BVEL) Calculation$he
Materials Characterization. Powder X-ray diaction (XRD) BVEL?"*® method, implemented in trBDBVSMAPPER2dbft-
patterns were collected with a Huber G670 powdercttimeter;  ware?**°was used for the estimation &fibh migration pathways in
(Cu K ; radiation, 10100 2 range). Ex situ diaction patterns -TiPO, (Imm3 and -TiPQ, (Cmcr frameworks with a 0.2 A
were acquired using a Bruker D8 ADVANCEdiometer (Cu K spatial resolution. The crystal structures and migration pathways (as
radiation, 108C°, 2 range, 0.02Gs ! scanning rate). isosurfaces) were depicted USMEGTA 3.8oftwaré:
The attenuated-total-extance Fourier-transformed infrared Density Functional Theory (DFT) CalculationsDFT calcu-
(ATR-FTIR) spectra were recorded with a stand-alone LUMOSations were performed using the projected-augmented-plane-wave
(Bruker) FTIR microscope equipped with a germanium ATR crystdPAW) method, with the Vienna ab initio simulation package
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Figure 1.(a) Rietveld renement of -TiPO, based on the XRD data: experimental, calculated, erhdeé patterns. (b) ED patterns -of

TiPQO, along three main zone axes. (c) Ball-polyhedral representationToPtBecrystal structure along the [010] axis. (d) Enlarged fragment

of the -TiPQ, crystal structure demonstrating the connectivity and distortion of key structural units. O atoms are depicted as dark-green sphere
(e) [010] ABF-STEM and (f) HAADF-STEM images as well as (g) the [001] HAADF-STEM imag&0j. 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,
light-red spheres, respectively.

(VASH*? and the high-throughput python-based paddageN>3 in DFT. The nal lowest-energy cgurations were fully optimized
We adopted the generalized gradient approximation to the exchangsing the DFTH level of theory at an increased energy ofitd00
correlation functional and standard PAW PBE pot&htiétls a eV. The average potential at each lithium concentratiess
minimum number of valence electrons. To take into account thealculated as E(x)/ e where E(x) is the enthalpy for the
strongly correlated character of Ti 3d electrons, a Hubbard-liketercalation reaction (in eV) aeds the elementary charge. The

correction was added within the Dudarev s¢heme aU value of E(x) is de ned as
3.2 eV, which was used in our previous studies for J&FPO . . _
Gaussian smearing with a smearing width of 0.1 eV was used for E(¥=[ HLi,, TiPO)S KiJiPO)S  &i]/ (1)

Brillouin-zone integrations. All calculations were performed with spin . _ o .
polarization with the ferromagnetic ground state. An energgpfcuto WhereE(Li, TiPO,) and E(Li,TiPO,) are the total energies of two
400 eV, a-centered-point mesh of & 2 x 4 for the unit cell with ~ Phases atandx + lithiation limits an(Li) is the energy per alkali
72 atoms, and a total energy convergence tolerance of 0.0001 eV vi#p8) in the metallic state witthedattice. The consideradvalues
used. Optimization of the cell size, shape, and atomic positions vi#§ 0: 0:08, 0.17, 0.33, 0.5, 0.75, and 0.83-a0.88 0.16, dened
performed using a conjugate-gradient algorithm until the forces acti the dierence between the two consecutivaues.

on the atoms were smaller than 0.05 &y vhich is enough for he tools for the sequential insertion of cations into the host
obtaining the total energies within 1 meV atqurecision. The structure and voltage curve construction were addedStviAdl
initial geometry of -TiPO, was taken from the experiment. The Package.

discharge voltage curve was obtained by the sequential insertion of

lithium into the -TiPQ, host using one unit cell. At each step, the RESULTS

most favorable position for lithium insertion was determined b)i.h
; ; . g : e powder XRD data of hydrothermally prepared
screening all available empty voids. The lowest-enemgyration 6\IH4TiPO4F were fully indexed in the orthorhombic crystal

was used for the next step, and the process was repeated until 1 . ;
atoms were inserted. In total, this required 126 atomic optimizatiordyStem [S.@2nnaNo. 62)] with the unit cell parameters

which were performed at reduéeubint mesh and 300 eV energy 13:0224(3) Ab = 10.7173(2) Ac = 6.5349(2) A, an¥ =
cuto . The initial positions of the empty voids were found using a912.03(3) A (Figure S)L The XRD pattern of TiPQafter
approximation of the hard spheres, followed by atomic optimizatidhermal decomposition of WHPO,F was fully indexed on an
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orthorhombic lattice [S.@nma(No. 74); Figure &], with of the P O bonds because of edge-sharing, whereas the
the unit cell parameters listed'able 1 No traceable known corner-sharing P1@ne is more symmetric. The ABF- and
HAADF-STEM imagesFigure & g) conrm the rened

Table 1. Lattice Parameters of Rietveld Rement Indices ~ structure. In the HAADF-STEM image, the bright dots
for -TiPO, correspond to projected mixed Ficolumns Figure 1,g).

In the ABF-STEM image, both mixed Hiand O atomic
columns are visible as dark spots, with the darkness according
to the average atomic numbers along the coltignse &).

a A 10.8444(6) The FTIR spectra of NAiPO,F and -TiPO, are

formula -TiPO,
space group Imma

b, A 13.1956(7) presented ifrigure a. In the -TiPQ, structure, no kD or
cA 6.3669(4)
v, B 911.09(13)
d 12 a 1 1 1
GOF 1.16
Re, % 6.38 [ Vv(N-H)
Ry, Ryp % 2.09, 2.63 8r
C
o
crystalline admixtures were detected by powder XRD phase‘g R
analysis. The space group was validated by ED: the ED & _
patterns [Figure b) clearly demonstrakdO (h, k = 2n), hl < a-TiPO,
(h+1=2n), and &I (k + 1 = 2n) re ection conditions, which - —— NH,TiPO,F
are consistent with the assigned space group. : V(P-0) oo
The crystallographic parameters, atomic positions, ADPs, L 1.1y, L . L
and selected interatomic distances from the Rietvetd re SISz ) 1500 , oo
ment of TiPQ are presented ifiables 13. The obtained Wavenumber, cm
b c ~
. .. . . EELS | EPR gerr=1.84
Table 2. Atomic Positions, Fractional Coordinates, and Tio o
ADPs for -TiPO, = i
atom  position x/a yb 7Zc Uso A2 3 TiPO, =
Til 4d Y, Y, 0 0.023(1) > % '
Ti2  8d v, 0.3620(3) Y, 0.023(1) @ Ti.0 % i
P1 Y, Y, 0.0788(14)  0.023(1) £ 1L
P2 8d Y, 0.5727(4) Y, 0.023(1) = I
o1 8d 0.3903(11) Y, 0.2335(17) 0.023(1) Tio| |
02 16d  0.3650(6)  0.4978(5) 0.2278(16) 0.023(1) ]
03 16d  0.2284(7)  0.6426(5) 0.0618(10) 0.023(1) [P NP P P P P TP TP TP B
04 8d 1/2 0.3509(7) 0.0370(16) 0.023(1) 452 456 460 464 468 472 200 250 300 350 400 450
Energy loss, eV B, mT

Table 3. Selected Interatomic Distances fefiPO, Figure 2.(a) FTIR spectra of-NH,TIPO,F and -TiPO, (b) EELS

bond distance, A bond distance, A spectrum of -TiPQ, in the vicinity of the Ti-; edge. The TiO,
Ti,O3 and TiQ EELS spectra are given as references. (c) EPR

1:1 gj gg i:ggig; :Zi 8‘11 gg iggggg; spectrlugl of -TiPQ, revealing the ¥i broad resonance signal with

Ti2 01 (x2) 2.124(9) P202 (x2) 1.597(7) Gt 2O

Ti2 02 (x2) 2.188(9) P203 (x2) 1.530(7)

Ti2 03 (x2) 2.000(6) OH groups exist, as validated by the absence of characteristic

bands in the 320B800 cm! region and near 1600 cm

The band near 1500 chcharacteristic of the Hl H

product was found to be isostructural-@rPQ, and further deformation mode in NHIiPO,F is not observed inTiPQ,,

referred to as -TiPO,. The hitherto known structural con rming the full removal of ammonia upon thermal

modi cation of TiPQ crystallizing in the Cr\(Gstructure decomposition. The bands corresponding to thE O

type at ambient conditions [S.Gmcm(No. 63)%" is stretching vibrations are severely split in the FTIR spectrum of

further designated asTiPO,. -TiPQ,, which is presumably related to the existence of two
The crystal structure ofTiPO, represents a polyhedral symmetry-independent P@trahedra: the distorted edge-

framework formed by the edge- and corner-shared TiGsharing one and the other more symmetric one, corner-shared

octahedra linked by R@trahedra by either corners (RLO  with other structural units. Shorter @ bonds would

or edges (P2£). The continuous system of channels formedcorrespond to the absorptions at higher wavenumbers. The

along thea andb directions remains unoccupiéty(re t). tetrahedra in the NAIPO,F precursor are both corner-

An interesting feature of this structure is the formation ofharing and rather symmetric, revealing nocsighsplitting

complex edge-sharing units consisting of twg ®@@hedra  of the bands that appeared near 900 ¢Rigure ).

and one P2Qtetrahedron that leads to a severe distortion of It is well-known that ¥i-containing compounds might

both TiQ; octahedra and R@etrahedraTable 3andFigure exhibit an EPR signal due to theldctron corguration. The

1d). The P2Q tetrahedron is subjected to a larger distortionEPR spectra of bothTiPO, and NH,TIiPO,F reveal quite
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intense signals of a resonant absorption veitiveeg factors cathodic current rises drastically and the electrode material
of 1.84 Figure 2) and 1.90 Figure Slinset), respectively, seemingly undergoes a conversion reaction. Upon further
manifesting the ¥ioxidation state. A broader EPR signal wagycling down to 0.8 V, the shapes of the CV curves alter
observed in the case eTiPQ, (the peak-to-peak line width largely, with the electrode showing capacitive belfagioe(

Hp 31 mT, while H,, 13 mT in the case of 4b).
NH,TiPO,F), which reects a stronger dipoldipole Products of this conversion process might be titanium and
interaction ﬁ(\due to the shog\ter distance betweenAparamagndIigPQ, as follows from a possible decomposition reaction:
ions (3.29 A av. and 2.94 A min. iiPQ, vs. 3.57 A min. in : P -
NH,TiPO,F). For -TiPQ,, the 3+ oxidation state of titanium TPQ + L= Tr LsPQ @

is additionally commed by EELS analysis of the Ji¢dge At the galvanostatic discharge curve in the DBV range,
(Figure B). The 3+ oxidation state of titanium is also in linea plateau-like feature at around 0.8 V can be clearly seen
with the average bond-valence-sum value for titanium pfigure b, inset), which might indicate a possible phase
2.88(6). transformation. For this conversion reaction, the theoretical

The Ti/P ratio in -TiPO, was found to be 1.00(2):1.00(2) capacity amounts to 558 mAH, gvhich is equivalent to a
by STEM-EDX analysis with neorine or nitrogen detected three-electron transfer. At the end of discharge with a constant-
in the sampleRigure S It is noteworthy that the Ti and P voltage region, the experimental speeipacity reaches 573
elements are uniformly distributed in bulk, which is shown biywAh gl, which is in good agreement with the expected
the STEM-EDX mappingigure &). The powder consists of reaction given above. The titanium agBQi products are
“sponge-likerhombohedral particles of 045 m in the not distinguishable on the powder XRD pattéigsie SB
longest directionHigure B). 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
analysisKigure ).

Thus, for further studies, the cathodic cpttential was
setto 1.0 V. In the 1.Q.9 V potential range;TiPO, shows
reversible electrochemical activity. CV measurements with
di erent scan rates from 0.1 to 0.5 mf\irsthe 1.002.90 V
potential region were performed to establish the mechanism of
del/intercalation charge storage that can basidnal or
pseudocapacitive, or a combination of b&tgu(e Sy
Assuming that the CV currehtis proportional to the
electrochemical potentialto a power ob (I = a\P), theb
value will characterize the ratio between the two types of
charge storage (0.5, wukion-controlled; 1.0, surface-con-
trolled). The experimental data clearly show thatbthe
coe cient for process | upon charging is 0.70, while for the
other processes, thesalues lie in the 0.9.0 range, which
indicated mostly pseudocapacitive charge storage bB&havior,
which is in line with the porous microstructure of the material
and small dusion length for the primary particles. The DFT-
calculated change of energy in this reactioM.s eV,
con rming its strong favorability.

Galvanostatic measurements of ti&0O,/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
Figure 3.(a) STEM-EDX elemental map of the Ti and P elements ofL.0 3.1 V. It can be easily deduced fronx¢heplot (Figure

-TiPQ, particles, demonstrating the homogeneous distribution of Bc, inset) that there is some irreversible capacity at each cycle
and Ti atoms among the particles. (b) Low-meation HAADF-  totally reaching = 0.37, which is equal to 69 mAR. §his
STEM image of -TiPO, showing a sponge-like type of micro- capacity loss might be explained by a permanent consumption
structure with mostly rhombohedral morphology. of some amount of ‘Lions with the formation of a stable
phase of a presumablg ;LiPO, composition. A similar

In order to assess the electrochemical performanee of irreversible behavior was previously observed\BQ,,

TiPO,, the carbon-coatedTiPO, electrodes were initially which forms the §.iVa(POy); (or Lig ,3/PQy) phase after one
studied by CV. The OCV potential feliPQ, in a lithium full cycle’® Afterward, three extra chardischarge cycles at

cell stabilizes at 2.8.1 V versus 1Li. To determine C/10 were performed to stabilize the Coulombaiescy at
correctly the available potential window, CV curves werround 99.8%. The practically delivered speapacity is
recorded with a descending cathodic potential by 0.1 V starting5/123 mAh ¢ for dischargecharge processes respectively
from 1.8 V Figure 4). Upon a decrease in the cathodic cuto for the 12th cycle at C/10.

potential, the CV curves reveal four pairs of peaks. Process Upon an increase of the C rate up to 10C, the material
has a much larger peak-to-peak separation than the others, atdins 54 mAh § (Figure dl), revealing a rather attractive

its formal potential gradually shifts upon charging, while th@gh-power performance. Regardless of the increasing polar-
formal potentials of redox processel/Ipractically do not ization with higher C rates, the Coulombiciency is near
change. It was clearly shown that, upon going below 0.9 V, th@0%. According to the ex situ XRD data, the volume variation

STEM-EDX
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Figure 4.(a) CV curves of-TiPQ, with a descending cathodic cytotential from 1.8 to 1.0 V versutLlii (b) CV curves of -TiPQ, at 1.0,

0.9, and 0.8 V cathodic cutmotentials showing a change in the electrochemical charge storage mechanism. Inset: Galvanostatic discharge cun
showing a plateau-like feature related to a conversion reaction. (c) Galvanostalisdiegecurves foiTiPO, at C/10 with a descending

cathodic cutofrom 1.8 to 1.0 V with a 0.1 V step. Inset: Evolutigmnofi, TiPO, with time derived from the corresponding chaligeharge

curves. (d) Galvanostatic chajscharge curves foiTiPO, manifesting a C-rate performance at TIQ0 rates after one cycle in the CV

regime (1C is equal to 187.6 mAR.ge) Galvanostatic chargiischarge 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) cathodicpotmtials. (f) Galvanostatic discharge curve predicted frond DFT+
calculations. The voltagexat 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 theTiPO, electrode discharged to 0.45 V showing the presence of metallic titanigROapdrticles.
(b) EELS spectra of pristine discharged to 1.0 V and charged to-BiRQ/ electrodes.

between the initial one and that discharged to the 1.00 Vi TiPO,phase ( 1;Figure B). For the cycled and charged
electrodes is only 0.5%dure SB The unit cell expansion of to 3.0 V electrode, the EELS pealesxima move right yet do

the discharged material is in accordance with a larger iomiot fully recover their initial positions as in the OCV electrode,
radius of T in comparison to that of 3(i(0.86 and 0.67 A,  thus presumably manifesting a mixéd*Tstate. This is in
respectively). Moreover, the EELS spectrum of the fullgccordance with the above-mentioned formation of the mixed-
discharged to 1.0 V electrode demonstrates the shift of thalence Lj;TiPO, phase and ve&d by a slight derence in
peaksmaxima to lower energies, which indicates tH&' Ti  the unit cell parameters between the pristine and cycled
oxidation state transition, caoming the de/intercalation electrodes of 0.15% in the cell voluRigufe S3 and Table
mechanism in this potential region with the formation of &J).
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Figure 6.(a) Unit cell parameters for the WHPO,F series depending on th& dnic radius (M = Ga, V, Fe, Ti). (b) Unit cell parameters for
the -MPQ, series depending on thé*Nbnic radius (M = Cr, V, Ti). BVEL ‘Linigration maps for-TiPQ, (c) and -TiPQ, (d) depicted as
cyan isosurfacesBtvalues of 0.8 and 2.0 eV, respectively.

When discharged down to 0.8 V, the material undergoesnzethods compared to the experiment. The reasons for that
conversion reaction, and the products show capacitiae currently not clear and will be considered in future studies.
electrochemical behavior, delivering up to 270 mAh g
specic capacityKigure ). DISCUSSION

Tp determine stable lithium positipn_s aptﬁnt concen-  poth NHTIPO,F and -TiPO, are rst-reported new
trations, we performed DRJ-full optimization of lithiated  compounds complementing the NMIRO,F (KTP-type)
structures by the sequential insertion of Li atoms in-the ang -MPO, families, respectively. It is well-known that
TiPO, host. The corresponding galvanostatic charge curveigetallic titanium can be chemically activated after depassiva-
provided inFigure 4 which is in good agreement with the tion of the surface oxidkn in solutions of phosphoric and/or
experimental results. The optimized lattice constants for thgdro uoric acids, especially at the hydrothermal reaction
considered intermediate concentrations (0.0, 0.08, 0.17, O.8nperatures. At the same timé!-dantaining compounds
0.5, and 0.75) are providedable Sand the geometryes. might be unstable toward oxidation by water at elevated

-TiPO, contains numerous interstitial positions with trigonaltemperatures. Nevertheless, the parameters of a hydrothermal
prismatic coordination as well as two distinctive channels alorggction, which can stabilize thé* Tixidation state, are
the b axis: large Higure S5d and small Figure SHe primarily the acidity of the solution, pressure, concentration of
According to DFTW, the intercalation of lithium starts from F , and solubility of the product. A chemical equation for the
the positions with a prismatic coordination and proceeds forhydrothermal preparation of NHPO,F can be written in the
< 0.33 Figure SHaAt x = 0.33, close neighboring prismatic following manner:
sites arelled, which causes a reduction of the potential due to )

Li Li repulsion because the O atoms asetoand cannot Ti + 3TIOSQ + 4NH H,PQ+ 2NH,HR
provide sucient screening in such a geométrgufe So5b = ANH,TIiPQF + 2NH,HSG H,S@ 3HD
The coordination of lithium becomes more square-likes At 3)
0.5, lithium is pinned to the surface of the large channel, which

changes the coordination of the neighboring lithium fronThen, NHTiPO,F decomposition might be carried out at the
prismatic to square-likeigure S5ce). Additionally, lithium 500 700°C temperature range under a hydrogen atmosphere
is intercalated into the center of the small channel also inV¥th elimination and decay of h¥
square-like coordinatiorFigure S9e At x = 0.75, the : J—

intercalation proceeds to the surface of the large channel with A HTIPOF= TIPQ+ NHy+  HF “)
triangular-like coordinatiofrigure S5 It is important to  More important is to maintain a high purity of hydrogen
note that the correct voltage curve is reproduced only withecause even small amounts of oxidative impurities can
DFT+U, while DFT without correction underestimates the prevent crystallization ofTiPQ,, leading to the formation
intercalation potential by 06 V. At the same time, the of an amorphous byproduct. For the same reason, obtaining
calculated lattice constants of the intercalated material ararbon-coated TiB directly from NHTiIPO,F might be
unusually overestimated by both the DFT and DFT+ not desirable because of the much lower crystallinity of the

12243 https://doi.org/10.1021/acs.inorgchem.1c01420
Inorg. Chem2021, 60, 1223712246


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01420/suppl_file/ic1c01420_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01420?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

resulting -TiPO, along with the possibility of oxidation. The rendering -TiPO, as an ultralow-strain material. The
carbon coating was done at the obtained crystallifRO,. electrochemical behavior eTiPO, drastically changes after
In the case of €t (0.615 A), the structural type is easily a conversion reaction below 0.8 V, revealing capacitive-type
stabilized by direct annealing at 1WM0Upon an increase of charge storage exhibiting 270 mAhaty 1C (0.7 2.9 V vs
the radius of the d metal cation in the \CrTi series, the  Li*/Li). By suggesting thisTiPQ,, we particularly articulate
structure is hardly formed at high temperatures and should tee applicability and versatility of the proposed synthesis
prepared by indirect routes, as described-FeAsQ>> - approach to designing promisialPQ, to be employed as
VPO,'® and -TiPQ, (this paper). It should be particularly electrode materials for metal-ion batteries.
noted that, in both the NWIPO,F and -MPQ, series (M =
Ga, V, Fe, Ti; -GaPQ is not known), there is a linear ASSOCIATED CONTENT
correlation between the unit cell parameters and ionic radii &f Supporting Information
the 3d metalsHigure &,b). The Supporting Information is available free of charge at
At temperatures higher than 8@ -TiPQ, irreversibly  https:/pubs.acs.org/doi/10.1021/acs.inorgchem.1c¢01420
transforms into a known mochtion, crystallizing in the Additional gures on the powder XRD data, a EDX

Cmcnspace group _(furthe;r referred t0-asPO,; Figure Sﬁ spectrum, electrochemical data, and DFT-related data
which shows only insigeant electrochemical activity in the (PDP

1.0 3.0 V potential range versu§Lii( Figure S); which

might be attributed to lithium de/insertion in the JiO Accession Codes

admixture igure Sp Such a dierence in the lithium de/ CCDC 2085424contains the supplementary crystallographic
insertion behavior between the two polymorphs can beata for this paper. These data can be obtained free of charge
accounted for by the topology and dimensionality of theivia www.ccdc.cam.ac.uk/data_requesttmif by emailing
lithium migration maps. The crystal structure of the electradata request@ccdc.cam.acankby contacting The Cam-
chemically active-TiPO, polymorph encloses continuous bridge Crystallographic Data Centre, 12 Union Road,
channels along the axis, which are available for lithium Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

migration according to BVEL analysis, with the energy barrier

E, being 0.4 eV for 1D migration and around 0.8 eV for 3D AUTHOR INFORMATION

migration Figure @). On the contrary, the-TiPO, Corresponding Author

framework contains only entrapped nonpercolating regionsstanislav S. FedotovSkoltech Center for Energy Science and

accessible forLions (Figure @). These isolated domains Technology, Skolkovo Institute of Science and Technology,

merge into a continuous network Only at |aneE§|ﬂ]g to Moscow 121205, Russian Feder mm)m;dorg/oooo_

3.3 eV, which is 9 times higher than that f6iP0O,, thus 0003-4348-651 Email:s.fedotov@skoltech.ru

elucidating the discrepancy in the electrochemical behavior. A

similar picture can be seen by comparing thand - Authors

polymorphs of VPO -VPQ, electrochemically interacts with ~ Nikita D. Luchinin  Skoltech Center for Energy Science and

Li* to form LQVPO,*® (x 1) with preservation of the initial Technology, Skolkovo Institute of Science and Technology,

framework, while -VPQ, undergoes a conversion-type Moscow 121205, Russian Federation

reaction and decomposes into metallic vanadium and Dmitry A. Aksyonov Skoltech Center for Energy Science and

Li;PQ, 3940 Technology, Skolkovo Institute of Science and Technology,
Further optimization of the electrochemical performance Moscow 121205, Russian Federatiooid.org/0000-

within the de/intercalation potential range of 3.0 V by 0002-3692-4809

tuning the morphology/microstructure or by means of Anatoly V. Morozov Skoltech Center for Energy Science and

chemical doping and adjustih of the carbon-coating Technology, Skolkovo Institute of Science and Technology,

procedure could make thisTiPO, material competitive Moscow 121205, Russian Federation

with LTO because the theoretical spechpacity for one- Sergey V. Ryazantseskoltech Center for Energy Science

electron reaction for the LiTiROTiPO, transition amounts and Technology, Skolkovo Institute of Science and

to 183 mAh g, which is slightly higher than that of LTO (175 Technology, Moscow 121205, Russian Federation;
mAh g?), along with the anticipated high-power capabilities. ~Department of Chemistry, Lomonosov Moscow State

The capacity gain will result in an increased sgaergy of University, Moscow 119991, Russian Federation;
the full cell based on such an anode once the problem with the @ orcid.org/0000-0001-8662-580X
irreversible consumption of lithium is solved. Victoria A. Nikitina Skoltech Center for Energy Science and
Technology, Skolkovo Institute of Science and Technology,
CONCLUSION Moscow 121205, Russian Federation

The MPQ phosphate series crystallizing in tHerPQ, Artem M. Abakumov Skoltech Center for Energy Science

structure is now complemented by a novel titanium-based 2and Technology, Skolkovo Institute of Science and
representative,-TiPO,, prepared by the thermal decom-  1echnology, Moscow 121205, Russian Federation;
position of KTP-type NHiIPO,F. It remarkably dérs from orcid.org/0000-0002-7135-4629 .

the known -TiPO, by showing promising reversible electro- EV9eny V. Antipov Department of Chemistry, Lomonosov
chemical activity as a negative electrode for LIBs. When the MOscow State University, Moscow 119991, Russian

Ti%*/Ti 2* redox transition is utilized;TiPO,/C is capable of Federation; Skoltech Center for Energy Science and
delivering 125 mAh hat C/10 (1.0 3.1 V vs LiLi) at an Technology, Skolkovo Institute of Science and Technology,

average potential of..5 V, maintaining a good rate capability ~ Moscow 121205, Russian Federatiooid.org/0000-
and stable cycling. It is noteworthy that the cell volume 0002-8886-8829
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