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Abstract

Carbon coated and titanium substituted lithium diuna phosphate composites have been successf@paprd
through a sol-gel method followed by solid statect®mn under argon. tV,qTig1(POy)s-C (LVT10PC) and
LisV1gsTig15(PQy)3-C (LVT15PC) were investigated using X-ray powddfraction, thermal analysis, transmission
electron microscopy, cyclic voltammetry and galvstatic tests. Different models for the solid sa@ntmechanism
in this system are discussed. Electrochemical,tasts charge-discharge rate of 0.2C, in the rénget.4 V, show
that LVT10PC delivers the highest discharge capaxitl21 mA h ¢ and declines to 115.7 mA Kgup to the 60
cycle, corresponding to a 4.4% loss. At low leveignium substitution is found to increase initdischarge
capacity, compared to the carbon coated unsulesditeystem (LVPC). Further substitution is foundhiave

detrimental effects on initial discharge capacitg @aycling behaviour.
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1. Introduction

The storage of electrical energy is a key elemerthé development of future technologies partidylar
areas such as transport and alternative energyugtiod (solar and wind). Among battery systemgyiuitn-ion
systems are arguably the most advanced, but thedkgy is currently too expensive, for widespréage-scale
application. In particular, alternatives to theremt generation of cathode materials, such asxpensive and toxic
LiCoO; [1], are being sought to meet the requirements of legergy density and long cycle-life. In addition,
systems should be environmental benign and inexper®ne of the materials which meets these remeérgs and
has been implemented in the industry is LiFgHP®). Other phosphate and flourophosphate materiath &
LisVo(PQy)s [3.4], LIMNPO, [5], LICoPQ, [6], LiINIPO, [7], LiVPO4F [8] etc are considered to be the next
generation of commercial cathodes due to their drighutput voltage and energy density compared EeRQ.
However, these materials have some drawbacks ih@deéhtheir commercialization, such as low eledt@nd ionic
conductivity and instability during operatiof,10]. Although the problem of low electronic condudtyvhas been
addressed for some of these materials by applyrzpbed carbon coatind1-13, other issues like short cycle-life
remain.

The high theoretical specific capacity of lithiumnadium(lll) phosphate, £V ,(PQ,); (LVP), with a value
of 197 mA h ¢ for removal of three moles of lithium per mole, kesa it of particular interest. Four characteristic
plateaus are observed on de-intercalation versus'lat 3.6 and 3.68 V, 4.2 V and over 4.5V, the fivad of which
correspond to the first lithium extraction, withetlhigher potentials corresponding to second and tithium
extractions 14]. Unfortunately, a decline in discharge capactthigh potentials limits the operational voltagaga

from 3.0 to 4.4 V 15,16] and reduces the theoretical specific capacity81.5 mA h g for two moles of lithium

per mole LVP. This decline in capacity at high potas is associated with structural instabilitgrfal substitution

of vanadium and or phosphorus represents one pessiltte to greater stability. Vanadium substitatieith Cr, Mo,

Y, Al etc [17-20 has been carried out, while anion substitutios BEso been investigated, for example through
substitution by CI 20]. In the present work, we investigate aliovalembstitution of ' by TiV in LVP. To our
knowledge, only two previous studies have examititadium substitution in LVP. Matesheyna and Uvafa1]
studied the di-substituted systemMu, 1Tip1V1.8(POy); and found no improvement in electrochemical pentoice

in the substituted system. Liet al [22] studied the single substituted system and founad Li, gV gTig A(POs)3
exhibited an orthorhombic structure, with improvedctrochemical performance. Here we examine tfectebf
low levels of Ti substitution on the electrocheniparformance of LVP, whilst in the monoclinic pkeas two

representative compositions.

2. Experimental

2.1 Preparations
Carbon coated samples of;\bTix(POy); (x = 0.10 and 0.15) , were synthesized via a threg-sol-gel

method. Stoichiometric amounts 0f®% (synthesized by decomposition of WHD; at 320C, Fluka, >99%) and
H>C,04.2H,0 (Sigma-Aldrich >98.5%) were dissolved in distilled water to givelae solution¢a. 0.7 and 1.4 mol
dm?®for V> and GO,*, respectively To this was added separate solutions of stoichiomamounts of LiOH.kD
(Sigma-Aldrich,>98%) and (NH)H,PO, (Sigma-Aldrich,>98%) dissolved in distilled wateed. 2.21 mol dii for



both Li" and PGQ*. NH,CH,COOH, (glycine, Sigma-Aldrictz98.5%) dissolved in distilled watezd 1.32 mol drm
% was used a carbon source and added to the abbués. The preliminary calculations were for ~G%rbon
coating. To amount of glyciene added was basedsts bf glyciene combustion under identical condgito the
sample. The final solution was evaporated with tamtsstirring at 80 °C forca. 4 h until gelation occurred.
Stoichiometric amounts (for = 0.10 and 0.15) of TiPpowder (Sigma-Aldrich >99%) were added to the ayal
thoroughly stirred until homogeneously dispersetle Tnixture was dried in an oven at 120 °C for 16The
resulting precursor was heated at 370 °C for 4 teearlowing argon, to remove the ammonia and wakéer

cooling, the sample was ground for 30 min and treamealed at 800 °C for 10 h under Ar.

2.2 Sample characterisation
X-ray powder diffraction (XRD) data were collected a PANalytical X'Pert Pro diffractometer, fittadth

an X'Celerator detector, using Ni-filtered CuxKadiation § = 1.5418 A), over the®range 5-120°, with a step
width of 0.033° and an effective scan time of 2Qies step at room temperature. Diffraction dataeweodelled by
Rietveld analysis using the GSAS suite of program[2g]. The structure of LV,(PQ;); [24] was used as a starting
model. A small amountc@. 1% by weight) of VO was included as a second&asp, with a starting model based
on the structure presented by Loehreaal [25].

Thermogravimetric (TGA) and differential thermal TB) analyses were carried out in air on a Stanton
Redcroft STA 1500 thermal analyser, in the range/@0 °C, at a heating rate of ZD per min. Transmission
Electron Microscopy (TEM) was carried out on a JEXEM 2010 microscope, with an accelerating voltaig200
kV and a beam current of 1Q8\. The evaluation of specific surface area (SSA} warformed by the Brunauer-

Emmett-Teller (BET) method on a Strohlein & Co. Aiastrument.

2.3 Electrochemical testing
The obtained materials were tested electrochemnjidalltwo-electrode laboratory cells. The working

electrodes were prepared by mixing the active rra@tékM), PVDF (MTI corp., USA) and acetylene bla¢kB)
P1042 in N-methyl-2-pyrrolidone (NMP, MTI corp., B§ The ratio of the slurry was AM:PVDF 70:10 wt&$ the
remaining 20 wt% consisted of acetylene black dred darbon coating of the active material. The ®Earwere
stirred for 24 h and then coated onto aluminum fOiile coated foils were dried under vacuum at 120t 24 h.
Cells were assembled using lithium foil (Alfa Agsas the counter electrode, with Freudenberg FD 20 a
separator. The electrolyte used was 1M LiC(BIfa Aeser) in a 1:1 (v/v) mixture of ethylenerbanate (EC) and
dimethyl carbonate (DMC) (both purchased from Adiser). Electrochemical galvanostatic tests weréopeed
on a Neware Battery Testing System (V-BTS8-3) i bltage ranges 2.8 - 4.4V, at a C/5 (0.2C) nateereC is
the theoretical specific capacity for 3 moles aff@ated Li, i.e. ~197 mA h'gand 5 is the charge or discharge time
in hours.

Cyclic voltammetry (CV) was performed on a VersaS™MC (Princeton Applied Research) multi-channel
potentiostat/galvanostat, in the voltage range 2.8 V, with a step rate of 20 p\*,swhere the counter Li electrode

was also used as a reference as its polarizatioaghkgible.



3. Resultsand Discussion

The fitted diffraction profiles for LV, gTig1(POy)s-C (LVT10PC) and LV, gsTig15(POy)s-C (LVT15PC)
are shown in Fig. 1, with the corresponding crystadl refinement data in Table 1. The data fittedl teethe
monoclinic structure of LV,(PQy)s [24]. In both samples a small amount of vanadium duced to the +2
oxidation state to form VOcé. 1 wt%). Volume is seen to increase with incregsitanium content and compares
with a value of 874 Afor the unsubstituted system prepared under simdaditions 6]. This is in contrast to the
previously reported work2p], where at thex = 0.2 level of substitution, titanium substitutiétthium vanadium
phosphate was seen to have a smaller unit celh®lthan the unsubstituted system, accompanieddinamage in
symmetry to orthorhombic. In order to explain thgparent discrepancy, it is important here to amrsihe possible
methods of solid solution formation. Under the tearcconditions described above, three main pd#s#si exist for

solid solution formation with the associated chargmpensation.

1. Lithium vacancy formation:

V< + Lig% o Tiv' +Vy

2. Vanadium reduction:
2VIIIVX . VIIV’ + TiIVV-

3. Titanium reduction:

VIIIVX . TiIIIV

In the work by Liuet al. [22], the first mechanism was assumed in the formutatin the present work, the amount
of lithium in the sample was kept constant. Thawfdf the first mechanism was correct, then theoaild have
been an excess of lithium in the sample. Howeverpuld be unlikely that any lithium containing sedary phases
would be seen in the X-ray diffraction patternstlesy would be beyond the detection limit of theht@que. In
order, to deduce which mechanism operates in theept case it is helpful to examine the predictexhge in unit
cell volume for the three mechanisms. The ionidi fad the species involved are 0.640, 0.79, 0.608 0.670 A for
V3 v# Ti* and T, respectively, for the ions in six-fold coordirmati with oxide ions 47]. This means that
mechanisms 2 and 3 would be expected to resudtrgref unit cell volumes, while mechanism 1 wouldelpected
to yield a smaller unit cell volume. Therefore tlesults of the present study are consistent witbhaeisms 2 and
3.

Further evidence for the charge compensation nmésimacan be found in the thermogravimetric datg. Fi
2 shows the DTA/TGA thermograms for the studied gositions. The initial weight loss of around 1 & 2tca.
100°C can be attributed to a small amount of adsorbatémin the powder samples. At temperatures aloave
300°C, both samples show significant weight lossesA@.2or LVT10PC and 4.54% for LVT15PC) associatethwi
the exothermic burning of the carbon coating. Ithboases the TGA traces reach a minimum at aro@@Cs

followed by an exothermic mass gain, associateti witidation. Primarily, this oxidation is of"y however the



small feature seen in the trace for e 0.1 composition at around 5&appears more significant in tke= 0.15
composition and suggests that this process hasast two stages, which is again consistent withhaxgisms 2 and
3. The existence of VO as a small secondary compainethe samples suggests that the conditions usé¢de
experiment readily stabilise divalent vanadium.

TEM images of the studied samples are shown in Figesides the thin layer of carbon coating, the t
materials show amounts of carbon (red arrows) atdbe active material particles. The particle (®ussize varies
significantly from 0.2-8 um for LVT10PC and 0.5-fuén for LVT15PC (darker particles in Figs. 3a and. 3he
average particle size distribution is in the rafde1.5 um and 2-10 um for LVT10PC and LVT15PC eesipely.
This is supported by specific surface area measemesnwhich show values of 55.64 gi* and 42.48 rhg™ for the
x=0.1 and 0.15 compositions, respectively.

Cyclic voltammagrams for the studied composites @esented in Fig. 4. Both voltammagrams show
oxidation potentials at around 3.62, 3.70, 4.12hwhe fourth oxidation peak at 4.57 and 4.55 Vg 10PC and
LVT15PC, respectively. The four peaks are assatiatéth the four stages of Li de-intercalation arftk t
corresponding oxidation of vanadiud¥]. The third and fourth peaks in the oxidation @iare replaced by a single
broad peak at around 3.9 V on reduction. In theniitm substituted samples, this reduction peakrscaulower
potential than in the unsubstituted parent compdad}l which is observed at 4.03 V. The last two retiucpeaks
are at around 3.63 and 3.56 V. The hysteresis semid in oxidation and reduction has been exanimee@tail in
the parent LVP material by Yin et aR4]. UsingLi solid state NMR and neutron diffraction, thesghars showed
that vanadium charge distribution and Li site oirtis lost on full de-intercalation (charge) ahdtton subsequent
intercalation (discharge), the 'Lions statistically distribute themselves over tsites until vanadium charge and
lithium ordering are restored at a composition acbli; 55V (POy)s.

Second cycle charge-discharge curves for the &dist @& 0.2C rate in the range of 2.8—-4.4 V arenshin
Fig. 5. The samples show three charge-dischargéeaquls, in this voltage range, corresponding to the
intercalation/de-intercalation of two lithium ionger formula unit 14]. LVT10PC shows a specific discharge
capacity of 120.6 mA hjin the second cycle, achieving 91.6% of its thecaé capacity for two intercalated
lithium ions (131.6 mA h Q). In our previous study of the carbon coated ussuted material under identical
conditions to those in the present work, a secystedischarge capacity of 116.5 mA fiwgas observed2g]. The
most heavily substituted composition, LVT15PC shamswer discharge capacity of 106.2 mAh @“d cycle).
The polarizations of the charge-discharge plateangin the range 50-60 mV for LVT10PC and LVT15PC.

The cycling performance of the studied compositisrsummarised in Fig. 6. LVT10PC shows a discharge
capacity of 121 mA h'§in the first cycle, which declines to 115.7 mAT gp to the 68 cycle, corresponding to a
4.4% loss. Compared to our previous studies of uhsubstituted system LVPQ{], LVT10PC shows an
improvement in cycling performance (initial discharcapacity 118 mA h'gand a 6.2% loss over the first 60 cycles
in LVPC)! LVT15PC displays the lowest initial cajtgoof 106.7 mA h ¢ of the test samples. The differences in
initial capacity may be associated with differenceshe average particle sizes seen in the TEM. @yaing
performance of LVT15PC shows a capacity fade o%71% to 60 cycles. The coulombic efficiencies varyhe
range 94-98% and 93-98% for LVT10PC and LVT15P&peetively.



4. Conclusions

Titanium can successfully be substituted for vamadin Li;V,(PGs)s. The solid solution mechanism
appears to involve reduction of V or Ti rather tHarmation of lithium vacancies, leaving the thema discharge
capacity high. Compared to the carbon coated utitutesl system, LVP, low levels of substitution shionproved
electrochemical performance, with higher initisdahiarge capacity and lower capacity fading. Fursistitution
has a negative impact on initial discharge capaaily capacity loss. This effect may be partly aatable to the
larger average particle size and in more heavilysstuted compositions. The smaller particle sizevjules a

shorter distance for the lithium ion to diffusedrthe particle core].
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Figure and Table Captions

Fig. 1. Fitted diffraction profiles for (a) LVT10P@nd (b) LVT15PC showing observed (+ symbols), wakted
(line) and difference (lower) profiles. Reflectipnsitions are indicated by markers (lower = primgingase, upper =

secondary phase)

Table 1. Crystal and refinement parameters fe¥ LiTig 1(POy)s-C and LV 1 gsTig.15(POy)3-C. Estimated standard
deviations are given in parentheses

Fig. 2. Combined TG/DTA thermograms for (a) LvT108a& (b) LVT15PC

Fig. 3. TEM micrographs of (a, b) LVT10PC and (£L@T15PC. Arrows indicate carbon.

Fig. 4. Cyclic voltammagrams for LVT10PC and LVT15 the voltage range 2.8-4.4 V vs. Li/lwith step rate
20 pv ¢

Fig. 5 Second cycle charge-discharge profiles ¥6F10PC and LVT15PC at 0.2C rate in the voltage eaB@-4.4
V vs. Li/Li*

Fig. 6. Discharge capacities of LVT10PC and LVT15®€orded during cycling at 0.2C rate in voltagegea2.8—
4.4V vs. LiLI
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Acronym

LVT10PC

LVT15PC

Sample description
R-factor$

No. of variables

No of profile points used

No of reflections

(a) Primary Phase
Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimension

Black powder

Rap = 0.0771, B=0.0573
Rex = 0.0597, R2 = 0.1161

X* = 1.696
51
3290
2707

LiO12PsTio1V1g

407.31 g mbl

Monoclinic
P2,/n
a=8.5907(4) A
b = 8.6030(3) A
c=12.0266(4) A

Black powder

Rup = 0.0706, B = 0.0522
Rex = 0.0608, R2 = 0.1700

x?=1.37
51

3290
2725

Li3O15P5Tig.15V 1 g
407.16 g mot
Monoclinic
P2,/n
a=8.5937(7) A
b = 8.5985(6) A
c=12.0328(9) A

B=90.390(3) B=90.450(5)
Volume 888.82(7) A 889.1(2) &
VA 4 4
Density (calculated) 3.042 Mg 3.038 Mg nt
Weight fraction 0.98803(7) 0.98949(8)
(b) Secondary phase
Empirical formula VO VO
Formula weight 66.94 g mol 66.94 g mot
Crystal system Cubic Cubic
Space group Fm-3m Fm-3m
Unit cell dimension a=4.1306(3) A a=4.1272(6) A
Volume 70.48(2) A 70.30(3) &
VA 4 4
Density (calculated) 6.309 Mg ™ 6.324 Mg n?
Weight fraction 0.0120(6) 0.0105(7)
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Discharge capacity [mAh g”]

16

150
140
130
120 -
110 -
100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10

<
<
q
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
d
<
d
<
<

e LVTI10PC
v LVT15PC

lllllllllllIlIllIIIQII’IIIIII

0 10 20 30 40

Cycles
Fig. 6.

50

(e)]
o



