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ABSTRACT

Spinel LiTisO5(LTO) has been considered as a promising anoderiabte lithium-ion batteries (LIBs). But its
disadvantage of low electronic conductivity limissapplication to spread wide. This is overcomelbgingsome of
the metal ions in the crystal lattice site of LTi® this regardYttrium metal ions dopedLTGQI(YO) nanoparticles
were fabricated using solvothermal method from,JIOOH.H,O and Y(NG@);.6H,O as reactants. The synthesized
products were subjected to X-ray diffraction anayXRD) which showed no change in the crystalcttme owing
to the substitution of yttrium ions in the titaniwite. Also the increased lattice constant, incesathe rate of
lithium ion diffusion in the electrode material. &tmorphological studies were performed from Fieldigsion
Scanning Electron Microscopy (FESEM) and High Resamh Transmission Electron Microscopy (HRTEM) aon
with particle size analysis obtained for varyingodot concentrations. The vibrational groups presantTO were
also identified from Fourier Transform Infrared dgsis (FT-IR). Moreover their lithiation—delithiath process
were characterized by electrochemical measurenteatt showedY TOto exhibit good cyclic stability, enhanced

cyclic behavior and performance in comparison tdaped LjTisO;, nanoparticles (NPs) that could serve as better
anodes for LIBs.

Keywords: Lithium Titanate nanoparticles, Anode material, Lithium-ion Batteriesolvothermal method, Y-
Doping, Electrochemical study.

INTRODUCTION

Lithium-ion batteries (LIBs) play a vital role irupdaily life owing to its wide range of applicat® that include
electrical, electronic, medical and other spacalireqnents. Though various anode materials couldctffely
replace graphite, Lithium titanate (LisO,,) proves to be a more suitable candidate due teaheus advantages it
offers in comparison to other electrode materihigTisO;, (LTO) possesses zero-strain insertion charactesisti
which brings negligible volume change to the crysteucture. Further it has a flat operating vodtag 1.55 V vs.
Li*/Li and considered to be environmentally safe [1,Though it exhibits a theoretical capacity of ImM&hg?, it
still acts as a poor conductor in its de-lithiafecm. Hence doping is one of the many possible wayailable to
improve its conductivity and thereby enhance it$qrenance for LIBs application [3, 4].

The structure of LiTisOy, belongs to a cubic system with space gflim, in which 75% of lithium ions are
located on tetrahedral 8a sites, and 25% of lithioms and Ti‘ions are randomly distributed at octahedral 16eksit
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All the oxygen ions occupy the 32e sites. Substituof a small quantity of T, Li*, or & with other ions greatly
improves the kinetics of the material in terms apacity delivery, cycling life and rate capabiljg]. It is already
reported that doping €t Co**, Ni%*, La®", Y**, zr**, RU*, Mo*, Mn*, V*, T&@*, Nb**, or SF* has resulted in
improved rate capability mainly by enhancing thecgbonic conductivity [6, 7].

Very few research works are carried out by doperg rearth metal ions to LTO. In this paper, effarts made to
dope yttrium (¥*) ions into the lattice site of LTO through solvetimal method and its electrochemical and cyclic
performances are studied. Further, the effect pfrdpon the structural, morphological and spedisdavior is also
investigated in detail.

MATERIALS AND METHODS

2.1.Chemicals

LiOH.H,0 (99.995%) and Y (N§);.6H,O (99.8%) were purchased from Sigma Aldrich. Jf@m Qualigens Fine
chemicals Pvt. Ltd and Ethanol (99.9% AR) grade paschased from Changshu Yangyuan Chemical Co., Ltd
They were used as received without further putiiicaand all the reactions were performed usingotézed water.

2.2.Synthesis

Yttrium was doped in LTO in the presence of mixetyents of ethanol and water taken in equal volurie®9 g
of LiOH.H,O was first dissolved in the solvent mixture. Théridm precursor was prepared with varying
concentrations of 0.5 M, 1.5 M and 2.5 M % of Y (BgBH,O dissolved in de-ionized water. To the dissolved
LiOH aqueous solution, the above prepared yttriohation was added and stirred. Further a certaiauarhof TiO,
was added finally and stirred for about an houre Tesultant white precipitate was transferred fbeflon-lined
stainless steel autoclave of 200 ml capacity. Tygrdthermal synthesis was carried out at 200 °Clfbh. After
naturally cooling the autoclave to room temperatthie precipitate was separated by centrifugafidre obtained
product was washed with DI water and ethanol sévienas, followed by drying and calcination at 800D for 5 h.
The Y doped LTO products were denoted aslYO, Y1sLTO and Y,sLTO corresponding to the doping
percentages of yttrium. The same procedure waswelll without the addition of Yttrium precursor tbtain pure
LTO NPs.

2.3.Electrochemical measurement

The electrochemical performance ofLYO(x= 0.5, 1.5 and 2.5 M %) was tested in CR208h-type cells.
Typically, Y,LTO, carbon black, and polyvinylidenefuoride (PVD#ith a weight ratio of 8: 1 : 1 were mixed in n-
methyl pyrrolidinone (NMP) to form a uniform slurrywhich was then coated onto a Cu foil substratedried in a
vacuum oven at 120 °C for 12 h. Half-cells wereeastded in a glovebox using Li foil as counter alede,
Celgardmicroporous polypropylene membrane 2300wsasl as separator, and a mixture of 1 M kilFethylene
carbonate and dimethyl carbonate (1 : 1 by voluwwes employed as electrolyte. The electrochemidahbier was
analyzed by making coin type half-cell in an Ardiilled glove box. The performance of the cells veasluated
galvanostatically in the voltage range of 1— 2.&t\A current rate of 0.1 C on a multi-channel lppitgcler.

2.4 Characterization techniques

The as-synthesized,XTO products are characterized to analyze thewcstral, morphological, spectral and
electrochemical behavior. The crystal structurgsghand crystallinity of the material were confichieom powder
X-ray diffraction (XRD) analysis which was recordddy GE XRD 3003 TTX-ray diffractometer using
monochromatic Nickel filtered Cu KA = 1.5416 A) radiation in the®2range of 10° to 70°. The morphology,
average size and elemental composition of the eysaped nanoparticles were determined from the CZELSS
SUPRA 55 Field Emission Scanning Electron MicroscdpE-SEM) that has the attachment of an Energy
Dispersive X-ray Analyzer (EDX). This was furtheonfirmed from High Resolution Transmission Electron
Microscopy (HR-TEM) analysis done using the JEOIMJELOO and the selected area diffraction patterhE3)
was also recorded to examine the crystallinity phdse formation of the as-synthesized nanoparticles FT-IR
spectral analysis was also obtained from the Pdtkimer Spectrum RX 1.Their electrochemical perfaioewas
studied from coin cell fabrication.
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RESULTS AND DISCUSSION

3.1.Powder X-ray diffraction analysis

Fig. 1(a-d) shows the powder X-Ray diffraction pats of pure and as-obtained yttrium dopeqTisD;»
nanoparticles for different doping concentratiors 0.5 M, 1.5 M and 2.5 M%). The,XTOXRD patterns are
compared with pure LTO and seen to be quite similhe Bragg peaks are compared with standard JGRIDS
(26-1198) and indexed to cubic spinel structurérsjtace groufd3m. However, there appears two impurity peaks
corresponding to LilNO3; and LiTiO, in the XRD pattern for the Y doping concentratadfrx= 0.5 M %. From Fig.

1, the major peaks of spinel structure are fountetd111), (311), (400), (511) and (440), respetyiapart from
which no other impurity peaks can be deductedcatdig that yttrium has doped into the latticessiéLTO.

The expanded XRD plot for (111) peak in the ran§e 25° to 20° is illustrated in Fig. 2 (a-d). A ghibwards the
lower angles is observed with increase in dopintceatrations, indicating the increase in latticestant due to the
ionic radius of ¥* (0.9A) being larger than that of L{0.76 A) and Ti* (0.605 A). The lattice constants are
calculated to be 8.33 A, 8,356 A, 8,345 A, 8.387@&dkresponding to x= 0 M, 0.5 M, 1.5 M, 2.5 M%. Ehile
increase in lattice constant by the substitutiom ¢drger ion could broaden the pathway foribn diffusion. Also
the difference in the ionic radius betweeti ¥nd Tf* creates lattice distortion leading to defects TTOL[8].
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Fig.1 XRD pattern of Y,LTO for x=0 (a), x=0.5 (b), x=1.5 (c) and x=2.5 (d)
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Fig.2 Diffraction peak expanded for D= 15° to 20°

3.2.FESEM analysis

The morphological study of Y doped LTO NPs was dosig Field Emission Scanning Electron Microscopy
(FESEM) and shown in Fig. 3 (a-d). It is observhdttdoping does not change the morphological aspfetite
doped LTO NPS when compared with pure LTO and hémesame cubic morphology is maintained in the cds

Y doped LTO also. The samples are well crystalliZEte size of nanoparticles covers a wide ranga fabout 80 -
150 nm for all the three cases.

Fig. 3 FESEM images of YLTOfor x=0 (a), x=0.5 (b), x=1.5 (c) and x=2.5 (d)
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However in the case of high doping levels of Ytmi{l.5 and 2.5 M %), there are particles whose se@ms to
appear larger in comparison to Y= 0.5 M % and uedopTO NPS. This is attributed to the increaseadination
temperature from 500 °C for pure LTO to 800 °Che tase of doped samples that has resulted inrdvethg of
bigger particles [9]. Also for high doping concetion of x= 2.5 M, the morphology seems to be sligtiistorted
[8]. The nanoparticles are free from clustered fations or agglomerations.

3.3 EDX analysis

The elemental composition of thglYTO NPs was confirmed from EDX analysis. Fig. 4&jashows the presence of
titanium and oxygen in the Y doped LTO samples. phesence of Yttrium was identified for higher dupi
concentrations of x= 1.5 and 2.5, but very feeltfieun presence could be detected for x= 0.5 duever level of
doping. This shows that® ions have entered into the lattice site ofTidO;, and substituted for T4 resulting in
the formation of Y doped LTO. Moreover, Lithium hgia light metal produces low energy characteristitations
and hence could not be detected from EDX analysisteserved in the case of pure LTO nanoparticlenckl
requires other techniques like XPS or Li NMR tontify the presence of lithium[10].

x 0.001 cps/eV

2 4 6 8 10 12 14 16 18 20
keV
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Fig. 4 EDX spectra of XLTO corresponding to x=0.5 (a), x=1.5 (b) and x=2.&)

3.4.HRTEM analysis

The structural features of Y doped samples areyaedlfrom HRTEM imaging. Fig. 5 (a-d) depicts thR HEM
images corresponding to different doping valuesTd® NPs. It is evident that there is no changehanmorphology
between the pure and doped samples of LTO as aabdérom FESEM analysis. Further, owing to the insexl
doping value, the morphology appears to be sligtigyorted and the particles appear bigger in caoispa to pure
LTO NPs. In addition, the lattice fringe images atso examined to view the microstructural infaiioraof the
as-prepared products. As seen from Fig.5, thedaftinges are clearly visible along with someidattdistortions.
This is probably due to the substitution of an with greater ionic radius of &Y= 0.9A) than the host ion (=
0.605 A) in the crystal lattice site [8]. The typiselected area electron diffraction (SAED) patendicate that the
nanoparticles are crystalline in nature. The d-spealues were calculated from SAED data and coatpavith
their corresponding XRD results and the major odiites are indexed to their respective diffractpanes. The d-
spacing calculated from SAED data fof ¥TO and Y,sL TO samples matches well with the major reflections
namely; (111), (311), (400), (511) and (440) of XR&ults but whereas foro¥.TO, the major reflections are
observed from (111), (311), (400) and (440) plaridwus all the three doped samples confirm the cspioel
structural formation of the nanocrystals.
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(d)

Fig. 5 HRTEM images, lattice fringes and SAED patte of Y,LTO corresponding to x=0 (a), x=0.5 (b), x=1.5 (@nd x=2.5 (d)

3.5. FT-IR Analysis

The FT-IR spectra of the Y doped LTO samples amvshin Fig. 6 (a-c). The spectra of all the threg. MO
nanoparticles do not show much change with vanaitiothe doping concentrations. The peak at ar@&8@D cnt
indicate the presence of hydrogen-bonded O-H stirggonvhich is absent in the LTO structure. The sGtetching
vibrations are assigned to bands formed at abdd® &', which in the case of }¥LTO and Y, L TO appears at
1591.73 cm' and 1594 crit and is absent for YLTO. All the three YLTO samples show the C=0 bawhich lie
almost closer in value at 1437 tin1439 cm® and 1411 crm respectively [9]. The bands found at 1044.10'cm
1053.47 crit, 1046.94 crii for x= 0.5 M, 1.5 M and 2.5 M are confined to firesence of C-O vibrations. The Ti-O
vibrations are confirmed from the peaks observetthénrange 2200 - 2400 &fd1]. These vibrations though weak
yet observed at 2918.14 ¢n2399.59 critand 2917.77 cth Moreover, the bands lying below 600 tmre due to
the vibrations of the metal-organic groups, suchLia®-R or Ti-O-R and Y-O, thus validating the peese of
yttrium in the lattice sites of LTO [12].
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Fig. 6 FTIR spectra of Y,LTO corresponding to x=0.5 (a), x=1.5 (b) and x=2.&)
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3.8.Electrochemical Characterization

The electrochemical performance of the electrodterizds are well studied from their cyclic behavibig.7 (a-c)
shows the charging and discharging curve of Y ddpgtisO;, hanoparticles prepared from ethanol/water solyents
obtained between 0 and 2.5 V (vs. LilLat a C-rate of 0.1 C measured for 50 cycles witralf-cell system. The
lithiation and de-lithiation mechanism oM. TO, Y, sLTO can be well understood from the cyclic behawdbthe
samples. During discharging, the spinelTiiO;, exhibits a lithiation behavior for 3.0 Li per foutka to be
Li;TisO, with rock salt structure. As seen from Fig.7, tla working potential platform (charge procesf4lV
and discharge process, 1.52 V) indicates the tvas@levolution between fiisO;,andLi; TisO;5[13].

The initial discharge capacities for both XTO (216.95 mAh §) and Y,sLTO (220.39 mAh &) are found to
exceed the theoretical capacity of LTO (175 mAH.drhis extra capacity is contributed from the #ielgte
decomposition that forms a surface film on the danip4, 15]. Also the first discharge capacity isolwn to be
affected by several factors, such as specific sarfrea, morphology, crystallization, lattice défaod impurity
phases within the electrode materials which coldd kead to the increase capacity obtained atitbedycle [16].
Though the discharge capacities of Y doped LTOes=®s from its initial value after th& dycle, they show better
discharge capacities even at the end df &gcle when compared to undoped LTO. Moreover,rtheversible
reaction mechanism continues for the complete Sesyunlike pure LTO where the electrochemical bilreends
within a few cycles. The final discharge capacifi@sY,sL. TO and Y,sLTO are 117.7 mAh é and 121 mAh é
while that of undoped LTO is 94.7 mAh!gndicating that high electronic conductivity cobuites to higher
discharge capacity. These features suggest thanting of ¥** ions into LTO increases the stability of LTO dugin
the intercalation/de-intercalation of Li ions bytiag as a bridge between the particles therebyranipg the
contact area between the electrode and the elgetrébr enhanced surface electrochemical reactivatyd
shortening the diffusion distance of electrons Ahabns [17, 8]. Further both XL TO and Y,sLTO show better
electrochemical performance when compared to pdi® knd the doping content of Y= 2.5 M gives a dligh
higher capacity value than the other. Hence it lsarauthenticated that doping yttrium has enhanbedcyclic
behavior of LiTisO;,NPs.
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Fig. 7 Charging/ discharging behavior of ¥LTO corresponding to x=0 (a), x=0.5 (b), x=2.5 (c)
CONCLUSION
In summary, Yttrium doped LTisO;, was synthesized from hydrothermal method. The eféaoping on the

crystal structure and morphology was investigate@ould be concluded that®Yions do not change the cubic
spinel nature of the LTO and also no morphologateinges except for slight distortions owing to itherease in
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doping concentrations were observed from HRTEM sl Moreover, it is evident from the electrocheshi
studies carried out that doping greatly influenttes cyclic behavior and thereby improves the pentorce of the
electrode material. The charging/ discharging cyclirves of ¥sLTO and Y,sLTO were obtained, compared and
their discharge capacities show thatsYTO exhibits better electrochemical performancentiYgsLTO. However
both YpsLTO and Y,sLTO seem to be stable and possess higher electeconiductivity than pure LTO. Thus the
substitution of ¥ ions has created better cyclic performance necg$samaterials to be used for Li-ion battery
applications.
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