GSJ: Volume 10, Issue 2, February 2022
ISSN 2320-9186

0 Global Scientific sournas

GSJ: Volume 10, Issue 2, February 2022, Online: ISSN 2320-9186
www.globalscientificjournal.com

Atom Probe Tomography of Lithium Iron Phosphate (LiFePO,) Battery
Electrode Material

Abdul Wahab Qurashi*, Guido Schmitz', Muhammad Farhab?
'Department of Material Sciences, University of Stuttgart, Germany
2College of Veterinary Medicine, Yangzhou University China

Corresponding Author: farhab.dvm@gmail.com

Abstract

We have measured the Lithium iron phosphate battery electrode system by using
Atom probe tomography and also reconstruct the measured data. The systematic study
of laser-assisted APT for LiFePO, provides an insight into the problems associated
with APT analysis of lithium iron phosphate by using UV laser. Different material
classes have been investigated by this measurement. In this study, some trials have
been performed on APT of Lithium iron phosphate.
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1. Introduction

In Human Civilization science and technology play an important role. Human
desires force the scientists to develop the equipment small, portable, efficient and
cheap. These small portable devices need energy for working and this energy is stored
in the batteries. In 1791 Alessandro Vola published an article on the batteries after
that people started to find the efficient electrode material for batteries. Alessandro
Vola was the first man who described the basic phenomena of storing current in
batteries. Since then different materials start to synthesis on the nanoscale to increase
the performance of the batteries. In order to produce efficient battery electrodes, the
material properties need to be varified on nanoscale. So far the Atom Probe
Tomography (APT) is one of the characterization technique which is used for
characterizing the materials near atomic resolution [1]. The most recent development
in APT is the introduction of a local electrode which reduces the potential needed for
evaporation [2]. The commercially used APT has a local electrode along with voltage
and laser pulsing to increase the reliability of the APT [2]. APT techniques already
have a great contribution and hold even great promise as enabling tools for chemical
analysis and crystal structural investigation [3]. APT measurement is very sensitive to
the sample preparation method and machine parameters i.e temperature of the tip,
laser power [4]. In combination with the work of Dhamodaran et al [6] this work
mainly focus on finding the parameters of atom probe tomography (ATP) for
measuring Lithium iron phosphate (LFP). Previously Daniel et al investigated the
Lithium Iron Phosphate system. Additionally, he tried to investigate the effect of laser
energy during measuring the Lithium Iron Phosphate in Atom Probe Tomography
[42].
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2. Materials and Methods

The rapid growth of interest in the field of batteries increases also the studies on
electrode material, which provide high efficiency and reliability like LiFePO,. In this
study, LiFePO, was measured with APT. As introduced early, APT is the
sophisticated technique for microstructural analysis of materials. LiFePO, is
environmentally non-toxic and inexpensive material [27].

Delacourt et al. investigated the thermal behavior of different xLiFePO,, 0<x</ and
discovered two phase mixture with an intermediate solid solution phase [28]. Neutron
diffraction studies show the disordering of lithium is present in the solid solution of
LiFePO, in [100] and [010] direction [29]. At ambient temperatures LiFeP O, shows a
better capacity retention characteristics than LiMn,0, in LiPF, based electrolytes,
perhaps owing to a lower Fe dissolution compared to Mn dissolution [31]. So it has
been observed that the LiFePO, electrode material works efficiently at 60°C under
electrochemical conditions, and may have a slight dissolution tendency in the
electrolytes at this operating temperature [32]. This capacity fade at operating
temperature is due to the impurities in an electrolyte of the electrochemical cell. Iron
dissolution in the electrolyte can be an issue at elevated temperature in the presence of
water and other acidic contaminants [33]. Due to the high mobility of Lithium ions in
LiFePOy, it is difficult to measure lithium and lithium compounds in APT [42].

As measured directly from the FIM image the distance between (011) and (112) pole
Is 23.18mm and the specimen to screen distance account to 50mm [37]. The number
of rings counted between lattice planes (011) and (112) direction aren = 16 + 1 .The
Lattice parameter of Tungsten is a = 0.316nm. The evaporation of tungsten takes
place at 52 Vnm™ [5], and the tip was developed up to up to 10 kV. Small diameter
wires, fibers, whiskers, nanowires or roughly polished needles can be prepared by a
FIB for characterization in APT. In these cases, the annular milling method (Larson
et al., 1998, 1999a) is most suitable one. Annual milling may also apply directly to
multiple tips and post procedure by the Bosh etching process (Larson et al., 2001;
Thompson et al., 2004). Several different methods have been designed for atom probe
specimens (Miller et al., 2005; Cairnet et al). The choice of the method depends on
milling time as well as the geometry of interest (Miller et al., 2005). Samples were
checked by transmission electron microscope, regarding the quality of the interface
between two layers, layer thickness and shape of the tip. METAP was employed for
the LFP measurement [35]. Oppositely, the counter electrode of METAP is kept at
zero potential during the whole measurement [36].

3. Results and Discussion

The field of view analyzed by Atom probe tomography is limited to an aperature
angle of 34 £ 1. One of the obvious featured to measure lithium iron phosphate under
APT is to get the complex phases and their positions in the mass spectrum. The
measurement demonstrated in were performed with the laser power of 15mW and
3.2 million of atoms were detected. Different elements, with hydrides of Phosphorus,
Oxide of iron and Chromium are observed in the mass spectrum, which lies at 1-2, 6-
7, 15-18, 23-27, 27-28.5, 32-34, 42-47, 52-54, 54-58, 63-68, 71-73 and 83-84 Da.
This amount of peaks during APT measurement of Lithium iron phosphate makes the
identification of peaks difficult. Unfortunately, controversy is present in an
identification of one isotope of chromium 54 and iron 54, due to overlapping of their
corresponding peaks. However, hydride of Phosphorus are located at 33 Da, 34 Da
and 71-73 Da describe as PH;, PH3 and LiP,Hs3. The peak of maximum intensity lies
from 6-7 Da, which is the representation of pure Lithium. However, the identification
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of these peaks performed with great precision. On one side of this, commonly
adsorption of impurities, gas molecules and other atoms may contribute more and less
to these peaks. A further complication arises during measurement of Lithium iron
phosphate was the evaporation of Lithium, its evaporation started at ~ 12.5 kV and
suddenly drop after 0.6 — 0.7 kV and again started after 1 — 1.5 kV. This fluctuation
in evaporation shows that Lithium is mobile in the sample or maybe it is due to the
rupture of layers. This measurement is a rare measurement from the batch of un-
anneal samples because it’s hard to measure Lithium iron phosphate in APT due to
field drift ion migration of lithium or may be due to brittle nature of LFP at low
temperature. Moreover, it is clear in the reconstruction that Lithium is just present on
the surface of the tip. In addition to this, the detector was not homogeneous in the
whole measurement and position of the atoms on detector were changing. The
inhomogeneous distribution of atoms on detector is maybe due to the bad quality of
sputter layer or may be defocusing of the laser on tip apex or may be due to field drift
ion migration of lithium. This arises the inhomogeneity in this experiment and
unfortunately due to the limitation of time, reliable measurements are not available.
Elements and compounds, which are identified in the measurement of un-anneal
sample are listed in table under below:

Table 1: Mass spectrum peaks of un-annealed sample.

m/z[Da] Identity m/z[Da] Identity m/z[Da] Identity
1 H* 33-34 PH;"™ 71.8-72.2  LiP,H5™
6-7 Li*t 43.8-44..2  FeO," 84-86 Cro,"
16-16.2 ¢ o 46.9-47.2 PO*
17-17.2 OH™ 52-54 crtt
18-18.2 H,0" 56-58.5 Fe*!
25-27 Cr* 62.8-63.2 P,H™
27.5-28.5 Fe*? 64 PoH,™
31 p*t 65 PoH5™
31.5-32 0, 66 PoH, ™
33 PH,"™ 68 FePO,"

The initial radius R and shaft angle o are the major requirements. However, it is not
possible to measure these data during APT measurement. Despite this, the
reconstruction of the tip is done by fixing the evaporation field corresponding to the
literature by adjusting both the tip radius R and shaft angle a. The evaporation field of
Lithium is 14 Vnm™ and for iron is 33 Vnm™ from this it can be says that the
evaporation field of Lithium iron phosphate is lies between 14-33 Vnm™ [38]. The
vaporization field of LFP on 4nm of chromium along with the thickness of the layer.
Just in the beginning of the measurement, the voltage applied to the specimen is
constantly increasing; which result in the increasing electric field. Subsequently,
homogeneous evaporation has been achieved and the plateau appears in the
evaporation plot, which shows the constant evaporation from surface.
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In the beginning of measurement the evaporation field is fluctuating up to 10nm but
after that it becomes constant. This fluctuation is due to change of radius curvature
with field strength, irregularity on tip surface, non-spherical tip apex and break or
rupture of sputtered layer. The voltage on the tip is increased to achieve the constant
evaporation of LFP. However, the constant evaporation for LFP in METAP is more
severe as compared to other metallic materials. Therefore, Lithium is just measured at
the beginning of the experiment because its evaporation field strength is low as
compared to other components of LFP (e.g O, Fe and P). Oppositely, the
measurement of pure Tungsten confirms the termination of the experiment. But there
is no measurement of pure tungsten atoms in this experiment because the tip broke
before the evaporation of tungsten.

Irregularity on the surface can be minimized by controlling the parameters during
electrochemical etching, sputtering and FIM development. The drastic turbulence of
the evaporation rate and the rupture of LFP layer have been encountered during this
work rapidly. This problem has a negative influence on the reconstruction because it
causes distortions and loss of atoms. For the optimal atom probe measurement of
LFP, some attention must be paid during measurement. First of all, standard quality of
sputter layer on the tip is the precondition for stable evaporation and good APT
measurement. Secondary the suitable measuring temperature of the specimen is also
the precondition of good measurement. Lower temperature (60-65K) makes LFP
brittle, which causes the rupture of a layer during evaporation. High temperature (73-
93K) supports the evaporation but there will be a compromise for the resolution.
However, it is clear that all the lithium is coming from the surface and it is located
just from one portion of the tip. Because the 28% of lithium atoms diffuse from part B
to part A Moreover, this one side evaporization of lithium atoms are due to Field drift
ion migration of Li to the surface or may be due to the bad quality of sputtered layer
on the tip. Nevertheless, as a matter of fact, the position of the laser cannot be
Performed very precisely. Furthermore, a significant change in intensity of atoms is
affected by slight drift or a shrink of the tip during measurement. The solution of this
problem is to change the laser spot position on the tip apex, which may cause different
effective intensity and also effects the reconstruction result.

Moreover, it can clearly identify that the band region is located at one side of the
cylindrical (left top side of Cylinder) which is enriched with 40 % of pure lithium, 22
% of iron, 15% chromium, 5 % of phosphorus and 8% (at zero distance from the tip).
The corresponding composition profile indicates that Li is diffusing to the surface
(28% of lithium) and remaining other elements Cr, Fe and P are spread in the whole
tip. Oppositely, the amount of Chromium is maximum at the end corner of measured
tip because it’s the intermediate layer between LFP and tungsten.

Table 2: Composition of Li, Fe, P, Cr and O of un-annealed sample.

Li | Fe | P | ¢cr | o
Absolute quantity 1298849 1194274 3910 190558 404391
Relative percentage | 4200 | 3862 | 0126 | 1307 | 6.16
4
GSJ© 2022

www.globalscientificjournal.com



GSJ: Volume 10, Issue 2, February 2022
ISSN 2320-9186 2698

References

1. M.K.Miller,” Atom probe tomography analysis at atomic level”,0ak ridge Nation
Laboratory Oak Ridge, Tennessee, Kluuer Academic/Plenum publishers, New
York,2:2000.

2. Chris Tourek,” Application of Atom Probe tomography to the investigation of
atomic force microscopy tips and interfacial phenomena”, Lawa State
University:2012.

3. Baptiste Gault, Michael P. Moody, Julie M. Cairney, Simon P. Ringer, *“ Atom
Probe Microscopy”,Springer New York-Heidelberg Dordrecht London, 1:2012.

4. Lei Zhang, “ Structure analysis of polyelectrolyte multilayers system with Atom
probe tomography”, Institute for material science, Chair of material physics,
university of Stuttgart Germany,2:2016.

5. N.Dawahre, G.shen,S.Bairi, W.Baughman et al, “Atom probe tomography of Zinc
oxide nanowires”, J. Electrons. Master, 801-808:2012.

6. Lei Zhang, “Structure analysis of polyelectrolyte multilayers system with Atom
probe tomography”, Institute for material science, Chair of material physics,
university of Stuttgart’” Germany,9-15:2016.

7. R.Goner, “Field emission and field ionization”, Howard university,

Cambridge:2016.

T.Sakurai, EW. Muller, Phys, Rev, let.30,532-535:1973.

D.JLarson, K.F. Russell, M.K. Miller, Micrase, Microanal.5,930-931:1999.

0. Stender,P.Oberdorfer, C. et al, “New tomographic atom probe”, University of

Muenster, Germany. Ultramicroscopy,726-33"2007.

11. A.Menand, T.Alkassab,S. Chambereland. et al , J. Phys.49((C-6)),353-358:1988.

12. F.Vurpillat, M.Gilbert,B.Deconihout,Surf. Interface Anel.39(2-3),273-277:2007.

13. T.T. T song, “ Atom probe Field ion microscopy:Field emission”, surface and
interface at atomic resolution, Cambridge university press, New York, NY:1990.

14. C.M.C. de Castilho, D.R. Kingham, J.Phys. D: Appl. Phys.20(1),116-124:1987.

15.B. Gault, A.La Fontaine, M.P.  Moody, S.P. Ringer, E.A. Marquis,
Ultramicroscopy 110(9), 1215-1222:2010.

16. Miller, M.K, * Atom probe tomography: analysis at the atomic level, Kluwer
academic/ plenum publishers, New York:2000.

17. M.K. Miller. A.Cerezo. M.G. Hetherington, G.D.W. Smith, “Atom probe field ion
microscopy”, Clarendon oxford:1996.

18. KW.Bowkett, D.A.smith, *“ Field ion microscopy”, North Holland,
Amsterdam:1970.

19. Nishikawgo, Muller E.W,” Operation of the field ion microscopy with Neon. J.
Appl. Phys. 35(10), 2801-12:1964.

20. Baptiste Gault, Michael P. Moody, Julie M. Cairney, Simon P. Ringer, *“ Atom
Probe Microscopy”,Springer New York-Heidelberg Dordrecht London, 29:2012.

21. Kelly, T.F, Gribb T.T et al “First Data from a commercial Local Electrode Atom
probe (LEAP)”, Microsc, 373-83,10:2007.

22. 0. Nishikawa, Y. Ohtani, K. Maeda, M. Watanabe,K.Tanaku, Mater. Charact.
44,29-57:2007.

23. Kelly, T.F, Miller M.K, “ Invited Review Article, “ Atom Probe Tomography”,
Rev. Sci. instrum, 78,031101:2007.

24. Christian Oberdorfer, *“ Numeric Simulation of atom probe Tomography,” Chair
of Material physics, Departement of Material Science, University of Stuttgart,
25:2014.

= ©o o

GSJ© 2022
www.globalscientificjournal.com



GSJ: Volume 10, Issue 2, February 2022
ISSN 2320-9186 2699

25. Michael K. Miller, Kaye F. Russell, Keith Thompson, Roger Alvis, “ Review of
atom probe FIB-based specimen preparation method”, Microsc. Microanal,
13,428-436:2007.

26. C.A. Volkert, A.M. Minor, Guest Editors, Focused ion beam microscopy and
micromachining”, MBS Bulletin, Volume 32:2007.

27.Jonna L. Dodd, Phase composition and dynamic structure of Lithium iron
phosphate”, California institute of Technology, Pasadena, Celifornia:2007.

28. C. Delacourt, P. Paizat, J.M. Tarascon, and C. Masquelies,” The existence of a
temperature-driven solid solution in LixFePO, for 0 < x < 1”7, Nat Muter.4, 254-
260:2005.

29. C.Delacourt, J. Rodriguez-Carvjal, B.Schmitt, J.M. Tarascon and C.Masquelier, “
Crystal Chemistry of the olivine-type LixFePO, system 0 < x <1 between 25
and 370 centigrade”, solid state science 7, 1506-1516:2005.

30. A. yamada, H. Kaizumi, N. Sonoyama, “ Phase change in LixFePO,”,
electrochemical. Solid-state letter 8, 409-413:2005.

31.N. lltchev, Y.k chem, S.okada,” LiFePO, storage at room and elevated
temperature”, J. Power sources 119,749-754:2003.

32. M. Takahashi, S. Tobishima, K. Takei, * Reaction of LiFePO, as a cathode
material for rechargeable lithium batteries, Solid state ionic 148, 283-289:2002.

33. K. Amine, j. Liu,” High-temperature storage and cycling of C- LiFePO, / graphite
Li-ion cells”, Electrochem. Comm. 7,669-673:2005.

34.S.Y Chung, J.T. Bloking,” Electronically conductive phosphor-olivines as lithium
storage electrodes”, Nano Mater.1, 123-128:2002.

35. Nishikawa, O, Kimoto, “ Development of a scanning atom probe"”, Vac.Sci.
Technol, 599-602:1995.

36. Keller, J, Klinge lhofer, G. Konkeleit, “ A Position sensitive Microchannel plate
Detector using a Delay line Readout,” Nuclear instruments and Method in physics
Research, 258-221:1987.

37. Stender, P, Oberdorfer, C. et al “ New Tomographic atom Probe at munster
University Rev. Ultranicroscopy,81, 043703:2010.

38. Andradw, J.D.,”Surface and interfacial Aspects of Biomedical Polymers”, surface
chemistry and Physics, Plenum Press, New York and London, Col 1: 1985.

39. L.M. Gorgon,” Atom Probe Tomography of apatities and bone-type
mineralization tissues, ACS Nano 6,10667-10675:2012.

40. R.Kirchhofer. M.C. Teague,” Thermal effect on mass and spatial resolution during
laser pulse atom probe tomography of ceramic oxide”, Nuclear mater.436,23-
28:2013.

41. G.H.Greiwe, Z. Balogh, G. Schmitz, “ Atom probe tomography of Lithium-doped
network glasses”, Ultra-microscopy 141,51-55:2014.

42. Dhamodaran Santhanagopalan, Daniel K. Schreiber,” Effects of laser energy and
wavelength on the analysis of LiFePO, using laser assisted atom probe
tomography”, Ultramicroscopy 148,57-66:2015.

43.S.Y. Chung, J. T. Bloking, and Y. M. Chiang, “Electronically conductive
phospho-olivines as lithium storage electrodes,” Nat. Mater. 1,123-128:2002.

44, T.Tsong,” Atom Probe Field ion Microscopy”,Cambridge University press, New
York: 1990.

GSJ© 2022
www.globalscientificjournal.com





