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Abstract

In situ hard X-ray absorption spectroscopy (XAS) at metal K-edges and soft XAS at O K-edge and metal L-edges have been carried out during
the first charging process for the layered Li;_,NipgCog15Al 05O, cathode material. The metal K-edge XAS results show that the major charge
compensation at the metal site during Li-ion deintercalation is achieved by the oxidation of Ni ions, while the cobalt ions remain mostly unchanged
in the Co** state. Ni Lim-edge and O K-edge XAS results in both the fluorescence yield (FY) and partial electron yield (PEY) modes show that
substantial amount of Ni ions at the surface of LiNiygCoy,;5Aly 050, powders exist as Ni**, whereas most of Ni ions in the bulk are in the form of
Ni**. Therefore, if the PEY mode, which is a surface-sensitive technique, is used alone, the interpretation of the results is limited to the surface
structures only. In order to get the full picture of both the surface and the bulk, the FY mode and PEY mode should be used simultaneously.
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1. Introduction

Extensive research on the electronic structure of Li-ion inter-
calated cathode materials has been carried out to elucidate
the reaction mechanism of the electrochemical process in the
cathode material during cycling. Hard X-ray absorption spec-
troscopy (XAS) has been employed in order to examine the
electronic and local structure of transition metal ions in the elec-
trode materials for use in Li rechargeable batteries [1-5]. The
absorption peak features of the transition metal K-edge XAS
provide useful structural information such as the oxidation state
of chemical species, their site symmetries, and covalent bond
strength. Soft XAS (200-1000 eV), using synchrotron radiation,
has been applied to investigate the electronic structure of spe-
cific ions in the electrode materials for Li rechargeable batteries,
especially, low z elements like oxygen and fluorine that cannot be
directly investigated by hard XAS (above 1000 eV) [6-10]. Soft
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XAS spectra can be obtained in both the electron yield (EY) and
fluorescence yield (FY) modes. The electron yield mode is sur-
face sensitive, with the total electron yield (TEY) mode probing
adepth of ~100 A and the partial electron yield (PEY) probing a
depth of ~50 A. The fluorescence yield mode probes the bulk to
a depth of more than ~2000 A [11,12]. Unfortunately, most of
the soft XAS results reported in the literature on lithium battery
materials have been obtained by the electron yield method only
[6-8]. Although soft XAS, using electron yield method, gives
useful information about the electronic structure of the transition
metal and oxygen ions, the results are limited only to probing the
surface or near surface, which may not reflect what is happen-
ing in the bulk. In contrast, our previous soft XAS study using
both the FY and PEY modes clearly showed that the surface
of nickel-based compounds has a different electronic structure
from the bulk [10].

A great deal of research efforts have been carried out aimed at
the development of alternative non-toxic cathode materials with
higher capacity, lower cost, and increased safety characteristics,
to replace LiCoO;. Among the new cathode materials devel-
oped, LiNip §Coq.15Alp.0502 has demonstrated some promising
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advantages in high power applications such as power tools and
hybrid electric vehicles (HEV). The significant improvement in
safety characteristics and cycleability in large size lithium batter-
ies over the LiNiO; cathode material was reported by Broussely
[13] at SAFT and other researchers. This material was also thor-
oughly studied as one of the benchmark materials (assigned as
Gen 2 material) by researchers from several US national labs
under the Advanced Technology Development Program (ATD)
supported by the FreedomCAR & Vehicle Technologies Pro-
gram of US Department of Energy.

In this work, the electronic structure in the electrochemically
Li-ion deintercalated LiNiggCoq 15Alp.0502 electrode system
were studied using the combination of hard and soft XAS tech-
niques, together with the simultaneous data collection with both
PEY and FY modes in soft XAS. By doing this, a more com-
plete picture of the electronic structure, both at the surface and in
the bulk, was obtained for the electrochemically deintercalated
LiNig.§Coo.15Al0.0502.

2. Experimental

The cathodes used in this study were supplied by Quallion
Corp. (Sylmar, CA). The cathode coated on aluminum foil con-
sists of 84% LiNig gCop.15Alp.0502 (Fuji Chemical), 4% carbon
black (Chevron), 4% SFG-6 (Timical), and 8% PVdF (Kureha).
The cathodes were incorporated into cells with a Li foil anode, a
Celgard separator, and a 1 M LiPFg electrolyteina 1:1 EC:DMC
solvent (LP 30 from EM Industries, Inc.). The cell was assem-
bled in an argon-filled glove box. The detailed design of the
spectroelectrochemical cell used in the in sifu XAS measurement
has been described elsewhere [14]. Hard XAS measurements
were performed in the transmission mode at beamline X18B of
the National Synchrotron Light Source (NSLS) using a Si(11 1)
channel cut monochromator. The monochromator was detuned
to 35-45% of its original intensity to eliminate the high order
harmonics. Energy calibration was carried out using the first
inflection point of the spectrum of Ni metal foil as a reference
(Ni K-edge =8333 eV). Reference spectra were simultaneously
collected for each in situ spectrum using Ni metal foil.

Soft-XAS measurements were performed at Beam Line U7A
of NSLS. The beam size was 1 mm in diameter. The esti-
mated incident X-ray energy resolution was ~0.2 eV. Data were
obtained both in PEY and FY modes. The PEY mode collects
more of the auger electrons and less of the inelastic secondary
electrons than the TEY mode. Therefore, the surface sensitivity
of PEY is higher than TEY. The PEY data were recorded using
a channel electron multiplier while the FY data were recorded
using a windowless energy dispersive Si (Li) detector.

3. Results and discussion

Co and Ni K-edges XAS experiments were conducted to
monitor the evolution of the electronic structure of each tran-
sition metal atom under in situ conditions. The voltage profiles
of the cell during the first charge for experiments performed at
the Co and Ni K-edges are shown in Fig. 1. The in situ cell was
charged with a constant current rate of C/10, calculated based
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Fig. 1. Firstcharge curve of the LiNig §Cog, 15Alg.0502 electrode for in sifu metal
K-edge XAS experiments.

on the theoretical capacity. The specific capacity was calculated
from the elapsed time, current, and mass of the active material
in the cathode, by assuming that all the current passed was due
to lithium intercalation/deintercalation reaction.

Fig. 2 shows some selected normalized Co and Ni K-
edge XANES spectra of LiNip gCog.15Alg.050> electrode during
charge. As the Li ion is deintercalated, the Co K-edge XANES
spectrum exhibits some changes in the shape of the edge due
to changes in the Co local environment but does not show
a rigid shift to higher energy values. The energy position
and the shape of these spectra are very similar to those of
the LiCo13Nii3Mny/30, electrode material, in which cobalt
remains as Co>* throughout charge and discharge [15]. This
provides clear evidence that most of Co ions in pristine
LiNig.8Co0.15Al0. 0502 are in the Co®* oxidation state and are
not oxidized as a result of the Li deintercalation. Unlike the Co
K-edge XANES spectra, the Ni K-edge XANES spectra shift
to higher energy regions during charge. The entire edge shift to
the higher energies indicates that the average oxidation state of
nickel ions increases during charge.

Fig. 3 shows Fourier transform magnitudes of the Co and
Ni K-edge EXAFS spectra during charge. The first coordination
shell consists of oxygen, while the peak feature due to the second
coordination shell is dominated by the transition metal ions.
The most significant change during charge is observed in the
first coordination shell around central Ni atoms (Fig. 3(b)). The
dramatic changes of the first coordination peaks during charge
indicate that the charge compensation mainly occurs at the Ni
sites and results in a significant decrease in the average Ni—O
bond length. The large changes seen for the first Ni—O shell are
similar to those observed for the LiNij_,Co,0O; systems in our
previous study [4]. In that work, by detailed quantitative analysis
of the EXAFS data we had shown that the large changes seen in
the first coordination shell around Ni is caused by the oxidation
of Ni** ions to Ni** ions.

Because of the electric dipole-allowed 2p — 3d transi-
tion, the absorption peaks for the metal Lp-edge XAS
are relatively intense and are very sensitive to the empty
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Fig. 2. Normalized in situ (a) Co K-edge and (b) Ni K-edge XANES spectra of
the LiNip gCog.15Al0,050, electrode during first charge.

d orbitals. The electronic structure of the Co and Ni ions
in Lij_,NipgCop 15Alp,0502 can be investigated qualitatively
through peak features in the metal L-edge XAS spectra. There
are two main peaks at the Ly;r and Ly edges which are due to
the respective electronic transitions from the metal 2p3,, and
2p12 core levels, which are split by the spin-orbit interaction
of the metal 2p core level, to an unoccupied 3d level. For the
Co**, and Ni** states in pristine LiNig gCog,.15Al0 0502, the cor-
responding initial states in pristine LiNiggCoq.15Alp 0502 are
Ni 2p63d7(t2g6eé) and Co 2p63d6(t2g6eg) state, and the corre-
sponding electronic final states represent Ni 2p53d8(t2g662) and
Co 2p° 3d7(t2g6eé). The FY data is distorted by self-absorption
effects, which will diminish the intensity of peaks/features with
high intrinsic intensity. However, the positions of the peaks
are not significantly changed. Furthermore, the amount of self-
absorption will be largely independent of Li-content.
Therefore, a comparison of FY data obtained at various states
of charge can be performed. Fig. 4 shows the Co Liij-edge
XAS Li;—,Nig gCoq.15Alp.0502, at different x values, in both the
PEY and FY modes. There is no substantial difference between
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Fig. 3. k3-weighted Fourier transform magnitudes of the (a) Co and (b) Ni K-
edge EXAFS spectra of the LiNip §Cog.15Alp.0502 electrode during first charge.

Co Ly m-edge XAS spectra obtained using the PEY and FY
methods. This indicates that the electronic structure and local
geometry around Co ions are the same at surface and in the
bulk for pristine LiNig gCoq 15Alp.0502. As shown in Fig. 4, as
Li ions are deintercalated, the Co 2p spectra do not show any
changes in shape or energy position in both the PEY and FY
data, indicating that the Co ions in the surface and in the bulk
remain mostly unchanged in the Co®* state during charge. In
contrast, Co K-edge XAS results in Fig. 2 did show notable
changes in the shape of edge structure during charge due to
changes in the Co local environment. Although the entire edge
does not show a rigid shift, suggesting that the Co oxidation
state remains unchanged, some ambiguity and questions could
be raised because of changes in the edge shape. However, the
identical Co 2p spectra at different charge states, shown in Fig. 4
provide unambiguous evidence to support the statement that the
Co ions in this compound remain unchanged in Co* state during
charge.

The Ni Ljrm-edge X-ray absorption spectra of Lij_Nigg
Coo.15Alg 0502 system at different x values, obtained from PEY
and FY methods, are shown in Fig. 5. These spectra corre-
spond to Ni 2p— Ni 3d transitions, split by the spin-orbit
interaction of the Ni 2p core level. Based on the previous Ni
L-edge XAS experimental results and calculations [6], Ni L-
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Fig. 4. Normalized Co Ly j-edge XAS spectra of Li;_,Nig gCop.15Alp 0502 electrode at different x values using (a) PEY method and (b) FY method.

edge XAS of pristine LiNiggCoq.15Alp 0502 obtained in PEY
mode clearly shows that substantial amount of Ni ions at the
surface of LiNipgCoq. 15Alp.0502 powders exist as Ni2*. As
Li ions are deintercalated, Ni2* ions at the surface are oxi-
dized to higher oxidation state. In contrast, Ni L-edge XAS
of pristine LiNipgCog.15Alp.0502 in FY mode shows most of
Ni ions in the bulk are in the form of Ni**. The Ni ions in
the bulk oxidized from Ni** to Ni** during Li deintercalation.
A similar phenomenon about the difference between the sur-
face and the bulk was seen in our previous soft XAS study
on nickel-based cathode materials [10,15]. This difference in
electronic structures during charge between the surface and
bulk is a unique feature of the nickel-based cathode materi-
als. Recent studies of LiNiggCog 20O, reported by Abraham et
al. also provided strong support for this statement [16]. In that
work, by using a combination of high-resolution transmission
electron microscopy (HRTEM) and nano-probe electron energy
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loss spectroscopy (EELS), the authors showed that the surface
structure of LiNig gCog 2O is distinctly different from the bulk.
The modified surface layer in the cathode materials is believed
to be a significant contributor to the cathode impedance rise
observed during the electrochemical cycling process.

The O K-edge XAS spectra of electrochemically Li-ion dein-
tercalated Li;_,NiggCoq.15Alp.0507 system is shown in Fig. 6.
The O K-edge XAS spectrum collected by the PEY mode plotted
in Fig. 6(a) is dramatically different from that collected by the
FY mode shown in Fig. 6(b). The most significant differences are
in the pre-edge peak features. Pre-edge peaks below ~534 eV in
these spectra correspond to the transition of oxygen Is electron
to the hybridized state of the metal 3d and oxygen 2p orbitals,
whereas the broad higher peaks above ~534 eV correspond to
the transitions to hybridized states of oxygen 2p and metal 4sp
orbitals. O K-edge XAS spectra of Lij_,NipgCoq.15Alp.0502
collected by the FY mode in Fig. 6(b) show a intense absorp-
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Fig. 5. Normalized Ni Ly ii-edge XAS spectra of Lij_yNip g§Coo.15Alo.050> electrode at different x values using (a) PEY method and (b) FY method.
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Fig. 6. Normalized O K-edge XAS spectra of Lij_xNipgCop.15Alp,0502 electrode at different x values using (a) PEY method and (b) FY method.

tion peak at ~528.5eV which corresponds to a transition to
the hybridized state of Ni**** 3d—O 2p orbitals. In contrast,
in the O K-edge XAS spectra of Lij_NiggCoq.15Al0.0502
collected by the PEY mode in Fig. 6(a), an additional pre-
edge peak at ~531.8 eV is observed, which corresponds to the
hybridized state of Ni>* 3d—O 2p orbitals. The assignment of
Ni?* state can be clearly verified by the reference spectrum
of NiO plotted in dash line. The observation of this transition
tells us that the substantial amount of Ni ions at the surface of
Li; _4NiggCoq.15Alp.050> is in the form of Ni2*. The reference
spectrum of Li»COj3 is also plotted in dash line as marked in
Fig. 6(a). Another pre-edge peak at ~533.8 eV could be due to
the existence of LioCO3 phase on the surface. LioCOs3 is a com-
mon contamination formed at the surface of cathode materials
and gradually dissolved in the electrolyte during Li deinterca-
lation. The effects of Li,CO3 are basically disappeared in the
early stage of charge. As shown in Fig. 6(b), as the degree of
electrochemical deintercalation increases (the x value increases),
the integrated peak intensity at ~528.5 eV increases slightly in
O K-edge XAS spectra of Lij_,Nig gCop.15Alp.0502 in the FY
mode. Compared to our earlier O K-edge absorption study of
Lij_,CoO; system [8,10], it is clear that changes in O K-edge
XAS of Li1—xNig g Cog,.15Alp.0507 system during the charge pro-
cess are very small. It is notable that this behavior is dramatically
different from that of the electrochemically Li-ion deintercalated
Li;_,CoO; system where oxygen site makes large contribution
for the charge compensation for the Li-ion deintercalation pro-
cess, which is reflected in much larger changes in the integrated
intensity of the corresponding transition. This results support
our previous O K-edge XAS works suggesting the important
role of cobalt atoms on the oxygen contribution to the charge
compensation during Li-ion deintercalation.

4. Conclusion

The electronic structure for the electrochemically Li-ion
deintercalated Lij_,NiggCoq.15Alp050> materials has been

investigated using X-ray absorption spectroscopy at O K-edge
and metal Ly j-edge in the soft X-ray region, in combination
with metal K-edge XAS spectra in hard X-ray region. From the
observation of metal K-edge XAS results, we can conclude that
the major charge compensation at the metal site during charge
is achieved by the oxidation of nickel ions, while the cobalt ions
remain mostly unchanged in the Co’* state. Ni L mr-edge and
O K-edge XAS results of Lij_4Nigg§Coq.15Alp.050> electrode,
collected in both the FY and PEY modes, show that substan-
tial amount of Ni ions at the surface of LiNiggCoq, 15Alg.0502
powders exist as Ni2*, whereas most of Ni ions in the bulk are
in the form of Ni*. Therefore, if the PEY mode, which is a
surface-sensitive technique, is used alone, the interpretation of
the results is limited to the surface structures only. In order to
get the full picture of both the surface and the bulk, the FY mode
and PEY mode should be used simultaneously.

Acknowledgment

The work carried out at BNL was supported by the Assistant
Secretary for Energy Efficiency and Renewable Energy, Office
of FreedomCAR and Vehicle Technologies of the US Depart-
ment of Energy under Contract Number DE-AC02-98CH10886.

References

[1] C. Delmas, J.P. Peres, A. Rougier, A. Demourgues, F. Weill, A. Chadwick,
M. Broussely, F. Perton, Ph. Biensan, P. Willmann, J. Power Sources 68
(1997) 120.

[2] W.-S. Yoon, K.-K. Lee, K.-B. Kim, J. Electrochem. Soc. 147 (2000) 2023.

[3] I. Nakai, T. Nakagome, Electrochem. Solid State Lett. 1 (1998) 259.

[4] M. Balasubramanian, S. Sun, X.Q. Yang, J. McBreen, J. Electrochem. Soc.
147 (2000) 2903.

[5] W.-S. Yoon, C.P. Grey, X.-Q. Yang, M. Balasubramanian, J. McBreen,
Chem. Mater. 15 (2003) 3161.

[6] L.A. Montoro, M. Abbate, J.M. Rosolen, J. Electrochem. Soc. 147 (2000)
1651.

[7] Y. Uchimoto, H. Sawada, T. Yao, J. Power Sources 97 (2001) 326.



1020 W.-S. Yoon et al. / Journal of Power Sources 174 (2007) 1015-1020

[8] W.-S. Yoon, K.-B. Kim, M.-G. Kim, M.-K. Lee, H.-J. Shin, J.-M. Lee, J.-S.
Lee, C.-H. Yo, J. Phys. Chem. B 106 (2002) 2526.

[9] M. Balasubramanian, H.S. Lee, X. Sun, X.-Q. Yang, A.R. Moodenbaugh,
J. McBreen, D.A. Fischer, Z. Fu, Electrochem. Solid State Lett. 5 (2002)
A22.

[10] W.-S. Yoon, M. Balasubramanian, X.-Q. Yang, Z. Fu, D.A. Fischer, J.
McBreen, J. Electrochem. Soc. 151 (2004) A246.

[11] EM.F. de Groot, J. Electron Spectrosc. Relat. Phenom. 67 (1994) 529.

[12] J. Stohr, NEXAFS Spectroscopy, Springer-Verlag, Berlin, 1992.

[13] M. Broussely, 11th International Meeting on Lithium Batteries, Monterey,
California, USA, June 23-28, 2002 (Abstract No. 415).

[14] M. Balasubramanian, X. Sun, X.Q. Yang, J. McBreen, J. Power Sources
92 (2001) 1.

[15] W.-S. Yoon, M. Balasubramanian, K.Y. Chung, X.-Q. Yang, J. McBreen,
C.P. Grey, D.A. Fischer, J. Am. Chem. Soc. 127 (2005) 17479.

[16] D.P. Abraham, R.D. Twesten, M. Balasubramanian, I. Petrov, J. McBreen,
K. Amine, Electrochem. Commun. 4 (2002) 620.



	Electronic structural changes of the electrochemically Li-ion deintercalated LiNi0.8Co0.15Al0.05O2 cathode material investigated by X-ray absorption spectroscopy
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgment
	References


