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ABSTRACT

The mixed transition-metal layered compound, LiNip.sMno3C00202 (NMC532), is a promising
high-energy cathode material. However, the required high-voltage (>4.3 V) cycling is
accompanied by a rapid capacity fade associated with a complex redox mechanism that has not
been clarified. Here we report soft x-ray absorption spectroscopy of NMC532 electrodes, both
pristine and those charged to 4.2, 4.35, or 4.5 V in graphite/NMC532 cells. A quantitative sXAS
analysis shows that about 20% of the nickel exists as Ni*" in the as-synthesized NMC532. The
experimental capacity of NMC532 electrodes obtained below 4.2 V is from the redox of both Ni
and Co. However, Co redox reactions take place throughout the electrochemical cycling and are
the only observed transition-metal redox reactions above 4.2 V. In contrast to the changing ratio
of the well-defined Ni**, Ni** and Ni*" ions, Co always displays ill-defined intermediate valence
states in the charged NMC532 electrodes. This indicates an itinerant electron system in NMC
electrodes related to the improved rate performance through Co doping. Additionally, about 20%
of Ni*" is found on the electrode surface at the high potential, which suggests that the electrode
surface has either gone through surface reconstruction or reacted with the electrolyte at high

voltage.
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Introduction

With growing global concerns about environmental deterioration and climate change, there is
an urgent need to explore renewable energy sources and to develop efficient energy storage
systems. Lithium-ion batteries (LIBs), which are known for their applications in portable
electronics and now electric vehicles, have the highest energy density among all widely adopted
energy storage techniques| 1, 2]. Extensive efforts have therefore been made to further improve
the electrochemical performance of LIBs, and especially to search for high capacity cathode
materials. Layered lithium transition metal (TM) oxides, which have the a-NaFeO- structure and
the general chemical formula, LiNixMnyCo,0> (NMC) (x+y+z=1), are cathode materials that are
currently under extensive studies with the high theoretical capacity of about 280 mAh g [3-10].
In this family, LiCoO2 was the one adopted in the first commercial LIBs in 1990, although only
about half of its theoretical capacity was utilized due to the cycling instability [11].Later on, Ni
and Mn ions were introduced into the system in attempts to improve the performance and to
reduce the cost. In recent years, LiNiysMn13C01302 (NMC111) and LiNio5Mno3C00.20:
(NMC532) are also commercially adopted in Li-ion battery products. However, despite of
extensive efforts made by researchers, the practical capacities of these materials are still limited
because high voltage operation (>4.3V) required for the high capacity is accompanied by a rapid

capacity fade.

It is generally believed that the lithium insertion/extraction, which is accompanied by
changes in the chemical valence and electronic structure of the transition metal elements, could
cause structural instability of the electrode and/or side reactions at the electrode-electrolyte
interface. Electronic and crystal structures are both fundamental to the electrochemical
performance of the material. Based on numerous electrochemical data, the empirical rules about
various NMC electrode materials with different compositions are that Ni contributes to the high
capacity at the expense of safety characteristics; Co improves the rate performance at the
expense of cost, and Mn enhances the structural stability at the expense of capacity[12, 13]. To
address the different roles each TM elements play in the electrochemical performance of the
NMC materials, it is important to have a deeper understanding of the evolving electronic

structures of these TM ions.



Although many studies have been done to address the structural transformation of NMC
electrodes [8, 12, 14], there are only a few reports on the evolving transition metal electronic
structure. Previously, temperature-dependent magnetization measurement[15] , x-ray
photoelectron spectroscopy (XPS)[9], electron energy loss spectroscopy (EELS) [16], TM K-
edge hard x-ray absorption spectroscopy (XAS)[5, 17-21] and L-edge soft x-ray absorption
spectroscopy (sXAS) have been applied for studying the transition metal electronic structure in
various battery materials. In particular, Yoon et. al reported the TM K-edge XAS results of
NMC111, which shows that the major charge compensation during lithium deintercalation is
achieved by the oxidation of Ni%* ions, while the other two transition metal elements remain
mostly unchanged in the Mn** and Co®* states[5]. For the same material, Kim et. al found that
the oxidation reaction of Ni?*/Ni*" is related to the lower plateau around 3.75V, but that of
Co%*/Co** seems to occur in the entire range of charging up to 4.7V[21]. We would like to point
out that although hard x-rays benefit from deep penetration depth and non-vacuum
instrumentation, the dominating signal of TM K-edge XAS is from the 4p states, which are not
the valence state of transition metals. The TM-3d valence states only exhibit weak features
through the low intensity dipole-forbidden quadrupole s-d transitions. On the other hand, TM L-
edge sXAS probes directly the 3d unoccupied valence states of TM through the dipole 2p-3d
transitions. Therefore, it can reveal abundant information about the TM 3d electrons. The
quantitative analysis of the TM oxidation states is only enabled by the high-resolution TM L-
edge sXAS[17, 22-28]. Moreover, it has both surface and bulk sensitivities and therefore is able

to provide contrast between electrode surface and bulk [25, 29, 30].

In this work, we study the evolving transition metal electronic structure in pristine and
charged NMC532 electrodes with the cutoff voltages up to 4.5 V using synchrotron-based soft x-
ray absorption spectroscopy (sXAS). We provide direct spectral evidence that the experimental
capacity of NMC532 obtained below 4.2 V is related to both Ni and Co redox reactions, while
only Co redox reactions are observed above 4.2 V. Furthermore, unlike the well-defined Ni redox
and valences, Co displays ill-defined intermediate states throughout the electrochemical charging

process, indicating a delocalized electron system promoted by Co, as in the case of LiCoO,. This



is related with the improved rate performance through Co doping in the material. In addition,
about 20% of Ni** is observed on the electrode surface at 4.5 V, which indicates the electrode
surface has either gone through surface reconstruction or reacted with the electrolyte at high

voltage.

Experimental Section
1. Material synthesis, structural and electrochemical characterization

Powder X-ray diffraction (XRD) measurements of pristine NMC532 powder (Jinhe, China)
were carried out with a Philips X’PERT (Model 3040) using Cu-Ka radiation between 4-80
degrees with a scan rate of 0.015 degree/s. The NMC532 powder, carbon black, and PVDF were
thoroughly mixed in N-Methyl-2-pyrrolidone (NMP) solvent in a weight ratio of 90:5:5, to form
a cathode paste. The cathode paste was coated on Al foil via a doctor blade method, followed by
a thorough drying step. The as-made NMC532 cathode, along with a graphite (Gr) anode, and
Celgard® 2500 separator, were used to assemble pouch cells. Suitable amounts of ethylene
carbonate (EC) / ethyl methyl carbonate (EMC) (30/70 weight ratio) with 1 M LiPFs electrolyte
(purchased from BASF) were injected into the pouch cells before sealing. After formation, the
Gr/NMC532 pouch cells were charged to various voltages (i.e., 4.2 V,4.35 V,or4.5V),
immediately followed by a careful disassembly of the cells in an argon filled glove box. The
charged NMC532 cathodes were rinsed with dimethyl carbonate (DMC) solvent and dried in the
glove box. These cathode samples were then loaded into the ultra-high vacuum sXAS

characterization chamber through a sample transfer kit to avoid any air exposure.
2. sXAS experiments and calculations

sXAS was performed at Beamline 8.0.1 of the Advanced Light Source (ALS) in Lawrence
Berkeley National Lab (LBNL). The undulator and spherical grating monochromator supply a
linearly polarized photon beam with resolving power up to 6000. The experimental energy
resolution is about 0.15 eV. Experiments were performed at room temperature and with the
linear polarization of the incident beam oriented at 45° to the sample surfaces. The sXAS spectra

were collected using both total electron yield (TEY), with a probing depth around 10 nm, and



total fluorescence yield (TFY') with a probing depth larger than 100 nm. All the spectra have

been normalized to the beam flux measured by the upstream gold mesh.

Calculations were performed for a single impurity Anderson model (SIAM), describing the
2p and 3d orbitals of Ni and a 3 eV wide ligand band that can contain up to one hole.
Implementation follows the treatment in Ref.[31]. Slater-Condon parameters were renormalized
to 80%, 75% and 70% of Hartree-Fock values for nominal Ni*", Ni** and Ni** calculations,
respectively, and the initial state ensemble was Boltzmann weighted to T=300K. The crystal
field is given by 10Dg= 0.5, 2.0, and 2.5, in ascending order for higher valence, and metal-ligand
hopping is assigned a similar trend with Veg=2, 2.5 and 3 eV. The tog symmetry hopping
parameter is assigned half the amplitude of eg hopping (Vizg=-Veg/2). Configuration energies
with a ligand hole were set to E(d™"!)-E(d")=3.5, 0.5, and -2 eV without a core hole and E(d"*")-
E(d")=3.1, -0.9, and -4.4 with a core hole present, for ascending valence. These parameters yield
a high spin state for Ni**, and low spin states for Ni** and Ni**, and are similar to parameter sets
in Ref. [31, 32]. Simulations of TEY are obtained by calculating the cross section for dipole
transitions from the initial thermal ground state ensemble to the core hole states. The TFY
simulations include an additional matrix element for photon emission in the detector direction,

described by the Kramers-Heisenberg equation.

Results and Discussion
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Figure 1. (a) XRD of the pristine NMC532 powder. (b) Charge curves of Gr/NMCS532 cells
when they are charged to 4.2 V,4.35 V, or 4.5 V, respectively.

The XRD pattern of the NMC532 powder is shown in Fig. 1 (a), which indicates that the
cathode powder has the typical layered structure of a hexagonal a-NaFeO; type with a space
group of R3m (no. 166)[33]. After formation, the graphite/NMC532 pouch cells were charged at
a constant current of 0.2C to various cutoff voltages (vs. the graphite anode), followed by a
constant voltage charge until the current decayed to 0.05C. The charge curves with various cutoff
charge voltages are shown in Fig. 1 (b). The charge capacity at 4.2 V was 154 mAh g! and the
increase was ~12% when elevating the charge cutoff voltage from 4.2 to 4.35 V, while the
capacity increase was an additional ~8% when further increasing the charge cutoff voltage from
4.35 to 4.5 V. The other interesting observation was that the “tail” (capacity obtained in the
constant voltage charge step) becomes longer when increasing the charge cutoff voltages. This
could be associated with an impedance growth caused by a cathode interfacial side reaction with

electrolyte at higher voltage [10, 34].
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Figure 2. Ni (a, c¢) and Co (b, d) Ls-edge sXAS spectra of pristine NMC532. Both bulk-sensitive
TFY sXAS spectra with the probing depth of around 100nm (top panels) and surface-sensitive
TEY with the probing-depth of less than 10nm (bottom panels) are shown. For Ni (a and c), the
simulated sXAS spectra using the linear combination of Ni**, Ni** and Ni*' reference spectra are
shown in the blue dashed lines, which agree well with the experimental spectra (red solid lines).
The fitting analyzes the Ni**, Ni** and Ni** concentration in pristine NMC532. Note that the
different spectral lineshapes of the surface and bulk signals are due to the different detection
channels, which is accounted for in the calculated reference spectra. Meanwhile, only Co** (b
and d) are observed in the pristine samples. The dashed line in (d) is from the reference sample

LiCo0O,[25].

In order to determine the initial oxidation states of all three transition metal elements in the
pristine NMC532, sXAS studies were carried out at the Ni, Mn and Co L-edges (Fig. 2 and Fig.
S1). The transition metal L-edge sXAS spectra can be divided into two regions, the L3-edge at
lower photon energy and the L>-edge at higher energy, due to 2p core hole spin—orbital splitting.
In general, the L,-edge displays much broader absorption features than the Ls;-edge due to shorter
lifetime of the 2p1/> core hole as a consequence of Coster-Kronig Auger decay[35, 36].

Therefore, in this paper we will mainly focus on the analysis of the L3-edge absorption profile.



We have previously demonstrated that transition metal oxides show dramatically different sXAS
profiles, which enables reliable quantitatively analysis of the TM oxidation states in battery
electrodes [25-27, 37, 38]. Moreover, both bulk-sensitive and surface-sensitive information could
be obtained simultaneously through different detection modes, TFY and TEY, respectively. TFY
is a photon-in photon-out technique with the probing depth of around 100nm while TEY is
photon-in electron-out and has the probing depth of less than 10nm due to the strong interaction

of electrons with the matter [39].

For Ni (Fig. 2a and 2c¢), the experimental spectra are shown in red thick lines, and the
simulated spectra using the linear combination of Ni**, Ni** and Ni*' reference are plotted in
blue dashed lines. The Ni**, Ni** and Ni*" reference spectra are calculated in octahedral crystal
field using the single impurity Anderson model. Note that the TFY spectra are slightly different
from TEY, especially for Ni**, which is due to the self-absorption effects of TFY that tend to
suppress the high intensity peak[39]. It is evident, by simply comparing with the three reference
spectra, that nickel in pristine NMC532 has mixed oxidation states. The simulated spectra agree
well with the experimental data. The associated fitting results show that the electrode bulk is
composed of 63% Ni**, 17% Ni** and 20% Ni**, and it is consistent with the Ni concentration on

the electrode surface (62% Ni**,15% Ni*" and 23% Ni*") within a reasonable error range.

The finding of about 20% of Ni*' in the pristine NMC532 electrode is very surprising but
meaningful. Empirically, one would expect there are 60% Ni**, 40% Ni** and 0% Ni*" in
stoichiometric NMC532 as Mn takes the 4+ oxidation state and Co is 3+. To increase
electrochemical performance, NMC materials are often produced with Li:TM ratios slightly
above 1.00, e.g. Lii(Lio.04(Nio.sMno3C002)0.96)O2. Here Li" is present in the TM layer, TM:O
drops below 1:2, and the TM elements need higher oxidation states to balance the oxide ions.
Moreover, our Mn and Co data indeed shows that only Mn** (Fig. S1) and Co*" (Fig. 2b and 2d)
are found in the pristine NMC532.



I T I T T T T [1}] 4 [
a b 2 (c
) 20eni?*s 106N +g700ni|| &) CO ;a % (©)
3 " | > I
s = 3r
: g |
8 ﬁ% oL, (Bulk)
= 4. 35\/ ; % 777.85
@ | © 7778 q)
5 ’ g 3
o 2V £ TTT6F
= E 3
AH § 777.4F
« =
9 [ 1 | | |
850 855 780 ¢

P 4.2V 435V 45V
Photon Energy (eV) Photon Energy (eV)

Figure 3. Evolution of the Ni and Co oxidation states in the bulk of the NMC532 electrode as a
function of the charging voltage revealed by Ni-L; (a) and Co-L; (b) sXAS spectra collected in
TFY mode. In (a) and (b), the calculated TFY sXAS spectra with the defined oxidation states in
an octahedral crystal field are shown at the bottom, and the experimental spectra collected on
NMC532 electrodes at different voltages are shown on top. The dashed line in (a) is the
simulated spectrum which reveals the relative Ni**, Ni*" and Ni*" concentrations in the charged
electrodes. (c) The calculated average Ni oxidation state, derived from sXAS spectra, as a
function of the charging voltage. (d) The energy position of the Co sXAS main peak as a

function of the charging voltage.

The electrochemical cycling process of NMC532 is essentially a redox reaction with
evolving oxidation states of its constituent elements, which are tracked by sXAS spectra of all
three TM L-edges and the oxygen K-edge. Both bulk-sensitive TFY and surface-sensitive TEY
spectra are collected to provide depth-dependent information. Fig. 3 (a) and (b) show the bulk-
sensitive Ni and Co Ls-edge TFY sXAS spectra, with their full range L-edge spectra displayed in
Figs. S2 — S3. The Mn L-edge sXAS spectra are displayed in Fig. S1, which stay unchanged at
different voltages. This is consistent with the common belief that Mn*" is electrochemically

inactive in NMC532.
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In Fig. 3 (a), the Ni spectral lineshape changes dramatically when the electrode is charged to
4.2 V, but then remains the same with further potential increase. This provides direct evidence
that Ni redox only contributes to the capacity of the NMC532 electrodes below 4.2 V. The
quantitative fitting results reveal that there are 12% of Ni**, 1% of Ni*" and 87% of Ni*" in the
charged electrodes. As compared with the pristine electrode (Fig. 2), the majority of Ni** and
Ni** turn into Ni*" when the NMC532 electrode is charged to 4.2 V. The amount of remaining
Ni*" in the charged electrode is negligible. However, there is still 12% of Ni*" left in the charged
sample. In fact, the electrochemically inactive Ni** has been observed in many Ni-based
electrode materials, especially on the electrode surface. Both surface reconstruction and reactions
with the electrolyte during high voltage operation could lead to the formation of the
electrochemically inactive Ni?* compounds [13, 27, 40]. The direct evidence of such surface Ni**

is elaborated later in this manuscript.

Cobalt also plays an important role in the electrochemical reaction of NMC532 as evidenced
by its spectral evolution (Fig. 3(b)). Unlike Ni, the overall lineshape of Co-L; sXAS does not
change much, however, its main sXAS peak gradually shifts towards higher energy upon the

increasing voltage, which suggests the Co>"**

redox. The energy position of the Co-L3 sXAS
main peak as a function of the charging voltage is displayed in Fig. 3(d). Although the majority
of the charge capacity and the strongest energy shift takes place below 4.2 V, the gradually
shifting sXAS peak position is clear in both the peak position plot in Fig. 3(d) and the raw data in
Fig. 3(b), indicating that the Co oxidation state keeps increasing with the voltage up to 4.5 V.
Therefore, throughout the charging process, the Co contributes to the capacity of the NMC532
electrodes, and Co redox is the only TM redox contributing to the high-voltage capacity from 4.2

Vito45V.

We would like to point out that, although the peak shifts are indicative of Co oxidation states
increasing from Co** towards Co*", in contrast to the case of Ni, a linear combination of Co>"
and Co*' reference spectra could never fit the experimental spectra well. This implies that the Co
states in the charged NMC532 electrodes do not simply consist of well-defined Co** and Co*".
Instead, the Co sXAS shows an averaged intermediate oxidation states in the electrode,
indicating an itinerant electron system, especially on the lowest energy Co 3d a1 orbital, with

strong electronic correlation and polaronic effects as in LiCoO; [41]. We note that such an

11



itinerant electron system fundamentally improves the overall electric conductivity by
delocalizing the charges, which could be the fundamental mechanism of the improved rate

performance through Co doping in NMC systems.
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Figure 4. Evolution of the Ni and Co oxidation states on the NMC532 electrode surface as a
function of the charging voltage revealed by Ni-L3 (a) and Co-L; (b) sXAS spectra collected in
the TEY mode. The dashed line in (a) is the simulated spectrum which reveals the ratio of Ni**,
Ni** and Ni*" concentration on the charged electrode surface. (c) The calculated average Ni
oxidation state through sXAS spectra as a function of the charging voltage. (d) The energy

position of the Co sXAS main peak as a function of the charging voltage.

In order to elucidate the surface behavior of the NMC electrodes at high voltages, as briefly
mentioned above, Fig. 4 shows the surface-sensitive Ni and Co Ls-edge TEY sXAS spectra as a
function of the charging voltage. Again, the Mn L-edge TEY spectra are displayed in Fig. S1(b),
which show unchanged Mn*" in all the samples. Although sXAS using high-intensity
synchrotron light is sensitive to even a small quantity of Mn** ions on the electrode surface [27,
38], no Mn*" was detected on the NMC532 electrode surface, suggesting that the Mn*" ions in
NMCS532 are very stable against electrochemical cycling. As Mn?" is notorious for its close
relation with transition metal dissolution[3, 27, 42, 43], the absence of Mn?" on NMC532

electrode surface suggests that the main cause of NMC532 degradation is likely not related to
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Mn dissolution[ 13]. Both the Ni and Co L;3-edge TEY sXAS spectra display similar overall
behavior with voltage as that of the bulk TFY data (Fig. 3). However, the Ni>* concentration
from the TEY and TFY signals is dramatically different on the charged electrodes. Despite that
the Ni valence concentration of the pristine NMC electrode is the same for the bulk and surface,
the charged electrodes have 20% of Ni** on the surface compare with 12% in the bulk.
Considering the bulk signal also includes the contribution from the surface, the results indicate
that majority of the inactive Ni?* concentrates on the surface of the electrodes. This may arise
from the surface reconstruction and/or reactions with the electrolyte during high voltage

operation [12, 27, 44-46].
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Figure 5. Evolution of the O K-edge sXAS spectra of the NMC532 electrodes at different

voltage. Both bulk-sensitive TFY (a) and surface-sensitive TEY spectra (b) are shown.

Fig. 5 shows the bulk-sensitive and surface-sensitive O K-edge sXAS spectra of the NMC532
electrodes at different voltage. O K-edge sXAS spectra originate from electron dipole transitions
between O 1s and 2p orbitals. The absorption features can be roughly divided into two groups,
1.e., the pre-edge region (527-534 eV) with sharp peaks, which is mainly from the hybridization
between O-2p and localized TM-3d orbitals, and the broad peak region (above 534 e¢V), which is

associated with the O-2p hybridized with the itinerant valence electron orbitals of the ions that
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are bonded to the oxygen [47]. The bulk-sensitive O-K TFY sXAS spectra (Fig. 5 (a)) exhibit
clear voltage-dependent spectral evolution in the pre-edge region (527-534 eV), which reflects
the cycling behavior of the transition metal ions in the bulk NMC532 electrode. When the
electrodes are charged at high voltage, electrons are removed from the TM-3d orbitals. The
increased low-energy absorption intensity at around 529¢V is related to the increased TM-3d
holes [26]. The contrast between the surface-sensitive TEY signal (Fig. 5a) and bulk-sensitive
TFY signal (Fig.5b) is due to the oxygen-containing decomposition products of the electrolyte,
which suppress the O-2p and TM-3d hybridization features from the electrode[30]. In general,
the overall lineshape change of the O K-edge sXAS spectra at the pre-edge regime is consistent
with the TM L-edge results and with other Ni redox systems[26]. We have to note that recent
reports on layered battery compounds suggest possible oxygen redox at high potentials [48-50],
and changes on O-K sXAS in the pre-edge range have also been discussed in Li-rich layered
compounds[51]. However it is clear that the main O-K lineshape change here stems from the TM
valence change, and interesting pre-edge features also depend strongly on the hybridization
character and the overall system covalency that often vary with electrochemical potentials. We
therefore only clarify the TM redox in the NMC532 system in this work, and note that further
efforts beyond sXAS will be necessary to address the possible evolution of oxygen states in this

system.

Conclusions

In conclusion, we performed sXAS studies of the Ni, Mn, Co L-edges and O K-edge of
NMC532 electrodes during the charging processes up to 4.5 V. We found the existence of about
20% Ni*" in as-synthesized NMC532 along with roughly 60% Ni** and 20% Ni**, while Mn and
Co are in the 4+ and 3+ oxidation states, respectively. The observed Ni*" in NMC532 is likely
associated with the incorporation of excess Li in the TM layer. The experimental charge capacity
of NMC532 obtained at 4.2 V is related to oxidation of both Ni and Co. Only further oxidation of
the Co cations is observed above 4.2 V. Unlike the well-defined Ni*>*, Ni** and Ni*" ions, the Co

in the charged electrodes shows intermediate valence states throughout the charge process. This

14



suggests that the Co promotes an itinerant electron system in NMC532, which plays an important
role in improving the rate capability through Co doping. Mn*" remains intact throughout the
whole electrochemical process. Moreover, about 20% of Ni*" is observed on the electrode
surface at 4.5 V, which indicates that the electrode surface has either gone through surface
reconstruction or reacted with the electrolyte at high voltage. This work demonstrates the power
of sXAS for clarifying the evolution of the valence state and electronic structure of 3d transition-

metal based battery electrodes.
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Figure S1: Mn-L sXAS spectra of NMC532 at different voltages. (a) bulk-sensitive TFY. (b)

surface-sensitive TEY.
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Figure S2: Evolution of bulk-sensitive Ni-L TFY sXAS spectra at different voltage.
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Figure S3: Evolution of bulk-sensitive Co-L TFY sXAS spectra at different voltage.





