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A detailed surface investigation of the lithium-excess nickel manganese layered oxide Li; 3Nig>Mng 02
structure was carried out using X-ray photoelectron spectroscopy (XPS), total electron yield and transmission
X-ray absorption spectroscopy (XAS), and electron energy loss spectroscopy (EELS) during the first two
electrochemical cycles. All spectroscopy techniques consistently showed the presence of Mn** in the pristine
material and a surprising reduction of Mn at the voltage plateau during the first charge. The Mn reduction
is accompanied by the oxygen loss revealed using EELS. Upon the first discharge, the Mn at the surface
never fully recovers back to Mn*". The electrode/electrolyte interface of this compound consists of the
reduced Mn at the crystalline defect-spinel inner layer and an oxidized Mn species simultaneously with the
Received 7th May 2013, presence of a superoxide species in the amorphous outer layer. This proposed model signifies that oxygen
Accepted 7th May 2013 vacancy formation and lithium removal result in electrolyte decomposition and superoxide formation,
leading to Mn activation/dissolution and surface layer-spinel phase transformation. The results also indicate

that the role of oxygen is complex and significant in contributing to the extra capacity of this class of high
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Introduction

A better understanding of the interfacial region between an
electrode material and the electrolyte during battery operation
is important for the design and optimization of next generation
lithium ion batteries." As such, this interfacial region has been
extensively studied over the past decade on a variety of electrode
materials. One material currently of interest is the high voltage
Li; ,Nip,Mn, 0, cathode material due to its ability to deliver
reversible capacities in excess of 250 mA h g~ " at higher operating
voltages (>4.5 V).> The initial capacity and the resulting sloped
region up to 4.40 V in the charge curve result in lithium removal
and concomitantly the oxidation of Ni** to Ni** while it has been
suggested that Mn*" remains unchanged.? Following this process
lithium extraction continues despite the fully charged transition
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metal oxidation states, and is shown by a plateau region at ~4.50 V,
the mechanism of which has been a subject of discussion in
recent literature.>>* While this anomalous plateau results in a
greater first charge capacity, it is also associated with a larger
irreversibility on the first discharge of up to ~100 mA h g™ %; the
subsequent charge curves are without this anomalous plateau
region.> The fundamental question with these materials is what
causes the large irreversible loss in capacity. There are several
proposed mechanisms in the literature; for example, some attribute
the loss in capacity to the electrolyte/electrode interface reaction,
occurring at higher operating voltages, causing electrolyte decom-
position and possible HF formation that results in transition metal
leaching at the surface during the first charge.**® Other groups have
attributed the capacity loss to simultaneous Li* and O*~ removal
from the material, resulting in transition metal migration and
rearrangement.>>**44%” Armstrong et al. proposed oxygen evolution
from the crystal structure by examining the first charge using
neutron diffraction and also analyzed the gases produced in situ
with differential electrochemical mass spectrometry.* They
proposed a transition metal migration theory, which involves
the formation of oxygen vacancies as a result of lithium migra-
tion at the surface of the material and subsequent transition
metal migration into the lithium layer. Building on this work,
more recent literature discusses the formation of a defect-like
spinel phase as a result of oxygen vacancies.*”® Xu et al. have
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Fig. 1 a-STEM images for pristine and 1 and 10 electrochemically cycled electrode
materials with their corresponding HAADF images showing surface rearrangement
occurring after cycling.

shown, through electron energy loss spectroscopy (EELS), that after
extended cycling the valence of Mn ions near the surface (~2-5 nm)
was reduced and the oxygen K-edge pre-peak signal diminished,
suggesting a change in the TM-O bonding characteristics.*”

Recently significant advances in microscopy, specifically the
addition of spherical aberration correctors to the STEM, have
allowed drastic improvements in the spatial resolution, allowing
sub-angstrom resolution.® Fig. 1 shows visually, using scanning
transmission electron microscopy (STEM) performed by the
authors, after subsequent cycling cation rearrangement at the
surface of the particle (a crystalline inner layer) in conjunction
with an increase in the amorphous outer layer. The figure also
shows successive surface cation rearrangement with extended
cycling and was the motivation of this work.

While there has been extensive effort devoted to elucidating
the mechanisms associated with this material, there is still a
lack of clarity in understanding the origin of the anomalous
capacity and its irreversible nature. More research is needed to
correlate both the surface and bulk changes during the first
cycle as well as examine the electrode/electrolyte interfacial
reactions at the surface of the electrodes at higher operating
voltages. This work focuses on answering these questions by
using several surface sensitive techniques to examine the surface
of the electrode material at various states of charge during the
first and second cycle. X-ray photoelectron spectroscopy has been
a widely used surface characterization tool for analyzing the
electrode/electrolyte interfacial reactions after electrochemical
cycling.’ Typically, cycled samples are disassembled in a glove
box and then transferred in air to the XPS prior to analysis. This,
however, tends to lead to changes in the surface composition as
the surface species tend to be highly reactive in moisture and air.
Here we report a transfer technique developed at Oak Ridge
National Laboratory (ORNL) that prevents samples from coming
into contact with moisture and air prior to XPS analysis by using
a specialized load-lock system. This system allows for a more
accurate investigation of surface species present at various states
of charge. In addition, total electron yield and transmission X-ray
absorption spectroscopy were used in this work to investigate,
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simultaneously, the surface and bulk local structural changes
and oxidation states of the transition metals (Ni, Mn). By
combining both surface sensitive and bulk XAS techniques
simultaneously we are able to more accurately correlate the
oxidation state changes in both the surface and bulk of the
material during electrochemical cycling. We use these two
techniques combined with electron energy loss spectroscopy
(EELS) and high-resolution STEM to further quantify surface
changes during cycling. This work, with several highly surface
sensitive characterization techniques, focuses on the transition
metal migration, oxidation state changes in the bulk and the
surface for Ni and Mn, and the associated oxygen vacancy forma-
tion in order to more accurately elucidate the mechanism of the
first cycle capacity loss and reasons for the anomalous capacity.

Experimental section
Synthesis

A co-precipitation technique was used for the synthesis of the
materials which was previously described.” Transition metal
nitrates, Ni(NO3),-6H,O (Fisher) and Mn(NOj3),-4H,O (Fisher),
were titrated into a stoichiometric LiOH-H,O (Fisher) solution
for a duration of two hours. The co-precipitated transition metal
hydroxides were then filtered using a vacuum filter and washed
three times with deionized water. The collected transition metal
hydroxides were dried in an oven at 180 °C for 10 hours in air. The
dried transition metal precursors were mixed with a stoichio-
metric amount of LiOH-H,O corresponding to the amount of
M(OH), from the co-precipitation step. This mixture was ground
for 30 minutes to ensure adequate mixing and then placed into
a furnace at 480 °C for 12 hours. The pre-calcinated powders
were prepared as a pellet for high temperature sintering. These
samples were then calcinated at 1000 °C for 12 hours in air.
Samples were cooled in the furnace back to room temperature.

Electrochemical cells

Cathodes and electrochemical coin cells (2016) were prepared
using standard procedures, the details of which have been
reported elsewhere.*®” Briefly, cathodes were prepared by mixing
the active material Li[NiyLij/;;_5y3Mnys_43]0, (x = 1/5) with
10 wt% Super P carbon (TIMCAL) and 10 wt% poly-vinylidene
fluoride (PVDF) in N-methyl pyrrolidone (NMP) solution. The
slurry was cast onto an Al foil using a doctor blade and dried in
a vacuum oven at 80 °C overnight. The electrode discs were
punched and dried again at 80 °C for 6 hrs before storing them
in an argon-filled glove box (H,O level < 1 ppm). The electrolyte
solution is composed of 1 M LiPFs in a 1:1 ethylene carbonate
(EC): dimethyl carbonate (DMC) solution. Cells were brought to
predetermined states of charge on the first charge and discharge
cycle (4.8 V-2.0 V, 5 mA g~ ") and opened in an argon-filled glove
box. The cathodes were then removed from the coin cells and
washed with DMC several times and allowed to dry. The cathodes
were then wrapped in kapton tape and analyzed by XAS, trans-
ferred in a load-lock system for XPS analysis, or prepared in
a glove box and transferred for microscopy analysis. For TEM
sample preparation, the powders were suspended on a copper grid

Phys. Chem. Chem. Phys, 2013, 15,11128-11138 | 11129


http://dx.doi.org/10.1039/c3cp51927a

Published on 08 May 2013. Downloaded by University of California- Irvine on 27/09/2013 06:42:55.

with lacey carbon. The approximate time samples were exposed to
air (from a sealed environment to the microscope column) was less
than 5 seconds.

EELS/a-STEM

Electron microscopy work was carried out on a Cs-corrected FEI
Titan 80/300 kv TEM/STEM microscope equipped with a Gatan
Image Filter Quantum-865. All STEM images and EELS spectra
were acquired at 300 kV and with a beam size of ~0.7 A. EELS
spectra shown in this work were acquired from a square area of
~0.5 x 0.5 nm with an acquisition time of 3 seconds and a
collection angle of 35 mrad. HAADF images were obtained with a
convergence angle of 30 mrad and a large inner collection angle of
65 mrad. Images acquired using an HAADF detector with a small
convergence angle and a relatively large inner collection angle are
also called “Z-contrast” images, where the contrast is proportional
to Z*7.*° In atomic resolution Z-contrast images, the contrast of
the atomic columns thus can be used to differentiate different
elements and provide atomic-structural information.

To minimize possible electron beam irradiation effects, EELS
and HAADF figures presented in this work were acquired from
areas without pre-beam irradiation. Mn L; to L, intensity ratio
analysis was done by averaging over 8-11 spectra using the method
described by Wang et al.™*

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy data were collected using a
PHI 3056 spectrometer equipped with a hemispherical detector,
54.7 degrees off normal, with a dual Mg and Al anode source
operated at 15 kV and an applied power of 350 W. The chamber
pressure was kept at <10~ ® Torr during the measurements.
High resolution data were collected at a pass energy of 5.85 eV
with 0.05 eV step sizes and a minimum of 200 scans to improve
the signal to noise ratio; lower resolution survey scans were
collected at a pass energy of 93.5 eV with 0.5 eV step sizes and a
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minimum of 25 scans. The energy of the spectra was calibrated
with the binding energy of the hydrocarbon C1s (C-H) at 284.6 eV,
which corresponds mainly to the carbon black in the composite
electrode and adventitious carbon. The data were analyzed using
the software CasaXPS and all peaks were fit using a Shirley-type
background.

X-ray absorption spectroscopy

XAS experiments were carried out at beamline X-11B at the
National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The incident beam was monochromatized
using a channel-cut Si(111) monochromator detuned to 70% of
the beam intensity at ~200 eV above either the Mn or Ni edge.
Mn-K (~6539 eV) and Ni-K (~8333 eV) edge spectra were
acquired in both transmission mode (T-XAS), utilizing a gas
ionization chamber as a detector, and in total electron mode
(TY-XAS) with helium gas flow. The setup is expressed graphically
in Fig. 2.

Reference spectra of Mn and Ni foils were simultaneously
collected for each edge and used to maintain energy calibration.
X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) data were analyzed using the
Ifeffit and Horae packages.'? The normalized k*-weighted EXAFS
spectra were Fourier transformed in a k-space of 2.5 to 7 A™".
Raw y(k) data can be found in the ESIf (Fig. S5). EXAFS structural
parameters were obtained using a nonlinear least squares ana-
lysis of the data using phase and amplitude functions generated
from the FEFF6L code.”® The least squares fits on the Fourier
transforms were carried out with Ifeffit.

Results
Electrochemical properties

Electrochemical measurements of Li[Li;/sNi;/sMn;;5]O, electrodes
were performed in lithium half-cells. Fig. 3 displays the voltage

Total Electron Yield (l,,)

/

[\ A

Incident Beam (1)

Fig. 2 Schematic showing the XAS setup used to run in both total electron yield and transmission mode, which was used to probe both the surface and bulk of

the electrode material during cycling.
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(vs. Li*/Li% versus capacity (mA h g~") electrochemical curves in
galvanostaic mode between 2.0 V and 4.8 V at a current density of
5mA g ' (C/50, C-rate). The points indicated along the charge and
discharge profile correspond to cells that were stopped at various
states of charge, disassembled in an argon-filled glove box, and
prepared for characterization. Point A represents an uncharged
pristine electrode, point B (at ~4.4 V) corresponds to the end of
the sloped region and an extraction of ~110 mA h g™ capacity,
point C (at 4.45 V) corresponds to the beginning of the plateau
region and an extraction of ~200 mA h g, point D (at 4.60 V)
corresponds to the middle of the plateau region and an extraction
of ~220 mA h g%, point E (at 4.80 V) corresponds to a fully
charged electrode and an extraction of ~300 mA h g~ capacity.
For the discharge points, point F (at 4.0 V) corresponds to
~50 mA h g capacity, point G (at 3.30 V) corresponds to
~150 mA h ¢! capacity and lastly, point H (at 2.0 V) corresponds
to a fully discharged electrode after one electrochemical cycle.

Structural and surface characterization using transmission
electron microscopy (TEM) and electron energy loss
spectroscopy (EELS)

Fig. 4 shows transmission electron microscopy images at
various states of charge during the first electrochemical cycle
as described in Fig. 3. It is worth noting that extreme effort was
made to prevent prolonged air exposure before TEM character-
ization, which in our study was less than 5 seconds. The
pristine electrode (Fig. 4A) shows a crystalline material with
the layered ordering that extends to the surface of the particle.

After the sloped region (4.4 V), which corresponds to the
Ni**/Ni*" redox couple, the particles start to encounter high
strain that results in a larger degree of defects and cracks when
compared to the pristine material (Fig. 4B). Fell et al. recently
used X-ray diffraction to quantify and explain the mechanism
of these cracks as microstrain anomalies in the bulk of the
Li[Ni,Li;/z_2x3MnNy3_x3]02 (x = 1/5) structure.'® They showed
that the microstrain originates from point defects, site-disorder,
vacancies as well as plastic deformation. They also report that
the microstrain originates from a Li deficient structure in the

Voltage (Voltage vs Li/Li’)

1.5 T v T v T v T v T v T v T v
0 50 100 150 200 250 300 350
Capacity (mAh/g)

Fig. 3 First electrochemical charge/discharge curve between 2.0 V and 4.8 V
(5 mA g”). The letter points indicate the states of charge where cells were
prepared for characterization.
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Fig. 4 TEM images for (a) pristine electrode material, (b) 4.4 V after the sloped
region, (c) 4.45 V at the start of the plateau region, (d) 4.6 V at the middle of the
plateau region, (e) 4.0 V at the first full charge, and (f) 2.0 V corresponding the
first full electrochemical cycle.

plateau region, however, there are multiple phenomena occur-
ring in the bulk such as transition metal migration as well as
oxygen loss, as this is where the largest degree of microstrain is
observed. At the beginning of the discharge cycle, due to the
presence of a larger degree of stacking faults within the structure,
atomic resolution STEM imaging is not possible.

Once the structure is re-lithiated, the crystal relaxes and
atomic resolution STEM imaging is again possible. This continues
until the particles are discharged completely to 2.0 V where the
layered ordering reappears.

Fig. 5 compares the EELS spectra of the O-K and Mn-L
edges from the surface of the crystal taken at different states of
charge during electrochemical cycling. The structural evolution
during the first electrochemical cycle can be interpreted using
changes in the onset energy and the fine structures in the
spectra. The intensities of all the spectra are normalized to the
highest intensity peak. The onset energy of the O-K edge pre-peak
is aligned to 532 eV. Therefore, our analysis of the O-K edge is
limited to the fine structures and not to the chemical shift of the
O-K edge. The Mn-L; and Mn-L, of transition metals are a result
of the transition from 2p3/, to 3ds/,, 3ds), and from 2p,/, to 3d;,
respectively. Their intensities are correlated to the unoccupied
bands in 3d orbitals. Previous studies have shown that the Ls/L,
ratio is sensitive to the valence state of Mn."

Examining the Mn-L edge onset energy (Fig. 5a) during the
sloping region of the first charging cycle shows that the peak
shifts to a lower energy loss beginning at position C (4.45 V in
Fig. 3), which may indicate a lower oxidation state. In the
detailed Lj/L, ratio analysis shown in Fig. 5b, it is going to
lower Mn oxidation state at point D, while points G and H are
going back to higher Mn oxidation state, i.e. Mn*", It is worth
mentioning here that the Mn oxidation state at point H does
not fully return to Mn*",

Fig. 5¢ shows the O-K edge spectra. The splitting into two
peaks for the O-K edge is a characteristic of the layered material.
In the layered material, oxygen forms an O3 framework and the
TM resides in octahedral sites. The crystal field of the TM splits
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Fig. 5 Surface EELS data for the (a) Mn-L edge spectra, (b) Mn Ls/L; ratio fit
results from the EELS spectra compared to literature values for various oxidation
states of Mn species, (c) O-K edge spectra, and (d) comparison of the pristine and
the fully discharged O-K edge.

into three t,, orbitals at a lower energy and two e, orbitals at a
higher energy level. The K edge of oxygen is due to the transition
of 1s electrons to the unoccupied 2p orbitals, which hybridized
with the TM 3d orbitals. The splitting of the O-K-edge corre-
sponds to the splitting of the TM 3d orbitals.

At positions C and D, the ratio of the first peak to the second
peak increases, which may result from a larger amount of
unoccupied t,, orbitals of the neighboring TM ions and a change
in the local environment of oxygen, such as bond length and
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(
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oxygen vacancy formation. The increasing electron slots in t,,
orbitals can be from the oxidation of TM, e.g. Ni*" to Ni**. The
energy difference in the two peaks can also be an indication of
the local environment change of oxygen. At point G, the ratio
of the first peak to the second peak decreases, which is also
consistently observed in the 2nd cycle (Fig. S1, ESIT), this is an
indication of the reduction of TM ions, ie. Ni** going back to
Ni**, After one cycle, point H, the oxygen is not fully recovered to
the original pristine state (Fig. 5d), which indicates that O and
Mn are not fully reversible at the surface after the first electro-
chemical cycle.

Surface characterization using X-ray photoelectron
spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to examine
surface transformations at the cathode as a result of electro-
chemical cycling. We utilized a quasi in situ setup where samples
were charged to points shown in Fig. 3, disassembled in an
Argon-filled glove box and then transferred to the XPS using a
custom designed transfer arm; this setup allowed for negligible
air exposure. Fig. 6 shows the resulting XPS spectra for the C1s,
O1s, Mn2p and Ni2p region scans at various points during the
first electrochemical charge and discharge.

From the C1s, XPS spectra, the findings are summarized as
follows. The C1s spectra show the presence of carbon black, the
conductive agent used in the composite electrodes, and PVdF
which is the polymeric binder. The P2p region scan (Fig. S2,
ESIT) also shows the presence of only one peak that is attributed
to the P in the LiPF, salt (~ 138 eV). During the first full electro-
chemical cycle there are no appreciable changes in the P2p spectra.
However, changes in the F1s spectra (Fig. S2, ESIf) suggest that the

C(4.45v

B (4.4V)

A (Pristine)

L)
540 535 530 525
Binding Energy (eV)

-

300 295 290 285
Binding Energy (eV)
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Fig. 6 XPS results for the C1s, O1s, Ni2p, Mn2p region scans during the first electrochemical cycle.
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PVdF binder is undergoing some transformation as it shows the
presence of two peaks attributing to PVdF and LiF starting at 4.6 V.

Since there is no visual change in the P2p region, it is
believed that the LiF formation may not be a result of the
decomposition of LiPF¢ (LiPFs — LiF + PFs), as the PF5 would
further react with any residual water to form POF;, rather the
formation of HF is thought to be a result of the dehydrofluor-
ination of PVdF and subsequent reaction with LiF, occurring at
room temperature.”'® However, reactions with LiPFg are also a
likely source of the LiF."”

The O1s spectra show the presence of three main peaks. The
first peak at 529.5 eV is commonly ascribed to the oxygen in the
crystal lattice (0®7). The second peak at ~532 eV (CO;>7) is
associated with carbonate species as well as residual water or
hydroxide on the surface of the particles. The ratio between the
carbonate oxygen and the lattice oxygen remains fairly constant
during the first cycle signifying only a small surface layer
formation, however, a diminished intensity in the lattice oxygen
and a subsequent increase in the carbonate oxygen during the
second cycle reveals the formation of a surface layer is more
significant after the first cycle.

In addition, a third peak forms inconsistently during the
first and second cycle in the O1s region at a higher binding
energy (~535 eV). The origin of this higher binding energy
peak has been a subject of debate recently and a more detailed
discussion of possible mechanisms are given below. One possible
explanation of this peak in the literature is the formation of an
oxygenated salt species, Li,PO,F,, or Li,PFyO;, from the hydrolysis
of either LiPF, or PF; respectively.'®

The Mn2p and Ni2p region scans can be summarized as
follows. The pristine Ni2p shows a binding energy of ~ 855 eV,
similar to published results.'® After the sloped region, where
the Ni**/Ni*" redox occurs, the peak shifts to a higher binding
energy of ~856.5 eV and remains unchanged when fully charged,
suggesting that the nickel oxidation state change is complete after
the sloped region. Upon discharge the peak shifts back to the Ni**
oxidation state at 4.0 V and remains unchanged when fully
discharged.

The Mn2p region scan shows a main peak at ~642 eV
corresponding to Mn*".>° No noticeable change is observed in
the Mn2pj3,, peak until 4.6 V where a noticeable broadening to
higher binding energy occurs and increases until 4.8 V.

The observed broadening to higher binding energy may be a
result of a higher valent Mn species, however, it may be a result
of a F KL,L; Auger overlap with the Mn2p which is common
when using a Mg source (B.E. ~ 645 eV).'® To further investigate
the Mn oxidation state during the first cycle, the Mn3p region
was investigated. Utilizing the Mn2p and Mn3p regions allows
one to probe both the surface layer (amorphous inner layer)
(Mn2p) as well as the outer crystalline surface layer of the
cathode material (Mn3p) by utilizing differences in the kinetic
energy (Mn2p KE = 610 eV and Mn3p KE = 1204 eV) and escape
depths, similar to reports on LiCoO,.>! Fig. 7 shows the Mn3p
region scans for the pristine, 4.45 V, 4.8 V, and 2.0 V samples.
The pristine material shows a main peak at 50.5 eV, which
corresponds to Mn*" and a second peak at 55 eV corresponding
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Fig. 7 Mn3p region scans for the (a) pristine electrode, and electrodes that
were electrochemically charged to (b) 4.45V, (c) 4.8 V, and (d) 2.0 V.

4.45V

to Li 1s in the host structure.® At 4.4 V the Lils peak disappears
showing the movement of Li out of the host structure as well as a
splitting in the Mn3p peak. The main peak shifts to a lower
binding energy of ~48.8 eV, similar to Mn** in Mn,0;.>* The
fully charged sample (at 4.8V) shows the continued decrease of
the Mn peak to ~48.5 eV, suggesting a Mn>" species similar to
Mn;0,.%* After fully discharging the sample back to 2.0 V the
Mn3p peak increases almost back to the original position at
48.8 eV, suggesting perhaps some Mn*" still present and the Lils
peak at 55.5 eV returns. Furthermore, it is intriguing to see the
Mn3p peak splitting (50.8 eV) during charging and this could be
a result of a higher oxidation state formation at 4.4 V. However,
when we ran a Mn’" standard the peak was centered at 53.5 eV,
much higher than the peak we observe.

As the Mn2p and Mn3p region scans suggest, during charging
of the material after the Ni*"/** redox, Mn may become electro-
chemically active. The Mn3p results are concurrent with the
EELS data and show that the surface of the Li-excess material
undergoes structural transformations, which result in the
reduction of Mn whereas the Mn2p shows some broadening to
higher binding energy suggesting the Mn is present in the outer
amorphous layer and is oxidized above Mn*".

Local and electronic structure characterization using X-ray
absorption spectroscopy (XAS)

X-ray absorption spectroscopy was used to study both the
surface and bulk properties at the various states of charge in
order to gain better insight into possible phase transformations
during the first electrochemical cycle. We utilized both (T-XAS)
as well as (TY-XAS) to monitor the K-edges of both Mn and Ni
transition metals. TY-XAS is a surface sensitive technique,
probing the top 5-15 nm of the particles surface, similar to
that of the Mn3p XPS.>* However, XPS is unable to give accurate
transition metal structure and environment details, as the formed
surface layer tends to make analysis convoluted. The ability to
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Fig. 8 Mn K-edge (a) transmission and (b) total electron yield XANES spectra
during the first electrochemical cycle.

simultaneously probe the surface and bulk local and electronic
structure of the material using X-ray absorption spectroscopy
makes this setup unique. Fig. 8 shows the normalized XANES
spectra of both the Mn-K T-XAS and TY-XAS. The Ni-K edge
XANES spectra are shown in (Fig. S4, ESIT); for the pristine
electrode the edge position is similar to reported values for Ni**
in NiO."® A significant edge shift to higher energy is seen at 4.6 V
and continues to push out to higher energy at 4.8 V which is likely
a result of coordination effects rather than further oxidation. At
4.8 V the spectra are similar to that of Ni** species, as reported by
others.”*® Upon discharging the battery to 2.0 V, the oxidation
state of Ni returns back to 2+, suggesting that a majority of the
Ni redox reaction is reversible and little Ni*"*" remains after the
first cycle.

The simultaneous characterization of the Mn structure at
the surface and bulk determined using T-XAS and TY-XAS was
used to enhance the understanding of the observed changes
seen in the EELS and XPS data. Fig. 8a and b show the Mn-K
edge XANES spectra analyzed using T-XAS and TY-XAS, respec-
tively. For each graph reference MnO and MnO, are shown
which represent Mn>* and Mn*" oxidation states, respectively.
As seen from the XANES spectra for both the bulk and the
surface there are no noticeable oxidation state changes. The
TY-XAS data, however, suggest that there is a slight shift to
lower energy in the Mn-K edge position during cycling. How-
ever, the estimation of the oxidation state of Mn is not straight-
forward from just observing the XANES spectra as other factors,
such as the local symmetry, can also change the shape of the
XANES region.”>” In order to gain a better understanding of the
Mn environment we analyzed the EXAFS region. Fig. 9a and b
show two representative Fourier transform graphs comparing
T-XAS and TY-XAS for a pristine and fully discharged (2.0 V)
electrode, respectively. You can see from Fig. 9a that both the
T-XAS and TY-XAS Fourier transforms for the pristine sample
are closely related, providing evidence that the Mn-O and Mn-M
bond lengths are similar in the bulk and the surface (Table S3,
ESIT). Fig. 9b, however, exhibits a significant difference between
the two spectra suggesting the occurrence of surface modula-
tions after the first electrochemical cycle. Fig. 9c and d show the
resultant EXAFS fits for the Mn-O and Mn-M bond lengths,
respectively, for both T-XAS and TY-XAS. The analysis shows that
the Mn-O and Mn-M bond lengths are similar for the un-cycled
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Fig. 9 k>-weighted Fourier transform magnitudes of Mn K-edge spectra for
transmission and total electron yield measurements on the (a) pristine and (b)
discharged (2.0 V) cells and the curve-fitting results for (c¢) Mn-0 and (d) Mn-M
bond lengths versus different states of charge.

surface and bulk. However, after charging to 4.8 V, there is an
increase in the Mn-O bond length as well as a decrease in the
Mn-M bond length at the surface when compared to the bulk.
The elongation of the Mn-O bond length in TY-XAS suggests a
reduction of Mn at the surface of the crystal, as an increase in
the ionic radii results in larger repulsion and subsequently a
longer Mn-O bond (r Mn®* = 0.65 A, r Mn*" = 0.53 A).*** The
TY-XAS for the fully discharged sample (at 2.0 V) again shows a
higher Mn-O bond length and even after the 10 electrochemical
cycles this bond length remains higher than the pristine material
signifying an irreversible Mn reduction at the surface of the crystal,
while there are no significant changes in the bulk.

Discussion
Initial stage of lithium deintercalation (OCV to 4.40 V)

From the open circuit voltage to 4.40 V lithium is continually
extracted from the material, shown visually as a sloped region in
the electrochemical profile (Fig. 10). This region results in a capacity
of roughly 110 mA h g~* with the charge compensation resulting
from the Ni (2+/4+) redox reaction, which is confirmed by our XPS,
EELS and T-XAS results. In addition, our results show that both Mn
and O in the structure remain unchanged to this point, with our
T-XAS and TY-XAS data showing similar Mn-O and Mn-M bond
lengths for the surface and bulk. Lastly, XPS analysis shows no
major surface reactions for this region since there were no signifi-
cant changes in the F1s, Cls, and P2p regions, which would be
signified by the formation of phosphates and LiF, and carbonates,
while the Mn3p region shows peak splitting, formation of lower
oxidation state Mn, and lithium removal from the structure.

Plateau region (4.45 V to 4.8 V)

Following the sloped region, a plateau occurs from 4.45 V to
4.8 V and is associated with roughly 190 mA h g of extra
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Fig. 10 Schematic showing the proposed mechanism for the formation and change in the electrode/electrolyte interface region during electrochemical cycling.

capacity. This region has been a focal point in the literature and
attempts have been made to elucidate the origin of this
anomalous capacity. Our EELS results show that the onset of
the plateau (4.45 V) results in a shift in the Mn L;/L, ratio
signifying a slight reduction of the Mn. The Mn3p XPS region
scan also shows a shift in the peak to lower binding energy
confirming the presence of a reduced Mn. The result seems to
be very counter-intuitive at first glance, as one would expect the
oxidation of Mn if anything. However, the generation of the
reduced Mn is a consequence of the formation of a large
number of oxygen vacancies. Our preliminary first principles
computational data indicate that the preferred charge compen-
sation mechanism for oxygen vacancy formation is to have a
neighboring transition metal with a reduced oxidation state (result
not shown here).

The most noticeable change occurs at the middle of the
plateau (4.60 V) with the EELS Mn L;/L, ratio and the Mn3p XPS
region showing the presence of Mn**. The EELS O-K spectra
also show a decrease in the prepeak intensity. Xu et al. have
previously explained the changes in the O-K prepeak signal as a
distortion of the TM-O bonding, possibly from the weakening
of the Mn-O bond caused by oxygen vacancy formation.*”

Oxygen vacancy formation

The charge compensation mechanism associated with this
plateau region may be associated with oxygen vacancy forma-
tion and Mn reduction. To explore this in more depth, we
examined the XPS O1s region. It is not until 4.45 V that we see
the formation of a higher binding energy (535 eV) peak. While
some reports show this peak attributed to the hydrolysis of
LiPFg and PF; forming Li,PO4F, or Li,PF,O, species, we hypo-
thesize in this work that this higher binding energy peak is

This journal is © the Owner Societies 2013

associated with a superoxide species, which is similar to XPS
studies by Lin et al. and Qui et al. who examined a variety of
superoxide species.>® Black et al. recently described in detail the
formation mechanism for Li,O,/LiOH crystallization and the Li
superoxide intermediate for Li-O, batteries.”” Also, Laoire et al.
described the reduction of oxygen in nonaqueous electrolytes
via a one-electron process to form a superoxide.”® It is also
stated that the half-life of the superoxide is dependent on the
nature of the electrolyte, in their case ionic liquids.

0, +e” +Li' - LiO, (1
LiO, + e~ + Li" — Li,0, 2)
Li,O, + 2e” + 2Li" — 2Li,O (3)

The reaction above is the proposed reduction of O, forming
the LiO, superoxide radical which then reacts with Li to form
Li,0, on discharge, similar to reports by Yabuuchi et al'®
Following this step, it is proposed that Li,O, will again react
with 2Li forming Li,O. This has been confirmed in Li-O,
battery systems by C and H NMR studies.”” In addition, Black
et al. have suggested that in the presence of MnO,, PVdF, or
Carbon-binder the formation of the superoxide radical occurs
more abundantly.

We believe that the cause of the initial superoxide formation
is the result of oxygen removal from the lattice and once at the
surface of the crystal the oxygen reacts with the electrolyte and
is reduced through an oxygen reduction reaction (ORR), similar
to that seen in Li-O, batteries.?® It has been shown that O, can
react with ethylene carbonate (EC) and through a one-electron
donation to the O, species cause a superoxide formation along
with the decomposition of EC.>*° We believe that we are able to
capture this superoxide species due to the unique nature of sample
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preparation. Most XPS characterization requires the samples to be
exposed to air for a certain duration and may result in the super-
oxide decomposition prior to analysis. For our measurements,
however, the electrodes are never exposed to an ambient atmo-
sphere, instead an Ar-atmosphere and a load-lock system are used
to transfer the samples to the XPS. Furthermore, effort was taken in
the preparation of the XPS samples to minimize time from galvano-
static cycling to XPS analysis. This could result in the analysis of a
superoxide species, similar again to Qiu et al. 26 This Li superoxide
species remains throughout the plateau region and disappears
during discharge. Examination of the 2nd electrochemical cycle
reveals that the peak is only present during the first cycle.

Mn dissolution and subsequent oxidation

The Mn3p XPS and EELS data suggest that at the surface of
the crystal Mn is reduced, causing changes in the Mn-O and
Mn-M bonding. This is confirmed using TY-XAS by an elongated
Mn-O bond, relative to the bulk. While we believe that some of
the electrons from the formation of oxygen vacancies contri-
bute to the anomalous capacity, we also believe that a portion
of the electrons go towards reducing Mn. In addition, at these
higher voltages, HF formation is known to occur through the
deflourination of PVAF or LiPFe.” The subsequent formation of
HF coupled with the instability of the Mn*"*" causes Mn to
leach out of the structure and into the amorphous outer layer of
the interface. At these higher voltages (4.6 V), Mn®>* can either
be oxidized or react with fluorine to produce MnF,, similar to
that recently reported by Quinlan et al.'®’ However, after
running MnF, and MnF; standards we do not believe this is
the case for our system within the first and second electro-
chemical cycle.

From the first cycle XPS data, we can see a slight broadening
in the Mn2p region scan, starting at 4.45 V. Also, HF formation
causes the formation of LiF, which is slightly present at 4.40 V
but more significant after 4.45 V in the F1s region. After the
second complete electrochemical cycle, a full second peak
appears at the higher binding energy.

Second cycle EELS at 4.45 V, 4.6 V and 2.0 V shows no
change in the Mn. The EELS, TY-XAS, and XPS results suggest
that all the Mn reactivity is limited to the first charge cycle, and
relaxes during the first discharge. These results differ from the
literature from Simonin et al., which suggests the major reactions
occur during the first discharge forming irreversible Li,CO;.* On
the basis of our results, we propose that the mechanism is largely
attributed to oxygen vacancy formation. The oxygen vacancy
formation coupled with the formation of HF causes the unstable
Mn*"3* to leach out of the crystal and into the outer surface layer
where it is possibly oxidized. This outer surface layer creates a
passivation layer. While second cycle EELS and XPS data still show
changes in the oxygen, it is believed that this passivation layer
suppresses (if not fully prevents) further Mn dissolution in subse-
quent cycles. With this in mind, our conclusion is that proper
surface coating or activation of the surface of the Li-excess
material would reduce these unwanted side reactions and first
cycle capacity loss.
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Conclusion

We examined the electrode/electrolyte interface of the lithium-
excess nickel manganese layered oxide Li; ,Nip,Mn, O, struc-
ture using X-ray photoelectron spectroscopy, X-ray absorption
spectroscopy, and electron energy loss spectroscopy during the
first two electrochemical cycles. Our results show the surprising
reduction of Mn at the surface of the crystal accompanied by
oxygen vacancy formation upon first charge. The resulting Mn
on the surface of the crystal leaches out to the outer surface
layer while lithium superoxide is converted to lithium peroxide.
These reactions all occur at the first charge and result in the
first cycle voltage plateau. We believe that further Mn dissolu-
tion is minimized during subsequent cycles as a result of the
passivated surface layer. We also see strong evidence that O
vacancy formation and recovery are largely reversible, though
the exact mechanism remains to be explored.
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