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ABSTRACT: We have determined the electrochemical char-
acteristics of the high voltage, high capacity Li-ion battery
cathode material Li[Li,,;,Ni;,;,Mn;/;,]O, prepared using three
different synthesis routes: sol—gel, hydroxide coprecipitation,
and carbonate coprecipitation. Each route leads to distinct
morphologies and surface areas while maintaining the same
crystal structures. X-ray photoelectron spectroscopy (XPS) .
measurements reveal differences in their surface chemistries e ‘* 20
upon cycling, which correlate with voltage fading. Indeed, we : :
observe the valence state of Mn on the surface to decrease upon HCP ccP
lithiation, and this reduction is specifically correlated to

discharging below 3.6 V. Furthermore, the data shows a E ® ..
correlation of the formation of Li,CO; with the Mn oxidation

state from the decomposition of electrolyte. These phenomena

are related to each material’s electrochemistry in order to expand upon the reaction mechanisms taking place—specifically in
terms of the particle morphology produced by each synthetic approach.
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1. INTRODUCTION

The Li-excess class of cathode materials exhibit high average
voltages (3.6—3.8 V, reversibly) and capacities nearly twice that
of commercially available cathode materials (e.g., LiFePO,,
LiCoO,, or LiMn,0,)."* Despite their fantastic initial proper-
ties, the cathode suffers from an irreversible degradation
process that limits cycle life. This degradation has been the
subject of extensive investigations in the hopes of identifying
methods to mitigate these losses.>™” Lu et al. first studied in
detail the nickel-manganese Li-excess materials in 2001.%’
They described them as being isostructural to LiCoO,, which
crystallizes in a hexagonal structure (R3m). In addition to Li
occupying its own layer in 3a sites, it occupied some 3b sites of

concluded from the Mn K-edge of Li-excess that bulk Mn
remained in the Mn** state during all states of charge.'> More
recently, Koga et al. drew the same conclusion using an
operando XAS study.'* The shape of the K-edge irreversibly
changes upon charge past 4.5 V, suggesting that structural
rearrangement occurs, and complicates the interpretation of a
shift. Shifts in certain regions of the edge have therefore been
used to imply Mn is indeed redox active.''® Ito et al.
specifically analyzed the pre-edge to suggest that some Mn was
reversibly reduced during discharge.'” Carroll et al. combined
transmission mode with total electron yield to suggest
differences in Mn-valence exist in the bulk and surface.'® In
these cases, however, it is not clear whether enough Mn is being

the transition metal layer as a solid solution. In this way, the
family can be represented as Li[Li /3_5,/3Ni,Mn, 3./3]O, for 0
< & < 1/2. Other groups prefer to describe the family as a
composite, consisting of two components (x)Li,MnO5-(1—
x)LiNiysMn,s0,.'"> The fundamental composition of the
pristine material is still being debated, as evidence to support
both the solid solution and two-component models exist."""

While it is well accepted that in either case Ni is redox active
between Ni*" and Ni*', the role of Mn is subject to greater
debate. A variety of X-ray techniques, especially X-ray
absorption spectroscopy (XAS), have been used to identify
and characterize the active species within batteries. Park et al.
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reduced to explain the large reversible discharge capacities
observed in these materials. Some species other than Ni must
be electrochemically active because stoichiometries possessing
between 1/3 and 1/5 Ni routinely obtain discharge capacities
between 200—250 mAh g~'; this is significantly higher than the
theoretical capacity of Ni**/* (128—195 mAh g™')."”
Armstrong et al. demonstrated the loss of O, during charge,
suggesting lattice oxygen may be oxidized.”® Yabuuchi et al.
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even more thoroughly described oxygen loss, or removal of
Li,O, and detailed the mechanism of its possible reduction by
formation of a superoxide and Li,CO5."

In the present paper we aim to correlate the degree of Mn
activity within the Li-excess material Li[Li,;,Ni;;1,Mn;;1,]O,
with different morphologies and surface areas. We also aim to
elucidate how changes in Mn valence relate to the possible
redox of oxygen in the bulk and at the surface—the latter of
which has been associated with electrolyte decomposition.”' To
do so, we synthesized the electrode material following three
different precursor methods. All were solution-based and
include the following: 1) sol—gel, “SG”; 2) hydroxide
coprecipitation, “HCP”; and 3) carbonate coprecipitation,
“CCP”. The natures of these methods are quite different
from one another, as the intermediates formed during their
preparation are distinct. Several groups have compared
materials produced from a given reaction by altering a narrow
parameter—for instance, by comparing different calcination
temperatures of sol—gel synthesized material,”* different
concentrations of chelating agent in a carbonate coprecipitation
method,” or by adjusting the pH in a hydroxide
coprecipitation procedure.** Those results show that even for
a given synthetic method, the physical and electrochemical
properties of a material can differ appreciably. We offer a
comparison across fundamentally different synthetic ap-
proaches, in order to highlight materials possessing consistent
phase and stoichiometry, but very different surface composi-
tions and morphologies. Understanding these differences
enables us to elucidate the role of Mn in the reaction
mechanism during cycling and predict ways to optimize the
electrode properties.

2. EXPERIMENTAL SECTION

2.1. Li[Li2/12Ni3/12Mn7/12]02 SyntheSiS. A detailed account Of
each synthesis method can be found in the Supporting Information.
Sol—gel (SG) synthesis was adapted using aqueous methods
previously described for similar transition metal oxides.”® The
hydroxide coprecipitation (HCP) method was followed directly from
Fell et al.' Carbonate coprecipitation (CCP) method was drawn from
Zhang et al?® and Wang et al?’

2.2. Bulk Characterization. Calcination temperatures were based
upon mass-loss profiles, generated using thermogravimetric and
differential thermal analysis, via a PerkinElmer Diamond TG/DTA
Instruments. The particle morphology of pristine Li-excess was
determined using a Philips XL30 environmental scanning electron
microscope (ESEM), with an accelerating voltage of 20 kV. The crystal
structure of materials was identified by X-ray diffraction (XRD),
acquired using a Bruker D8 advance diffractometer with a Bragg—
Brentano 6-20 geometry and a Cu Ka source (1 = 1.54 A). Samples
were scanned from 10° to 80° at a scan rate of 0.025° s™'. Rietveld
refinement was performed using FullProf software.”® Both inductively
coupled plasma—mass spectrometry and —optical emission spectros-
copy were used to determine the stoichiometry of Li, Ni, and Mn in
the synthesized materials. ICP-MS was performed using a Thermo
Finnigan Element 2 plasma mass spectrometer, while ICP-OES was
performed using a PerkinElmer 3700 optical emission plasma
spectrometer. The experimentally derived ICP-MS calibration curves
of Li, Ni, and Mn standards (1 mg mL™" in 2% HCI, Acros Organics)
are shown in Figure S1. Nitrogen physisorption was used to determine
surface areas by incorporating the Brunauer—Emmett—Teller (BET)
method. Measurements were performed using a Quantachrome
Instruments Autosorb 1C physisorption analyzer. Approximately 1 g
of material was dried at 300 °C under vacuum for 4 h prior to BET
measurements.

2.3. Electrochemical Characterization. Electrochemical proper-
ties were measured using Li-excess composite cathodes assembled into

2016 coin cells. Composite electrodes consisted of Li-
[Liy,Niz/;,Mn;;1,]O, active material, acetylene carbon black, and
polyvinylidene fluoride (PVDF), in weight ratio of 80:10:10,
respectively. Slurries were prepared by extensively mixing the three
components in 1-methyl-2-pyrrolidone (NMP, 99% extra pure, Acros
Organics). Slurries were cast on Al-foil using a doctor blade and dried
in vacuum at 80 °C for 12 h. Disc electrodes were punched out and
dried again for 6 h (in air) before being brought into an Ar-filled
glovebox (O,,H,0 < 1 ppm). The mass of active material cast was
between 4 and S mg. Li-metal discs were used as anode, and 1 M
LiPF, in ethylene carbonate and dimethyl carbonate, EC:DMC in 1:1
vol ratio, was used as electrolyte. Two sheets of Celgard polymer film
(C480, Celgard Inc.) were used as separator. The added thickness of
an extra sheet provides improved electrochemical stability.

Coin cells were allowed to rest and equilibrate for 1.5 h before
electrochemical tests were performed. Galvanostatic experiments were
carried out using an Arbin BT2000 battery testing system. The voltage
range was maintained between 2.0—4.8 V. C-rates were calculated by
assuming a theoretical specific capacity of 250 mAh g™'; more
regarding the theoretical capacity is described in the Results and
Discussion. Cycling was conducted at constant current charge and
discharge rates of C/20. Rate studies were performed by charging at
C/20 to 4.8 V and subsequently discharging at C/20, C/10, C/5, C/2,
or 1C to 2.0 V. In order to avoid contributions from capacity fade
upon cycling, only the first discharge capacity at each rate is reported.

2.4. Surface Characterization. The chemical compositions of Li-
excess composite electrode surfaces were analyzed before and after
cycling, using X-ray photoelectron spectroscopy (XPS). Cathodes
measured before cycling were assembled into coin cells and exposed to
electrolyte for 2—3 days prior to analysis. These soaked cathodes are
referred to as “0 cycles” in the analysis and figures that follow. Cycled
samples were charged and discharged 10 times, at a rate of C/20. All
samples were measured in the discharge state. Cells were disassembled
in an Ar-filled glovebox, with precaution not to short them. Cathodes
were rinsed several times with DMC and, once dry, were loaded into a
custom airtight chamber for direct transfer into the spectrometer;
samples were never exposed to air. The XPS chamber was maintained
at <107® Torr during measurement. A PHI 3056 spectrometer
possessing a hemispherical detector 54.7° off normal and dual Mg and
Al anode source, operating at 15 kV and 350 W, was used for all
analyses. High-resolution scans of the Ni 2p region are reported using
the Mg source; all other regions were derived from the Al source.
High-resolution scans were acquired using pass energy of 23.5 eV and
a step size of either 0.05 or 0.075 eV. Each high-resolution scan was
preceded by a high resolution C 1s scan, to account for charge build
up. The main C 1s peak was calibrated to carbon black, 284.6 eV, as
was the following high resolution scan. Peaks were deconvoluted using
Gaussian—Lorentzian line shapes and Shirley background subtractions.

3. RESULTS AND DISCUSSION

3.1. Bulk Characterization. There are dramatic differences
in each material’s energy and reaction steps, as the TG/DTA
data show in Figure S2, indicating significantly different
processes occurring during Li[Li, ;,Nis/1,Mn;/;,]O, formation.
For example, between 200 and 400 °C, about 80% by mass of
gel synthesized via SG was lost. This drastic mass-loss is due to
the high concentration of large molar mass reagents such as
acetate anion and citric acid, which are evaporated in that
respective order. There is a large exothermic peak associated
with these two mass-loss events, Figure S2a. In comparison
there is only a 5% mass loss for the HCP precursor after the
initial loss of H,O (<100 °C). This reflects the fact that the
elemental composition of precursor is very similar to the final
Li-excess layered product. The XRD pattern of this precursor,
Figure S3a, shows that it is primarily composed of spinel,
similar to Mn;O,. This is consistent with results from Zhao et
al, who showed that as x decreases in NiMn,_(OH),,
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particularly when x < 1/2, the structure of dried precursor
adopts a spinel phase.”” The TG/DTA data collected for the
CCP precursor mixed with stoichiometric LIOH shows a larger
mass-loss event after H,O removal, relative to HCP precursor,
Figure S2c. This event, between 300 and 400 °C, is due to
reaction and removal of the CCP precursor’s carbonate moiety.
Another possible contribution may be due to incorporated
reagent salts, which have greater molar mass for CCP compared
to HCP, —SO, vs —NO;, respectively. XRD data collected for
CCP precursor, Figure S3b, shows its phase corresponds well
with trigonal (R3¢c) MnCO;. This is consistent with results
reported by Wang et al.*°

Despite undergoing markedly different phase transforma-
tions, the final crystal structure of SG, HCP, and CCP products
were quite similar to one another. Figure la shows that after
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Figure 1. (a) Normalized XRD spectra of Li[Li,;;;Niz/;;Mn;,1,]0,
prepared by SG, HCP, and CCP methods. Solid and dotted gray lines
correspond to R3m and C2/m reflections, respectively. (b) Enhanced
view showing separation and shape of each material’s 006/012 and
018/110 peaks. (c) Representative Rietveld refinement of SG material
fit to space group R3m.

calcination, each material can be indexed to the hexagonal
crystal system a-NaFeO,. The peak separation and shape of
006/012 and 018/110 reflections, highlighted in Figure 1b,
indicate the formation of well-ordered layered structure. %
Though the major reflections are routinely associated with
rhombohedral LiMO, (M = Ni, Co, Mn, Cr, etc.) structure,

space group R3m, this cannot account for the small peaks
observed between 20—30° 26. This region has been commonly
attributed to Li and Mn/Ni ordering of \/3a X \/3a
superstructure within the transition metal layers.”" Proponents
of the two-component system suggest these reflections arise
from discrete domains of Li,MnO; possessing C2/m
symmetry;32 those Miller indices are highlighted in the enlarged
insets of Figure la. Regardless of its fundamental composition,
Figure 1 shows that through the use of standard XRD, no
difference between SG, HCP, and CCP products can be
detected. All peak positions are well aligned, and their relative
intensities are quite similar.

Table 1 confirms that qualitative interpretation of the
similarity in these XRD spectra are supported quantitatively
by Rietveld refinement. The a- and c-lattice parameters for each
material were determined to be within 0.1% of one another.
The refined doping of Ni** on the Li* site (3a) were similar,
4.2%, 3.5%, and 3.6% for the SG, HCP, and CCP materials,
respectively. Since XRD were fit to space group R3m, the
region between 20.0°—22.5° 26 was excluded in order to
reduce the conventional Rietveld R-factor, R,,,. Bragg factors,
Rg, were all below 7. The refinement patterns of HCP and CCP
materials are shown in Figures S4b and S4c, respectively.

Despite their similar crystal structures, the three materials
adopt significantly different morphologies. Figure 2a shows that
SG product consists of a highly homogeneous network of
nanoparticles, about 200 nm in diameter. HCP product on the
other hand (Figure 2b) is composed of irregular particle
morphology. Though its primary particles typically have
diameters around 250 nm, its secondary morphology vastly
ranges in shape and size. CCP material predominantly consists
of spherical 4—5 pm secondary morphologies, which are
composed of 400—500 nm primary particles. The morpho-
logical differences between SG, HCP, and CCP products led to
quite different surface areas as well. Those values (Table 2)
show that SG material had a surface area twice as large (17.33
m?*/g) as material produced from HCP and CCP methods
(827 and 8.13 m*/g, respectively). The adsorption curves used
for BET analysis are provided in Figure SS. Experimentally
determined stoichiometries of each material, Table 2, are the
same as one another, and to the theoretically desired ratio of
Li[Li,/1,Ni;;1,Mn7,1,]O,. While XRD, Rietveld refinement, and
ICP results suggest the crystallinity and stoichiometry of these
materials are highly similar, their morphologies and surface
areas are clearly not. These differences may, therefore, strongly
correspond to electrochemical differences between the three
compounds.

3.2. Electrochemical Characterization. The first cycle
voltage profiles of Li[Li,,Ni;;;;Mn;,1,]O, prepared by SG,
HCP, and CCP methods are compared in Figure 3a. All charge
potentials consist of an initial sloping region, followed by a
plateau at about 4.5 V vs Li/Li". The inset of differential
capacity, dQ/dV, highlights the plateau at this potential (largest
peak). The first region has been commonly ascribed to the
oxidation of Ni*" to Ni*', while the origin of the plateau has

Table 1. Rietveld Fit Parameters of Li[Li,/,Nis;;;Mn;,;,]O, Prepared by SG, HCP, and CCP Methods

material a (A) ¢ (A) c/a
SG 2.863(0) 14.255(2) 4.979
HCP 2.859(8) 14.255(8) 4.985
CCP 2.861(5) 14.253(9) 4.981

18870

z(0) n Ni in Li layer Ry, Ry
0.243(6) 0.04(2) 1.98 6.09
0.242(6) 0.03(5) 2.16 6.47
0.243(6) 0.03(6) 2.40 5.47
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Figure 2. SEM images of Li[Li,,,Nis;;;Mn,,;,]O, prepared by (a) SG, (b) HCP, and (c) CCP methods.

Table 2. Surface Area and Stoichiometry of
Li[Li, ;,Ni/;,Mn,,1,]O, Determined by BET Analysis and
ICP-OES/MS, Respectively

stoichiometry
material surface area (m” g') Mn:Ni Li:(Mn+Ni)
theoretical 2.33 1.40
G 17.33 2.3(5) 1.4(1)
HCP 827 2.3(7) 1.4(8)
ccp 8.13 23(3) 14(5)
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Figure 3. (a) First cycle electrochemical profiles of Li-
[Liy;,Niz/,Mn;;1,]O, prepared by SG, HCP, and CCP methods;
inset represents dQ/dV (y-axis) of those same profiles. (b) Breakdown
of each material’s first cycle capacity; bottom and top dotted regions of

each bar correspond to theoretical capacities possible from reactions
described in the text.
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been the subject of much greater debate.>> Mn** present in the
pristine compound is not thought to undergo oxidation to
higher valence states.** The high capacities of layered Li-excess
are not possible by redox of Ni alone, however, so an O*~/0O,
or O*7/O~ redox couple has been proposed to account for the
additional capacity.”® Theoretical capacity from the removal of
100% Li* within the pristine structure is 360.1 mAh g~'. Figure
3a shows that SG material nearly reaches this capacity but
suffers from high retention loss as a consequence—exhibiting
first charge and discharge capacities of 358.5 and 257.9 mAh
g~!, respectively. CCP material could accommodate less charge
capacity but delivered a nearly equivalent discharge capacity,
resulting in much higher Coulombic efficiency overall. While
the charge capacity of HCP material was nearly equal to that of
CCP, its discharge capacity was much lower, resulting in the
lowest among the three.

In order to pinpoint which reactions are responsible for these
differences, we first define them more explicitly. As mentioned
previously, the initial charge proceeds by Ni oxidation (up to
4.5 V). Using solid-solution notation the following may be used
to describe reaction 1:

oy 2+ 4+
Ll[le/uNl 3/12Mn 7/12]02

— Li; ,[Li,,,Ni**5, ,Mn*", )]0, + 0.5Li* + 0.5e”

(1)

This step yields a theoretical capacity of 154.3 mAh g™

Deintercalation of all remaining Li results in a theoretical

capacity of 205.8 mAh g~'. If we assume that this second step

proceeds by oxidation of O*” to O, not excluding the

possibility that O~ oxidizes to O~ as an intermediate species,
then reaction 2 may be written:

. . A4 4+
Lll/z[le/lle 3/12Mn 7/12102

— Niy;,Mn; 1,0, (g34) + 0.67Li" + 0.67¢” + 0.170,
@)
The theoretical capacities of each reaction are depicted by
dotted lines in Figure 3b. Figure 3b provides an analysis of each
material’s first cycle capacity in terms of the specific reactions
contributing to them. The experimentally determined capacity
resulting from Ni-redox in reaction 1 is taken to be the capacity
up to the local minimum voltage of the dQ/dV plot, 4.38 V,
preceding the plateau peak. The remaining capacity is
attributed to reaction 2, plotted as the upper bar in Figure
3b. Therefore, the capacity from reaction 2 corresponds to
205.1, 155.7, and 187.3 mAh g_1 for SG, HCP, and CCP
materials, respectively. Recalling the morphology of each, the
length of plateau or degree of reaction 2 was greatest when
particle size and surface area was smallest, in SG. When very
large particles were present, as in HCP, reaction 2 was
inhibited, compared to reaction 1.

dx.doi.org/10.1021/am504701s | ACS Appl. Mater. Interfaces 2014, 6, 18868—18877
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Figure 4. First 10 electrochemical profiles (minus 1st charge) of Li[Li,,,Ni;,,Mn;/;,]O, prepared by (a) SG, (b) HCP, and (c) CCP methods;
insets represent dQ/dV (y-axis) of those same profiles. Arrows indicate increasing cycle number, from light to dark shading. (d) First 10 discharge
capacities, with the same color scheme (i.e., Ist discharge, lightest blue and 10th discharge, darkest blue), broken down by capacity contributing
above (Rxn 1’ and 2’) and below (Rxn 2’) the ~3.6 V inflection point; right axis (gold) corresponds to voltage drop within each specific regime.

While the distinctions between reactions 1 and 2 are quite
obvious in the first charge they are not as evident during
discharge. Three peaks are observed in the dQ/dV discharge
profile (inset), implying several unique reduction reactions
occur. XAS studies of Li-excess by Park et al. indicates that by
3.6 V during the discharge, the Ni** has already been
completely reduced to Ni*"."* Discharge capacity of pure
LiNig sMny sO,, by reduction of Ni** to Ni**, is not typically
observed below 3.6 V, as well.>* Due to this significance, we
differentiate discharge capacity occurring above and below the
inflection near 3.6 V, by the lower and upper blue bars in Figure
3b, respectively. Reduction of a species besides Ni* must occur
above this voltage, however, because it is possible for the
discharge capacity above 3.6 V to be greater than the charge
capacity resulting from reaction 1. For example, CCP material
exhibited 115.2 mAh g™ prior to the 4.5 V charge plateau but
140.6 mAh g™' prior to 3.6 V upon discharge. We therefore
designate the lower blue bar in Figure 3b as originating from
products formed by reactions 1 and 2 (Rxn 1’ and 2’), while the
upper blue bar results solely from reduction of reaction 2
products (Rxn 2').

Figure 4 demonstrates changes in capacity and voltage during
the initial 10 cycles of each material. It is clear from this figure
that SG material experiences the worst capacity fading, followed
by CCP and then HCP. Figure 4d differentiates the two
discharge regimes during the first 10 cycles. It shows that all the
capacity fade occurs before the inflection around 3.6 V. Below
this voltage, the capacity actually increases, which is more
explicitly demonstrated in Figure S6. The position of the
inflection also changes, which is demonstrated by the shift in

18872

the lowest voltage dQ/dV peak to even lower values. The first
two dQ/dV peaks, near 4.30 and 3.75 V, do not shift
appreciably—reflecting the fact that there is almost no voltage
drop in the first discharge region. The entire voltage drop is
present in the second, low voltage regime. The degree of this
drop is highlighted (gold) in Figure 4d and was 105, 50, and
130 mV for SG, HCP, and CCP materials, respectively. The
amount of voltage fading for SG was twice that of HCP,
therefore, and for CCP was nearly three times that of HCP.
The decrease in voltage is proportional to the magnitude in
capacity of the second region. CCP material exhibited the
highest capacity in the second region, followed by SG and then
HCP materials. In other words, the larger the discharge capacity
below 3.6 V, the greater was the voltage drop. This suggests
that product generated in reaction 2 is responsible for voltage
fading in this material.

Figure S compares the overall capacity retention and
Coulombic efficiency of each material. It is shown that CCP
material exhibits the best overall retention and efficiency.
Among the three materials, it also shows the highest proportion
of low voltage capacity. Reduction of electrolyte to Li,CO3 may
partially contribute to this discharge capacity, as is further
described below. Though there is some degree of capacity
fading within the Ni-redox regime, the comparatively large
activation of reaction 2 components leads to much higher
retention and Coulombic efficiencies. SG material, on the other
hand, allows for higher overall charge capacities but worse
fading and efficiency. While SG nanoparticles may lead to
relatively poor cyclability, its first discharge rate capability is still

superior to larger particles, as shown by Figure 6.

dx.doi.org/10.1021/am504701s | ACS Appl. Mater. Interfaces 2014, 6, 18868—18877
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3.3. Surface Characterization. The surface of each
material was analyzed before and after 10 cycles using XPS,
without exposure to air, as described in the Experimental
Section. Figure 7 shows that the C 1s spectra of all materials are
largely dominated by carbon black, at 284.6 eV. Before cycling,
contributions from —CH,— polymer in PVDF binder at 285.7
eV are clearly defined. After 10 cycles, however, the peak is
broadened by the formation of C—O (286 eV), C=0 (287.7
eV), and C—H (284.9 eV) species, formed due to reaction with
electrolyte.*® The peak at highest binding energy, 290.5 eV, is
associated with C—F in PVDF. It likely broadens upon cycling
due to the formation of Li,CO; (290.0 eV) upon discharge.’
Even before cycling, this peak is relatively broad for the HCP
material, which may be due to interaction between the active
material and PVDF. Li on the surface of LiNiyMn, O, has
been shown to interact with PVDF to form LiF.*® This is
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Figure 7. XPS C Is regions of Li[Li,,,Ni;/,Mn;/,,]O, prepared by
SG (bottom), HCP (middle), and CCP (top) methods, before (left)
and after 10 cycles (right).

supported by the F 1s spectra of Figure S7, which shows that its
intensity of LiF is relatively high, compared to PVDF.

Figure 8 shows each material’s Mn 3s regions. Galakhov et al.
demonstrated that splitting between the main Mn 3s peak and

0 Cycles 10 Cycles

Mn3s. i Mn®
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HCP ﬁ}%

96 94 92 90 88 86 84 82 80 96 94 92 90v88 86 84 82 80
Binding Energy (eV) Binding Energy (eV)

Figure 8. XPS Mn 3s regions of Li[Li,,;,Nis;;,Mn;,;,]O, prepared by
SG (bottom), HCP (middle), and CCP (top) methods, before (left)
and after 10 cycles (right). Cyan peak is a satellite due to final-state
screening of the excited photoelectron.®®

its satellite are highly sensitive to the Mn valence state—in
general, the larger the splitting, the lower its oxidation state.>’
Splitting of transition metal 3s XPS spectra occurs due to
exchange coupling between the 3s hole and 3d electrons.
Analysis of this region is attractive because it is not subject to
overall binding energy shifts, due to phenomena such as charge
build up. The difference in binding energy between those peaks
(AE) has been used to approximate the average Mn oxidation
state (AOS) by the equation, AOS = 8.956—1.126 AE.* Figure
8 shows that the peak separations of SG, HCP, and CCP
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materials before cycling are identical to one another. After 10
cycles, however, the splitting increases from HCP to SG and
CCP. Those values, 4.87, 5.07, and 5.29 eV, correspond to
average oxidation states of Mn***, Mn®?', and Mn’",
respectively. The Mn 3p region shown in Figure 9 also

0 Cycles Mn® 10 Cycles

CCP irr LiPF, ice Li
L ° Lattice Li i s Lattice
HCP
s
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60 58 56 54 52 50 48 4660 58 56 54 52 50 48 46
Binding Energy (eV) Binding Energy (eV)

Figure 9. XPS Mn 3p and Li 1s regions of Li[Li,;;,Nis;;,Mn,,;,]O,
prepared by SG (bottom), HCP (middle), and CCP (top) methods,
before (left) and after 10 cycles (right). Red line corresponds to peak
positions before cycling.

supports this trend. Before cycling, the major peak comprised
of both Mn 3p;/, and Mn 3p, /, are all in line with one another
and correspond to Mn*".*' After 10 cycles, however, the peaks
of HCP, SG, and CCP progressively shift to lower binding
energy—the latter of which corresponds to Mn*".*'

Figure 9 also highlights the Li 1s region, which is composed
of two distinct peaks. The one at lower binding energy (54.5
eV) is indexed to Li in Li[Li,,;,Nis;1,Mn;,1,]O, lattice, while
the higher binding energy peak (56.5 eV) is commonly
associated with LiPFy electrolyte salt and LiF.** Shifts in the
LiPF¢ peak to lower energies upon cycling indicate the
generation of its decomposition products, such as Li,PF,0,.>"
The fact that SG material shows this shift before cycling
suggests its surface promotes these reactions, which could
contribute to its poor Coulombic efliciency. CCP material on
the other hand shows the smallest shift and exhibits the best
cycling efficiency. The relative intensity of its Li 1s peaks is the
only among the three materials, which does not decrease
significantly. This may be due to greater formation of Li,CO,
there, which the O 1s XPS spectra in Figure 10 also support.
The single peak found at 529.7 eV is indexed to Li-
[Li,/15Niz/;;Mn,,]O, lattice oxygen. The broad peak at
higher binding energy is comprised of several oxygen-
containing groups, however, including Li,CO; at 5322 eV."”
Its intensity relative to lattice oxygen is shown to
disproportionately increase in CCP material. Furthermore, it
is slightly more shifted toward Li,CO;, than HCP and SG
materials.

To summarize, Mn valence is shown to reduce to a greater
degree in HCP, SG, and CCP materials, respectively. Shifts in
Mn 2p XPS spectra due to valence state changes are
notoriously subtle, which is why analysis of the Mn 3p and
Mn 3s regions were performed.* Those small shifts in the Mn
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Figure 10. XPS O 1s regions of Li[Li,;;;Ni;;;;Mn;,,]O, prepared by
SG (bottom), HCP (middle), and CCP (top) methods, before (left)
and after 10 cycles (right).

2p region are also shown, however, in Figure S8. A greater
extent of Li,COj is formed in this same order as well; the O 1s
peak area containing Li,COj; increases upon cycling by 8.1, 8.8,
and 11.4%, in HCP, SG, and CCP materials, respectively. The
relatively high degree of these reduction reactions in CCP
material appears to also have influenced the valence of Ni.
Figure 11 shows that the Ni 2p peak of each material
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Figure 11. XPS Ni 2p regions of Li[Li,;,Ni;/;,Mn;,1,]O, prepared by
SG (bottom), HCP (middle), and CCP (top) methods, before (left)
and after 10 cycles (right).

corresponds to Ni*" before cycling. After 10 cycles, however,
the Ni 2p;,, and Ni 2p;,, peaks are very slightly shifted to
higher binding energy, suggesting that Ni at the surface may
not have been fully reduced upon discharge. The Ni 3p regions
in Figure S9 also support the lack of full reduction.

3.4. Capacity and Voltage Fading. Oxygen evolution
upon the initial charge was described in reaction 2 to result in
lattice oxygen vacancy. Owing to the high instability of MO
environments (M = Ni*", Mn*"), however, Tran et al. have
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proposed that oxygen loss may preferentially occur at the
surface, followed by transition metal migration into Li-ion
vacancies, which results in densification at the surface to
maintain overall charge balance.** Filled Li sites prevent full Li-
reintercalation upon discharge, thus contributing to the first
cycle irreversible capacity. Xu et al. has shown that the surface
of Li-excess materials undergo structural rearrangement to a
spinel-like phase, and Fell et al. described microstrain and
cation rearrangement at the surface of these materials as
well.®~* These results agree with the fact that SG synthesized
material had the highest surface area, longest initial charge
plateau, and worst first cycle irreversibility. The very large
secondary particles distributed throughout the bulk of HCP
material may have inhibited oxygen release, because of their
comparatively low surface area. Its capacity was specifically low
during the 4.5 V charge plateau and below 3.6 V during
discharge.

Hong et al. described the partially reversible formation and
decomposition of Li,CO; upon cycling Li-excess materials.”’
We demonstrate evidence for its formation in Figure 10 as well.
Its generation has been associated with capacity fading, as is the
case in the Li—air system.*® Decomposition of Li,COj results in
a series of reactions with the electrolyte to form CO, and H,O
among other species deleterious to Li-ion battery performance.
Yabuuchi et al. has shown that Li,CO; is predominantly formed
below 3.0 V during the discharge of Li-excess."> We show in
Figure 4, however, that capacity fading occurs prior to the 3.6 V
inflection during discharge. Since Ni is the predominant redox
species in this regime, we propose that changes in its
environment are more likely responsible for capacity fading.
This also agrees with the fact that SG had the highest surface
area, which likely underwent the greatest degree of structural
rearrangement, and exhibited the worst capacity fading among
the three materials synthesized.

Since Figure 4 demonstrates that voltage fading primarily
occurs below the 3.6 V inflection during discharge, its origin
may be more closely related to the redox process resulting from
reaction 2, which did not involve Ni-redox. Koga et al. have
shown that O®~ anion, without removal from the lattice, may
participate in the reversible redox of Li-excess materials.*”*°
Rana et al. have shown that this is the case for pure Li,MnOj as
well.>! While Li,MnO; has been traditionally believed to be
electrochemically inactive, several groups have recently
demonstrated otherwise.>>>> Sufficiently small particle sizes
result in reversible capacities of ~180 mAh g~!, after 30
cycles.** The electrochemical mechanism and voltage profile of
Li,MnO;, including the initial voltage plateau and inflection
near 3.6 V during discharge, highly resembles that of Li-excess.
Higher electrochemical testing temperatures have been shown
to extend its discharge capacity, with concomitant release of
CO,.>® Ohzuku et al. has shown that increasing the temperature
of Li-excess materials during cycling also extends its discharge
capacity;” in particular, its capacity below 3.6 V. Li-
[Li, /sNi;;sMn;/s]O, was shown to achieve a discharge capacity
of 350 mAh g_1 at 85 °C, which is greater than its theoretical
value (315.2 mAh g™") considering the full reduction of all Ni**
to Ni** and Mn** to Mn**,

The XPS spectra shown in Figure 8 clearly demonstrate that
Mn*" is reduced at the surface of discharged Li-excess cathodes.
Furthermore, the magnitude of its reduction is proportional to
the degree of capacity that occurred below 3.6 V during
discharge. Several groups have shown, however, that Mn
reduction cannot fully account for the observed capacities and
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that an O”” redox reaction clearly occurs. Oxygen radicals have
been shown to react with carbonate-based electrolytes, such as
EC, to form semireversible products such as Li,CO3.>"*® The C
1s spectra in Figure 7 demonstrate the formation of electrolyte
decomposition products by the presence of carbonate and ether
groups. Furthermore, the O 1s spectra in Figure 10 imply that
more of these products, namely Li,CO; are formed when
larger discharge capacities and voltage fading below 3.6 V are
observed. Since the degree of electrolyte decomposition and
Mn*" reduction increase with larger voltage fade and capacities
below 3.6 V, it is likely that Mn*" reduction is a result of
reaction with electrolyte. In this way, Mn*/3* may not be a
truly redox active process that contributes to reversible capacity.
Instead, Mn** reduction may be a deleterious reaction arising
from the distinct interaction of the particle surface with
electrolyte. As we have shown, a lower average valence of Mn at
the surface corresponds to greater voltage decay. It is possible
that Mn*" disproportionation to Mn?* and Mn*" into
electrolyte contributes to that fading.

4. CONCLUSION

Li-excess Li[Li,;),Niy/;;Mn;,,]O, was prepared by three
distinct synthetic approaches. Each method led to near identical
bulk stoichiometry and crystallinity, as determined by in-house
instrumentation. Their surface areas and particle morphologies
were quite different, however, which in turn resulted in
significantly different electrochemical characteristics. The
relatively homogeneous, micron-sized secondary particles of
CCP material led to better Coulombic efficiency and enhanced
discharge capacity below 3.6 V. The degree of Mn activity was
shown to increase in order of HCP, SG, and CCP. XPS results
specifically showed that Mn valence was reduced and a greater
extent of Li,CO; was formed in that same order. This suggests
that Mn*" reduction as well as electrolyte reduction is
specifically associated with the voltage component below 3.6
V in Li[Li,/;,Ni3;1,Mn;,1,]O,. Insight is provided into how the
activity of Mn is affected by Li[Li,,;;,Niy;;,Mn;/1,]0,
possessing various surface compositions and morphologies.
We distinguish the processes that may contribute to capacity
and voltage fading based upon surface analyses. We show that
optimization of the Li-excess surface is a crucial parameter in
improving the electrochemical performance of this class of
material.
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