FULL PAPER

ADVANCED
ENERGY
MATERIALS

Lithium-lon Batteries

www.advenergymat.de

High-Temperature Treatment of Li-Rich Cathode Materials
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Li-rich electrode materials of the family xLi,MnO;-(1—x)LiNi,Co,Mn_O,

(a + b + c = 1) suffer a voltage fade upon cycling that limits their utilization
in commercial batteries despite their extremely high discharge capacity,
=250 mA h g7\, Li-rich, 0.35Li,MnO;-0.65LiNig 35Mng 45C00 200, is exposed
to NHj; at 400 °C, producing materials with improved characteristics:
enhanced electrode capacity and a limited average voltage fade during

100 cycles in half cells versus Li. Three main changes caused by NH;
treatment are established. First, a general bulk reduction of Co and Mn is
observed via X-ray photoelectron spectroscopy and X-ray absorption near
edge structure. Next, a structural rearrangement lowers the coordination
number of Co—O and Mn—O bonds, as well as formation of a surface spinel-
like structure. Additionally, Li* removal from the bulk causes the formation
of surface LiOH, Li,CO;, and Li,O. These structural and surface changes can
enhance the voltage and capacity stability of the Li-rich material electrodes

1. Introduction

Since the discovery by Thackeray and
Rossouw in 1991 that acid could activate
Li,MnO,,l followed by the discovery by
Gopukumar and co-workers in 1999 that
this inactive phase could be activated
electrochemically? interest in integrated
Li;MnO; and composite phases has
grown rapidly.l’! The Li,MnO; phase can
deliver a high theoretical capacity based
on Li extraction of =460 mA h g7!, though
practical realities limit the total extracted
capacity to =100 mA h g}, often with
rapid capacity decay.! Attempts at stabi-
lizing this material through lattice doping
or forming “composites” with alternative
materials mirrored struggles seen in the

after moderate NH; treatment times of 1-2 h.
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layered transition metal (TM) oxide field.

For instance, LiNiO, suffers Ni** mixing

in the Li* layer that causes dramatically
different capacities for different synthesis parameters,’’! and
LiMnO, does not easily form a layered R-3m structure,[® rather
forming the orthorhombic phase, pmnm with a zig-zag struc-
ture that causes low rate capability and capacity.”] Incorpora-
tion of other Co, Mn, or Ni into pure lithiated transition metal
oxides alleviated problems found with the pure, single LiTMO,
materials.®l Using a similar strategy, integration of Li,MnO;
with layered LiMO, and spinel components produced electrode
materials that could perform >300 mA h g™ discharge capacity
reversibly.}* Subsequent patent applications were granted to
Thackeray and co-workers on integrated materials containing
Li;MnO; and both the layered TM oxides!'”! and with spinel
material.l'!]

Integrated xLi;MnO3+yLiNi,Co,Mn.O, (x+y=1,a+b+c=1)
(Li-rich) materials are of particular interest since they have
large, stable capacities above 250 mA h g7}, though initial
charging during the activation step can reach much higher,
even up to >500 mA h g L1213 Activation is a complex process
involving oxygen release, Li,O extraction, and the formation of
surface spinel.'3"1! The spinel-phase domains formed can pre-
vent to some extent further oxygen release from the bulk of the
material during cycling, something which the material is sus-
ceptible to since it is believed that along with TMs, O% acts as a
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charge acceptor.’1% Indeed, when the activation step is slowed
or performed at lower temperatures so that electrode’s passi-
vation is improved, subsequent discharge capacities of Li-rich
electrodes are enhanced.?”! Voltage fading of Li-rich cathodes is
not primarily caused by improper surface passivation or spinel
formation however; a progressive trapping of TM ions that
inactivate their redox couples and impedes Li* reinsertion into
the TM layer is the primary driver of Li-rich material electrodes’
voltage and capacity fading during cycling.?'-23 This voltage
fade remains the largest barrier for the commercialization of
Li-rich materials.[2224

Recently, Dahn and co-workers demonstrated improved
capacity of spinel materials through treatment with ammonia,
which acts as a reducing agent to yield oxygen-deficient
Li(Lig33Mn; 6;)O4_5 compounds.””!  Further performance
enhancement of Li-rich material was shown by Meng and co-
workers, who exposed Li-rich material to NH,HCO; at high
temperatures, and used differential electrochemical mass spec-
trometry (DEMS) to show that surface oxygen vacancies on
these materials improved electrode capacity and rate capability,
though the authors attributed the creation of oxygen vacancies
to reaction with CO, produced from NH,HCO; decomposi-
tion.l2®! Another group suggested that the reaction mechanism
of NH; treatment resulted in some sort of nitridation of the sur-
face, confirmed through energy-dispersive X-ray spectroscopy
(EDX) line scans and X-ray photoelectron spectroscopy (XPS)
peaks, though very low nitrogen peak intensity was observed.l’]
XPS studies of cathode materials exposed to NH; showed that
an acid-base reaction could occur between the TM oxides and
NH;, forming a M—NH, surface species and transferring the
proton to the oxide to form a hydroxide, though this was an
unstable compound formed in situ at high vacuum.?®!

The purpose of this paper was to study the impact of
ammonia on the structure and surface of Li-rich cathode mate-
rials in solid-gas reactions and to characterize the extent that
NH; pretreatment may improve the overall capacity, as well as
stabilize the capacity and average voltage fading of these cath-
odes during cycling of Li-cells. We also aimed to elucidate a
mechanism by which ammonia reacts with the lithiated tran-
sition metal oxides, to establish an optimal duration of the
thermal reaction, and to analyze why NHj-treated materials
show improved cathode performance. To our knowledge, the
above issues were studied for the first time.

2. Results and Discussion

For clarity, this section is arranged by grouping various data by
observation and conclusions they generate. First, a justification
for the study based on the enhanced electrochemical perfor-
mance of Li-rich materials treated with NHj; is presented. The
effects of NH; treatment are then explored, beginning evidence
from XPS and X-ray absorption near edge structure (XANES)
that NH; treatment causes a bulk reduction of transition metals
of the Li-rich material. This is followed by XPS, Raman, and
extended X-ray absorption fine structure (EXAFS) indications
that structural reorganization occurs due to NH; treatment.
Finally, evidence for Li* extraction and generation of various
lithium salts is presented from XPS, X-ray diffraction (XRD),
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and electron diffraction studies. A summary of the results
describing the effects of NHj treatment on Li-rich materials is
then provided.

2.1. Enhanced Electrochemical Performance of Li-Rich Cathode
Materials by NH; Treatment

Figure 1A depicts the discharge capacities for untreated (black)
and 1 h (red), 2 h (blue), and 4 h (green) NHj-treated Li-rich
electrodes, as well as rate capabilities measured from C/15 to
4C. We have established that 1 h NH; treatment improved rate
capability, especially at high rates of 2C and 4C, and can be
considered as optimal time for increasing capacity at these
rates. However, the 2 h treatment has no effect, and the 4 h
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Figure 1. A) Discharge capacity and B) average voltage evolution in charge
and discharge measured during cycling from electrodes comprising
NH;-treated and untreated Li-rich 0.35Li,MnO;-0.65LiNig 35Mng 45C0g 200,
materials (as marked). The difference between average charge and dis-
charge voltages are indicated by each materials respective color. Three to
four coin cells were averaged for each data set, giving error bars based
on one standard deviation. The average voltages are only plotted from the
constant rate, C/3, cycles for clarity.
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treatment worsens rate performance slightly. Clearly different
effects are at play with NH; treatment, namely, at shorter treat-
ment times (1 h), the discharge capacity and rate capability
increase. Another effect that occurs after longer NH; treatment
(2 and 4 h) causes the electrode’s average voltage stability to be
enhanced, though this effect interferes with the rate capability
and discharge capacity at longer treatment times.

After the initial rate capability measurements (Figure 1A),
cycling stability at a constant rate, C/3, was measured. It was
established that 1 h of NH; treatment increases discharge
capacity by =20 mA h g7, though it fades rapidly after 50 cycles,
while after 2 h of treatment the capacity stabilizes substantially,
compared to the untreated material. The calculated values of
the capacity fade over 60 cycles for the untreated and 2 h NH;-
treated materials are =0.42 and =0.25 mA h g™! cycle™!, respec-
tively. It is evident that 4 h treatment with ammonia results in
much lower discharge capacities. Thus, we considered 2 h as an
optimal treatment time at 400 °C for stabilizing the discharge
capacity of Li-rich cathodes, and we have focused on characteri-
zation of the 2 h NHj-treated sample over that of the 1 h NH;3-
treated sample. This condition is also optimal for decreasing
and stabilizing the mean voltage difference 6V = Vy, — Vi
upon cycling, as demonstrated in Figure 1B, although 6V is
minimal at the beginning of cycling for 1 h treated samples.
Note that this parameter was shown to be an important charac-
teristic for stabilizing the cycling performance of Li-rich high-
energy cathodes in Li-ion batteries.[*’]

The first cycle data with the voltage profiles and derivative
capacity dg/dV plots are presented in Figure 2A,B, respectively.
The redox reactions designations for the peaks 1-5 in Figure 2B
for Li-rich materials are complex and the subject of contro-
versy, with many overlapping and different processes. Peak 1
in Figure 2B is ascribed to extraction of Li* from the Li* layer,
Ni2t/*" and Co**/** oxidation similar to normal layered struc-
ture (R-3m space group), Ni-rich compounds, for example, LiN
i9§C00.1Mng10,.11>3932 An intense peak 2 at a potential >4.5 V
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(not shown in order to maintain the Y-axis scale for the other
peaks) corresponds to the electrochemical activation of the
material.l'%3334 This is a complex reaction beyond the scope of
this paper, believed to involve Li* extraction from the TM layer,
partial migration of TMs to the Li* layer as Li* is depleted, O
oxidation resulting in O, evolution from the materials’ surface,
and the formation of surface Mn0,.1%3334 As a result of acti-
vation, the reversible redox processes of Mn*"/**, along with
reversible charge acceptance by O  anions occur.'>3! Inter-
esting new work on Li-rich analogue materials have suggested
that the reversible charge acceptance by O?" anions occurs
via formation of a peroxo-dimer species, though there are
other competing theories on the nature of 0>~ charge accept-
ance.1617.19.35] Dye to the electrochemical activation, reversible
Li* extraction from the TM layer is possible, and whether Li*
inserts into the Li layer or the TM layer can be easily tracked
via in situ X-ray diffraction through the monitoring evolution
of the clattice parameter.’>31 As it follows from Figure 2B,
reduction peaks 3, 1geq, and 4 are believed to reflect Li* inser-
tion into the TM layer, whereas peak 5 is probably related to Li*
insertion into the Li* layer.'>3%31 Overall, for this paper we will
refer to the work by Yu et al. for peak designations; according
to their interpretation, peak 3 involves O2™ reduction, peak 1geq
involves Ni and Co reduction, and peaks 4 and 5 are related
to reduction of Mn*/3* involving Li* insertion into the TM
layer and the Li* layer, respectively.?” We have established
that ammonia treatment dramatically affects the process of Li*
insertion into the TM and Li* layers reflected by peaks 4 and 5,
respectively, as the NH; treatments are lengthened. Since peaks
4 and 5 correspond to the Mn**/3* reduction with Li* insertion
to the TM and lithium layers, respectively, the NH; treatment
seems to predominately affect the Li,MnO; domains of the
Li-rich material.’>3% Peak 4 (Li* insertion into the TM layer)
seems to be shifted to lower potentials, whereas peak 5 (Li*
insertion into the Li layer) seems to be shifted to higher poten-
tials. Peaks shifting to lower potentials and their broadening
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Figure 2. A) Voltage profiles and B) differential capacity (dg/dV) plots versus voltage of first cycles of electrodes prepared from untreated and NHs-

treated Li-rich materials.
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are indicative of slower kinetics, suggesting the NH; treatment
increases Li* insertion kinetics for the Li layer at the expense of
the TM layer.

One of the most interesting features in Figure 2B is an addi-
tional oxidation peak, labeled 6 that arises after 4 h NH; treat-
ment. It may relate to the possible reduction by NHj; treatment
of some transition metals that are reoxidized during charge, or
peak 6 reflects corresponding oxidation processes in the range
of 3-3.5V (peaks 4 and 5), which only occur after electrode acti-
vation, or after Mn*" reduction.

2.2. Further Evidence for Bulk Reduction by NH; Treatment:
XPS and XANES Studies

Figure 3 represents the XPS Mn 3s and Mn 2p spectra of the
untreated and 2 and 4 h NH;-treated materials. The Mn 3s peak
is split due to a coupling with the 3d valence band.l*®l Peak split-
ting of the Mn 3s multiplet is changed slightly from 4.75 eV on
the pristine sample to 4.60 eV on the 2 h NHj-treated sample
and 5.00 eV on the 4 h NHj-treated sample, suggesting the
appearance of Mn components with oxidation state lower than
4+ after 4 h NH; treatment. This is in correlation with the oxi-
dation peak 6 (green) observed in the first cycle of the 4 h NH;-
treated material depicted in Figure 2B. Further evidence for the
reduction of Mn in the 4 h NHj-treated material is observed
in the Mn 2p;, peak that shifts to lower binding energy and
becomes broader (Figure 3B).

The Co, Ni, and Mn K-edge XANES spectra for untreated
and 4 h NHj-treated materials are presented in Figure 4. These
spectra are dominated by the transition of a 1s core electron to
an unoccupied 4p bound state and are therefore sensitive to the
local atomic and electronic structure of absorbing atoms. Each
spectrum contains a main peak, known as the “white line.” The
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intensity and position of the white line are directly related to
the occupancy of the p-states and, indirectly, to the charge state
of the material. The XANES spectra at Co and Mn K-edges in
Figure 4A and C show a decrease in white line intensity and
shift to lower energies corresponding to reduction after NH;
treatment. The Ni K-edge spectra, however, do not change after
NH; treatment. The absorption edge positions, defined by the
first inflection point of the absorption edge (vide supra), may
be correlated with standards, including metal foils and oxides,
to estimate the average charge state of the corresponding
absorbing atoms in the material.l’”] Using this correlation, we
observed that the NHj treatment resulted in an average bulk
reduction of Mn from 3.3 to 3.1 and a reduction of Co from
3.8 to 3.7. As observed by the lack of peak shift for the Ni
K-edge in Figure 4B, no reduction of Ni was observed.

2.3. Evidence for Structural Changes after NH; Treatment

Not only transition metal ion reduction was observed after NH;
treatment but also some surface structural changes of Li-rich
materials were established. Figure 5 depicts the XPS Ni 2p and
Co 2p spectra of untreated, 2 and 4 h NHj-treated Li-rich mate-
rial. Similar to the XANES data depicted in Figure 4, the Ni 2p
XPS structure does not show any reduction after NHj; treat-
ment but in opposite shifts to higher binding energies. This
shift however may not necessarily be related to oxidation, but
possibly a conversion to Ni(OH), surface species which show a
2p;; peak around 855.6 eV.® The Co 2p XPS structure demon-
strates a slight shift to higher binding energies after 4 h of NH;
treatment, indicating a higher oxidation state, in contradiction
to that of XANES data. This is likely due to the fact that XPS is
a surface technique whereas XANES is a bulk ensemble tech-
nique. Many surface reorganizations that can alter transition

5000 d T
Mn 2p
Mn 2p 12 Mn 2p3/2
4000
o)
2z
= 3000
=3
g
=
= 2000
g
=
1000 m'/\/
ot (B) ‘
670 660 650 640 630
Binding Energy (eV)

Figure 3. A) Mn 3s and B) Mn 2p XPS spectra of untreated pristine (red), 2 h NH; (green) and 4 h NHs-treated (blue) Li-rich materials. The Mn 3s
spectra include color-coded values for the magnitude of the splitting between the two peaks. The vertical lines for the Mn 2p; ; spectra indicate a shift
to higher binding energies for the Li-rich materials samples treated with NH; for 2 and 4 h.

Adv. Energy Mater. 2017, 7, 1700708

1700708 (4 of 10)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

= Co K-edge
c
o (A) C03.8+ —— Untreated
& ——4h NH,

15}
s 3.7+
8 Co>
c
S
S 10}
o
[%2}
Q
®©
ks
N O5F
‘©
£
9]
z

00 L 1 L 1 L 1 L 1 L

7710 7720 7730 7740 7750 7760
Energy (eV)
(B) Ni K-edge
Ni 2.2+ —— Untreated
——4hNH,

=
[}

o
o
T

Nomnalize d absorption coefficient
>

OO 1 1 1 1 1
8330 8340 8350 8360 8370 8380 8390
Energy (eV)
= Mn K-edge
_§ (C) 33 —— Untreated
3+ —_—
2 ..l Mn 4h NH,
g "
o Mn3.1+
c
k=l
210
[]
[22]
e}
©
kel
Sosf
®
E
]
P4
00 1 1 1 1
6540 6550 6560 6570 6580 6590
Energy (eV)

Figure 4. K-edge XANES data for A) Co, B) Ni, and C) Mn of the untreated
and 4 h NHj-treated Li-rich materials. The oxidation states of transition
metals taken from edge shifts are indicated by color.

metal oxidation states are known to occur, such as dispropor-
tionation reactions, spinel formation, oxygen vacancy creation,
or reaction with O, from the air after synthesis.[*2326]

Along with XPS and XANES, we also used Raman spec-
troscopy as a short-range order technique to probe the surface
structure of cathode materials. Figure 6 represents the Raman
spectra of the 4 h NH;-treated and untreated material. We have
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established that for the ammonia-treated material, the main
Raman peak at 592 cm™ of pristine sample splits into two or
shifts to the right, to around 625 cm™ (as detected from var-
ious locations on the sample). This blueshift is typical for the
layered-to-spinel type ordering transformation upon cycling
of layered structure electrode materialsi®* and is established
first in this work for the NH; gas treated Li-rich materials. The
peak at 422 cm™! disappears and a new minor peak at 154 cm™!
emerges that may relate to Li,CO; species, although the main
characteristic one (fingerprint) for Li,COj; lies at 1090 cm™.
We suppose that NH; treatment especially for 4 h (1 and 2 h
exposure do not affect the Raman responses) causes changes
in the surface layer of Li-rich materials, like minor Li leaching
and O-release that trigger partial migration of Mn ions to the Li
layer. This may result in some layered-to-spinel transition, or in
a sort of oxygen-deficient intermediate structure. The following
reactions are possible during NH; thermal treatment of lithi-
ated transition metal oxide materials (for instance, Li,MnOs;) as
described in the literaturel*041]

2Li,MnO; + NH, + 1.50 1 (at 400°C)

— 2LiMnO, + Li,0 + 1.5H,0+ NO T @
2Li,MnO; + Li,0 + Opyee (at 400°C) )
-5 2LiMnO, + 2Li,0,

These reactions result in partial reduction of Mn*" ions
detected by our XPS studies (Figure 3) and in formation of
lithium oxide and peroxide species, as discussed below. Spinel
can also be formed due to decomposition of LiMnO, into
LiMn,0, and Li,MnOj; at T > 350 °C.[*ll

Figure 7 depicts the Fourier transform magnitudes of
k*-weighted K-edge EXAFS data of Ni, Co, and Mn for
untreated and 4 h NHj-treated Li-rich material. The first peak
is assigned to the contribution from oxygen, and the second
peak to the nearest metal neighbors. From visual observation,
for both Mn and especially Co, the M—M and M—O peaks are
greatly decreased after NH; treatment. It is also obtained from
the analysis of EXAFS data at Co and Mn K-edge, that M—O
coordination numbers reduce from 5.4 to 4.7 for Co, and 5.8 to
5.3 for Mn after NH3 treatment, while the Ni—O peak ampli-
tudes and positions for both samples are almost the same, as
shown in Figure 7B. It is suggested from the fitting results that
the reduced intensity of M—M peak for all three edges is due to
the increase of disorder that is indicated by the Debye—Waller
factor (0?) values which slightly increase after NH; treatment
by =0.002 A2 It is shown from EXAFS data that NH; treatment
affects the local structure of Co and Mn much more dramati-
cally than that of Ni. The EXAFS fitting values for M—M and
M—O0 coordination numbers, bond distances, and o? values are
presented in Table S1 (Supporting Information).

2.4. Evidence of Li* Extraction from Li-Rich Materials and
Formation of Surface Lithium Salts after NH; Treatment
Figure 8 represents the XPS O 1s and C 1s structures of

untreated and NHj-treated materials. The results show that
the lattice oxygen peak, marked in the figures as O in Li-rich

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

2500
Ni2p Ni 2py,
2000 Ni2pyp
g
E 1500 |
-
g (satellite) (satellite)
)
£ 1000
=
8
=
500
0 H(A) Sy, |

885 875 865 855 845

Binding Energy (eV)

www.advenergymat.de

1
500 Co 2p Co2py

- Co 2py)y
g
< 1000
=
=
S
E‘ (satellite) (satellite)
£ 500
E

800 790 780 770

Binding Energy (eV)

Figure 5. A) Ni and B) Co 2p XPS spectra of untreated pristine (red), 2 h NH; (green), and 4 h NH; (blue) treated Li-rich materials. Vertical dashed

lines are included for a reference.

material (=529.6 eV in the pristine material)l*? is shifted to
higher binding energies when it is treated with NH;. Both the
2 and 4 h NHj-treated samples demonstrate the presence of
LiOH and Li,CO;, observed at 531.28 and 532.02 eV, respec-
tively.*>*] While the former appears in pristine sample as
well, the latter is observed after the NH; treatment only and
hence, is characteristic of this processing. The LiOH peak can
overlap with that of Li,0,,*! though this unstable compound is
unlikely to form. LiOH can easily form as a result of leaching
of Li* from the surface, with O%~ extracted to maintain charge
balance and with H* from NH; (vide supra). LiOH then can
react with CO, in the air to produce Li,COs. Additionally, LiOH
is used as a lithium source when annealed with the precursor
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Figure 6. Typical Raman spectra of untreated and 4 h NHj-treated Li-rich
pristine (uncycled) materials.
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material upon the Li-rich materials synthesis, so this is already
present before treatment.

The Li,O peak is present at 528.55 eVl for 4 h treated
sample only. Curve fitting of the 4 h treated sample also resolves
a peroxo-like component, in good agreement with a reported
peroxo-like species attributed to oxidized 0,5 dimers.[14¢] All
materials contain a characteristic C—O peak at =533 eV which
is likely due to the carbon conductive tape that the material was
adhered to during measurement.*’]

The amount of different oxygen containing species detected
for untreated and NH;-treated materials is indicated in Table S2
(Supporting Information). To note, the amount of oxygen from
Li-rich material is lower with longer NHj; treatment (67.5, 37.6,
and 21.3 at% for untreated, 2 and 4 h NHj-treated materials,
respectively). It is likely that surface lattice oxygen of the oxide
participates in the reaction with NH; creating thus O-vacan-
cies accompanied with gas evolution, like NO and N,.[*%
Our TGA-MS experiments under N, showed that the Li-
rich materials lost =1% weight in the form of H,0, CO,,
and mostly O,, with the treated material expelling more and
absorbing less weight (Figure S1, Supporting Information).
Expulsion of surface oxygen from Li-rich materials is known
in the literature.34

Further evidence for carbonate formation is presented in the
C 1s spectra (Figure 8D). The XPS peak for Li,CO; (at about
288-289 eV) is enhanced greatly after NH; treatments. This
is likely due to interactions of Li,O and LiOH that form upon
exposure to NH; with CO, in the atmosphere to create Li,COs.
This finding also correlates with our Raman spectroscopy data
demonstrating lithium carbonate formation (Figure 6).

The total atomic percentages of several elements derived
from XPS spectra are presented in Table S3 (Supporting Infor-
mation). The Li and C percentages all increase with the NH;
treatment time, indicative of the partial leaching of Li from the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Li-rich materials.
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Figure 8. A) O 1s XPS spectra of the untreated, B) 2 h NHs-treated, and
C) 4 h NHs-treated Li-rich materials. Curve fitting provides clear evidence
for existence of various O-containing species (lattice oxygen, lithium

oxide, peroxo-like

species). D) C Ts peaks measured from the untreated

(red), 2 h NH; (green), and 4 h NH; (blue) treated Li-rich materials
(marked as high-energy Li; , ,[Ni—Co—Mn]—0,) materials, HE-NCM).
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surface and the reaction with the CO, in the atmosphere. The
oxygen peak decreases slightly, indicating that some of the O
expelled from the surface during the heating process may escape
as molecular oxygen, which would make sense considering the
30 min preheating step of the materials at 400 °C under N, prior
to exposing the material to NHj (as noted in the Experimental
Section). It could be that further reaction of surface oxides with
NH; is driven by the formation of H,0 and Li,O.

Further evidence for a formation of surface Li containing
species is found in the fact that as NH; treatment time is
higher, the TM percentages decrease, which would occur when
the particle surface is partially covered by the above species. An
interesting fact is the presence of the nitrogen detected by XPS
in the sample, which agrees with previous reports that some
sort of nitridation can occur after exposure of TM oxides to NH3
though the N-peak intensity we observed is much lower than
in the work by Zhang et al.?’] XPS measurements have previ-
ously reported that species containing M—NH, and M—OH
bonds may form upon exposure to NH;, though these were
unstable.l?®! LiOH was also observed in XRD patterns of Li-rich
material treated for 4 h by NHj, indicating the high proportion
of LiOH formed in the material (Figure S2, derived values in
Table S4, Supporting Information). Electron diffraction pat-
terns from transmission electron microscopy (TEM) measure-
ments also show formation of LiOH and Li,COj3, agreeing with
XRD and XPS data (Figure S3-S4, Supporting Information).

3. Conclusions

We have demonstrated in this work that NH; treatments
of Li-rich materials at 400 °C improve discharge capacity of
electrodes and decrease the fading of discharge capacity and
average voltage during cycling in Li-cells. An optimal duration
of the treatment was established as 2 h, resulting in modi-
fied Li-rich materials that provide stable performance with
discharge capacities =220 mA h g™! at a C/3 rate. The anal-
ysis of the electrochemical data (dq/dV plots) measured from
ammonia-treated materials allowed us to suggest that treatment
increases Li* insertion kinetics to the Li-layer at the expense
of the TM layer in Li-rich material. This was evidenced from
shifting of the corresponding redox potentials to lower values
and their broadening that implies to slower electrochemical
kinetics.

We have found no significant changes in the lattice param-
eters of the Li,MnO; and Li(TM)O, phases of Li-rich materials
as a result of treatment (see Table S4, Supporting Informa-
tion), thus indicating that in fact the NHj treatment does not
alter the material's bulk structure. However, we demonstrated
for the first time that NH; treatment causes several impor-
tant structural surface effects to Li-rich cathode materials,
for instance:

(1) Partial reduction of Mn and Co that occurs through the sur-
face and bulk of the material.

(2) A subtle structural change (not observed by XRD), which
may include surface formation of an oxygen-deficient spinel-
like phase due to partial layered-to-spinel transformation
and to thermal reactions of ammonia with oxides.
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(3) Formation of lithium oxides and salts at the surface of the
material.

NH; oxidizes at the surface of the Li-rich particle’s surface
at 400 °C, partially reducing transition metals (confirmed by
XPS and XANES studies) and forming, for instance, NO gas,
as reported earlier.*)) Upon ammonia treatment, protons are
generated from the NHj, and the surface oxygen is removed
to maintain charge balance as Li* is partially leached from the
surface. Oxygen removal (around 1%) was established directly
by TGA-MS studies of Li-rich material under pure nitrogen
at 400 °C. From the Li* leached, LiOH and Li,O are formed,
which may convert to Li,CO; upon exposure to CO, in the air.
We suggest that the result of O?~ elimination from the particle
surface is the formation of a spinel-like, oxygen-deficient
phase.

Further work will be focused on studies of Li-rich materials
in full cells versus graphite anodes, to evaluate if NH; treat-
ment can indeed improve the likelihood of commercialization
of the Li-rich materials in Li-ion batteries. In addition, prepara-
tion of a separate paper from our groups is under way dedi-
cated to solid-state NMR studies of these materials thermally
treated with ammonia.

4. Experimental Section

Materials and Treatment Procedure with NH;: The Li-rich material,
0.35Li;Mn03-0.65LiNig 35Mng 45Cog 2,00, was synthesized at BASF. The
NH; treatments were carried out at 400 °C in a temperature controlled
oven. For the experiments, 50 g of material was exposed to NHj at a gas
flow around 15 L h™" over 1, 2, and 4 h. Prior to the NH; treatment, the
materials were heated to 400 °C over 1.5 h, including a 0.5 h constant
temperature plateau, under N,.

Electrochemical Experiments: Composite electrodes were prepared
using 80% active cathode Li-rich material, 5% Super P carbon black,
5% KS 6 graphite, and 10% PVDF (Solef 5130). The electrode loading
was =3 mg cm~2. Coin cells of 2325-type were fabricated with Li-metal
counter electrodes, a Celgard 2500 polypropylene separator, and
3:7 ethylene carbonate—ethyl methyl carbonate, and 1 m LiPFg electrolyte
solution (BASF). For all experiments, at least three coin cells were used,
an average discharge capacity reported, and the standard deviation
among cells used as error bars in the relevant figures. All cells were
subjected to cycling at 30 °C, as follows: the first activation step was
performed from OCV to 4.7 V in charge and to 2.0 V in discharge, at
a C/15 rate, C defined as 250 mA h g™'. All subsequent cycles were
performed from 2 to 4.6 V. For the first cycle, a constant voltage step
of 3 h was applied at the anodic limit; all subsequent constant voltage
steps were for 30 min. After the initial C/15 formation cycle, two cycles
at C/10 were performed, followed by three cycles at C/3, 0.8C, 1C, 2C,
4C, and 0.1C, after which 80 cycles were performed at C/3 and then the
cycling was terminated.

Characterization Techniques: XPS, XRD, Raman Spectroscopy, X-Ray
Absorption Fine Structure (XAFS), TEM, Electron Diffraction, and TGA:
XPS measurements were carried out using 5600 Multi-Technique
System (PHI, USA) with Al Ka monochromated source (1486.6 eV).
The binding energy of adventitious carbon at 285.0 eV was taken as an
energy reference for all measured peaks. High-resolution spectra were
taken at pass energy of 11.75 eV and at increments of 0.05 eV step™.
Curve fitting was done with Gaussian—Lorentzian function by using a
5600 Multi-Technique System software. Two fitting parameters, peak
position and full width at half-maximum, were fixed within less than
about £0.2 eV.
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For XRD measurements, a Bruker D8 Advanced X-ray diffractometer
using CuKa radiation was employed. The intensities were recorded
within the 26 range from 10° to 80° with 26 steps of =0.0194° from
powder samples. The cell parameters were obtained from the data by a
standard least squares refinement procedure.

Micro-Raman spectroscopy measurements were performed at room
temperature using a micro-Raman spectrometer from Renishaw inVia
(UK) equipped with a 514 nm laser, a CCD camera, and an optical Leica
microscope. A 50x objective lens to focus the incident beam and an
1800 lines mm- grating were used. The diameter of the laser beam was
=1 um. For statistical purposes, at least 10-15 locations were measured
from a sample.

XAFS spectroscopy measurements, including XANES and EXAFS,
were performed on the untreated and 4 h NHs-treated (blue) Li-rich
materials. The Ni, Co, and Mn K-edge XAFS data were collected in
transmission mode at Advanced Photon Source (APS) 10BM-A,B
beamline using a Si(111) double-crystal monochromator. Samples
were ground to fine powders and spread on tape with a brush for
measurements. At least two scans were taken for each edge for
averaging. XAFS data processing and analysis were done using the
Athena and Artemis software within the IFEFFIT package.*®l The
positions of absorption edge in Li-rich materials were compared with
their respective foil and oxide standards to estimate the average charge
state of transition metals (Ni, Co, and Mn) in the samples, using a linear
approximation.’”] The absorption edge position here was defined by the
first inflection point of the absorption edge. The normalized k*-weighted
EXAFS data were Fourier transformed using the k range of 2-12 A~ for
Ni, 2-13 A™ for Mn, and 2-11 A" for Co. To fit the EXAFS data, the
contributions from metal-oxygen (M—O) and metal-metal (M—M)
paths, assuming the LiNiO, structure, were included in the theoretical
EXAFS spectrum. The values of the amplitude reduction factor (S3) for
Co, Ni, or Mn were obtained from the fitting of the corresponding metal
foil and fixed in the fits to the Li-rich materials.

TEM examinations were carried out with a LaBg-200 kV Jeol-2100
transmission electron microscope operated at 200 kV. A unique
identification of the structures was based on the analysis of the
convergent nanobeam electron diffraction patterns obtained with a
7 nm probe size. Specimens of Li-rich materials for observation in TEM
were prepared onto lacey carbon grids as described previously.[*4% TEM
images and nanobeam electron diffraction patterns were collected from
various particles in the samples.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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