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8 ABSTRACT: High-capacity layered, lithium-rich oxide cath-
9  odes show great promise for use as positive electrode materials
10 for rechargeable lithium ion batteries. Understanding the
11 effects of oxygen activating reactions on the cathode’s surface
12 during electrochemical cycling can lead to improvements in
13 stability and performance. We used in situ surfaced-enhanced
14 Raman spectroscopy (SERS) to observe the oxygen-related
15 surface reactions that occur during electrochemical cycling on
16 lithium-rich cathodes. Here, we demonstrate the direct
17 observation of Li,O formation during the extended plateau
18 and discuss the consequences of its formation on the cathode
19 and anode. The formation of Li,O on the cathode leads to the
20 formation of species related to the generation of H,O together
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21 with LiOH and to changes within the electrolyte, which eventually result in diminished performance. Protection from, or
22 mitigation of, such devastating surface reactions on both electrodes will be necessary to help realize the potential of high-capacity

23 cathode materials (270 mAhg™

versus 140 mAhg™" for LiCoO,) for practical applications.

2+ Il INTRODUCTION

25 Lithium-rich cathode materials, represented in solid solution
26 notation as Li[Ni,Li(_5,/sMn(, 3]0, (0 < x <0.5)" or m
27 composite notation as xLi,MnOs-(1—x)LiMn, sNig 0,

28 (LLNMO), have generated a large amount of interest over
29 the past decade due to their high reversible capacities (>270
30 mAh/g).*”® Ohzuku et al.” demonstrated that the capacity can
31 reach 300 or even 350 mAh/ g using slower rates or higher
3 temperatures, respectively.” However, the charging mechanism
33 is still uncertain,”'® while additionally the surface structural
34 changes that lead to capacity fade and instability remain
35 unresolved. Ito et al'' showed that there is continuous
36 formation of Li,CO; on the cathode’s surface with subsequent
37 decomposition as the result of oxygen reduction during
38 discharge below 3.0 V. Similarly, Hong et al.'"* performed ex
39 situ FTIR and showed Li,CO; formation and subsequent
40 decomposition upon discharging and charging, which they
41 described as belng attributable to the involvement of oxygen
42 radicals. Lu et al.” first proposed the extraction of Li,O from
43 LLNMO, during the plateau region with the simultaneous
44 extraction of Li and O, to explain its anomalously high capacity.
45 However, Li,O has not been directly observed in this region
46 and has only been tentatively observed in the discharged state
47 by ex situ time-of-flight secondary ion mass spectroscopy, where
48 Li,O" and LiC," were observed and may be generated from not
49 only Li,O but also from LiO,, Li,O,, Li,CO;, etc."' Due to the
50 sensitive nature of the electrode and electrolyte interface, direct
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observation of surface species during electrochemical cycling s1
would help to clarify the involvement of oxygen. Previous sz
reports have made use of surface enhanced Raman spectros- s3
copy (SERS) to observe the oxygen-related reactions that occur s4
in a nonaqueous Li* electrolyte system on a Au electrode.'® ss
Generally, any surface species formation is only observable s6
through the use of SERS-active substrates and not in an actual s7
working electrode due to the thin and small nature of the ss
surface formed. Here we demonstrate the application of SiO,- so
coated Au nanoparticles that utilize SERS signal enhancement 60
on an LLNMO electrode to study the formation of surface 61
species during electrochemical cycling. While bare Au nano- 62
particles are not anticipated to participate or dramatically affect 63
the overall system, the insulating and inert SiO, coating insures 64
the isolation of the Au nanoparticle from the probed material 65
and avoids the special affinity associated with certain species 66
that may adsorb on to the nanoparticle. This SiO, coating also 67
serves to avoid the agglomeration of the nanoparticles that may s
reduce signal enhancement.'"* We show the ability of this 6
technique to directly observe Li,O species formation during 70
charging and discuss the reactions that lead to its formation and 71
consumption. By combining previous observations with this 72
study’s findings, we attempt to show the existence of the 73
different species formed at various stages of cycling and the 74
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75 formation of Li,O, based on the participation of the anion and
76 thus link the different reactions that lead to changes within the
77 entire battery, including the cathode, anode, and electrolyte.

7s Il EXPERIMENTAL SECTION

79 Raw Materials. Li,O, Li,O,, and MnCO; were purchased from
80 Sigma Aldrich; Li,CO;, LiOH-H,0, Mn(SO,)-H,O, and Ni(SO,)-
81 H,O were purchased from Acros Organics; and Na,CO; and NH,OH
82 were purchased from ].T. Baker without modification or treatment.
83 Li,O was stored in an Ar-filled glovebox with <1 ppm O, or H,0
84 before analysis.

8s  Synthesis of the Lithium-Rich Cathode LLNMO.
86 Li;,Nig,Mng0, (x = 0.2) and LiNijMnyO, (x = 0.5) were
87 synthesized by a carbonate coprecipitation. Transition-metal sulfates
88 and Na,CO; were separately dissolved in DI water. The mixed-metal
89 sulfate solution was slowly dripped into the Na,COj solution. After
90 stirring for 10 h the solution was vacuum-filtered, washed with DI
91 water, and dried overnight in a vacuum oven. The resulting
92 precipitates were mixed with Li,CO;, fired at 900 °C for 12 h, and
93 then quenched to room temperature. The Li,MnO; (x = 0) was
94 synthesized by grinding MnCOj; and Li,COyj in a Fritsch planetary ball
95 mill for 1 h at 150 rpm and then annealing at 400 °C for 32 h."

96 Characterization. X-ray powder diffraction (XRD) was performed
97 on a Bruker D2 phaser diffractometer equipped with a Cu Ka
98 radiation source and a lynxeye detector. The surface morphologies and
99 particle sizes of the synthesized powders were examined using
100 scanning electron microscopy (JEOL, JSM 6500). Raman micro-
101 spectroscopy measurements were performed on a (ProMaker system
102 mounted with one TE cooled CCD (1024 X 256 pixels) integrated by
103 (Protrustech Corporation Limited. The system was equipped with a
104 50X long working distance lens (Olympus America inc.) operated with
105 an excitation wavelength of 532 nm, with ~1 mW laser power, unless
106 specified, to avoid degradation to the standards or electrodes.'® The
107 exposure time was 10 s with 10 accumulations. Calibration was done
108 using a silicon standard where the band is generally observed at 520
109 cm™". Raman analysis of Li,O, Li,O,, and LIOH-H,0 was undertaken
110 by placing the sample in a sealed holder with a 0.17 mm thick quartz
111 window prepared within in the Ar-filled glovebox.

112 Electrode Fabrication. The lithium-rich cathode was fabricated by
113 mixing the cathode powder, Super P carbon, and polyvinylidene
114 fluoride (PVdF) (weight ratio 80:10:10) to form a slurry using N-
115 methyl-2-pyrrolidone (NMP). The slurry was cast over an Al foil
116 which was then dried in a vacuum oven overnight. A graphite anode
117 was fabricated by mixing mesocarbon microbeads (MCMB-2528,
118 Osaka Gas), Super P conductive carbon, PVAF binder (weight ratio
119 90:7:3) to form a slurry using NMP. The slurry was cast over a Cu foil,
120 which was then dried in a vacuum oven overnight.

121 Electrochemical Measurements. A commercial electrolyte
122 comprising ethylene carbonate/diethyl carbonate (EC/DEC) 1:1
123 with added LiPF4 (1 M) was used in a half-cell 2032 coin cell-type
124 battery with a Li foil counter electrode. Cyclic voltammetry (CV)
125 measurements were made using an Autolab potentiostat running at 0.1
126 mV/s from the open circuit potential to 5 V and then back to 2 V. The
127 charge and discharge measurements were run galvanostatically at 0.1 C
128 (C = 250 mAh/g) from 2.0—4.8 V.

129 In situ SERS. Au nanoparticles (NPs) 30—40 nm in diameter with a
130 SiO, coating (3—4 nm) were synthesized as in previous reports with
131 some modifications.'” Briefly, (3-aminopropyl) trimethoxysilane (1
132 mM) was added to the sol under vigorous magnetic stirring, followed
133 by the addition of a 0.54 wt % sodium silicate solution. The washed
134 and dried Au@SiO, NPs were transferred to an Ar-filled glovebox and
135 redispersed in diethyl carbonate (DEC). The NPs were dripped onto
136 the electrode surface and dried allowing the coin cell to be assembled.
137 A small hole was drilled in the top cap and stainless steel disk. A small
138 hole was also made in the lithium foil and separator in order to
139 observe the cathode’s surface. After the coin cell was assembled, a 0.17
140 mm thick quartz window was applied to the top cap. All procedures
141 were undertaken in an Ar-filled glovebox with O, and H,O levels
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maintained at <1 ppm. CV was performed at 1 mV/s from 2 to 4.8 V 142
where the voltage was held before and during each acquisition. 143

Raman Mapping. The in situ SERS cathode electrodes were 144
extracted from the coin cell battery, washed with DEC, and placed 145
within a sealed holder. Spectral images were taken over a 100 X 100 146
pum area with S ym/point scan step with a 1 ym spatial resolution. 147
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Bl RESULTS 148

Raman, XRD, and SEM Characterization. SEM measure- 149
ments with LLNMO x = 0, 0.2, and 0.5 can be seen in Figure 15011
la—c. Although Li,MnOj; was synthesized using a solid-state 15111
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Figure 1. SEM images of: (a) Li,MnO;, (b) LiNiysMn,sO,, and (c)
Li;,Nig,Mng40,; (d) shows XRD patterns for the three samples,
while (e) shows the Raman spectra of the different standards.

method, all the samples have similar morphologies and particle 152
sizes ranging from 100 to 300 nm. XRD profiles are shown in 153
Figure 1d. The samples Li;,Nij,Mn40, and LiNiyMn,O, 154
are indexed according to the parent hexagonal structure with 1ss
space group R3m. The superlattice peak found at 20—25° for 1s6
Li; ,Nip,Mny O, corresponds to cation ordering within the 157
transition-metal plane between the Ni, Li, and Mn atoms. 158

Li,MnO; is indexed according to the conventional 159
monoclinic cell with space group C2/m where the peak around 160
20—25° is a superlattice peak from the ordering of the Li and 161
Mn atoms in the transition-metal layer. For Li,MnOj;, the 162
superlattice peak is broad, probably due to a large amount of 163
stacking faults in the material synthesized at low temperature. 164
Figure le shows the Raman spectra of several possible surface 165
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species that will serve as reference compounds for comparison
to the surface species formed on the electrodes during
electrochemical cycling."*'*™*° Generally, Li,CO; is the most
commonly observed species on both the anode and cathode
surfaces.'”?"** LiOH-H,O has been observed in some cases
but is generally considered to be due to water contamination
during electrode extraction during ex situ measurements:' It
should be noted that a band at 3567 cm™" corresponding to the
OH stretching mode is also observed for LiOH-H,O (see
Figure $1).2° Li,0, and Li,O are generally found in Li—O,
battery systems, where in situ SERS utilizing a Au electrode was
used to observe minute traces of the oxygen-related species that
form on the surface of the electrode during electrochemical
voltage steps.'>>37%3

Electrochemical Measurements. The CV profiles (first
two cycles) of Li,MnO;, LiNij{Mn,O,, and Li, ,Niy,Mng 40,

are shown in Figures 2a—c. The CV profile of Li,MnO; is
03— . 03
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Figure 2. CV curves for the first 2 cycles of: (a) Li,MnO;, (b)
LiNigsMn,sO,, and (c) Li;,Nig,Mnys0,. (d) Charge and discharge
curves for the first cycle for the three members.

shown in Figure 2a where the first cycle exhibits no oxidation
peak until ~4.5 V after which the current increases steadily, due
to simultaneous lithium extraction and oxygen activation. A
reduction peak can be observed below 3.0 V for the first cycle
corresponding to Mn** formation.”® For the second cycle, the
oxygen-activating reaction is not observed, indicating that this
process is irreversible. An oxidation peak slightly above 3.0 V
can be observed, together with a reduction peak below 3.0 V.
These two peaks may correspond to the partial activity of the
Mn*/# redox couple due to oxygen-activation reaction.”” As
shown in the CV profile of LiNi, sMn,O,, see Figure 2b, the
onset potential is ~3.7 V for the Ni */#* redox couple and ends
at 4.4 V. Unlike Li,MnOj;, no major peak is observed for the
higher voltage range, only a smaller peak at ~4.8 V which has
been observed before.”® This may be due to a small fraction of
lithium-rich structure within the LiNiy sMn O, that undergoes
slight oxygen activation toward the end of charging. A
reduction peak is observed with the lowest value centered at
~3.6 V which corresponds to the Ni**/#* redox couple. No peak
is observed below 3.0 V, indicating no Mn*" formation after
cycling. During the second cycle, only the Ni**/*" redox pair
undergoes oxidation and reduction, indicating that most of the
charge compensation mechanism is due to the Ni**/** redox
couple. The CV profile of Li; ,Niy,Mn; 40, is shown in Figure

2c where the onset, center, and ending potentials for the NiZH/4+

redox peak are observed at ~3.7, ~4.0, and ~4.5 V,
respectively. The subsequent oxidation peak from 4.5 to 5.0
V is similar to that representing simultaneous lithium extraction
and oxygen activation, as seen in Figure 2a. During reduction,
the Ni*"/*" redox peak at ~3.6 V resembles LiNijsMny0,,
however below 3.6 V the current does not quickly decrease to
zero but gradually drops in a similar manner to Li,MnO;. For
the second cycle, unlike LiNijsMn,sO,, the Ni redox couple
does not entirely compensate for the large discharge capacity.
During oxidation, the peak centered at 4.0 V shows an increase
in intensity that may be due to Mn or oxygen participation. The
higher voltage region does not show the oxygen-activating peak.
For reduction, a smaller peak at ~3.2 V can be observed, similar
to Li,MnO;, indicating the presence of Mn**.***” An obvious
shoulder at around 4.3 V is thought to originate from the O*~/~
redox couple.””* Figure 2d shows the charge and discharge
curves for the three members of LLNMO. For Li,MnO;, only
the plateau is observed in the high-voltage region, together with
a falling curve that gives a capacity of 100 mAh/g and an
irreversibly capacity (IC) of over 50% during discharge.
LiNigsMn, 0, shows the solid solution line of the Ni**/**
redox couple with a corresponding discharge curve showing
200 mAh/g with only 12% IC. Li, ,Niy,Mn,0, shows a solid
solution line up to 120 mAh/g during charging, which is
associated with the Ni**/*" redox couple. A long plateau
corresponding to oxygen activation is followed and gives an
additional 250 mAh/g. Upon discharging, Li,,Niy,Mn,¢O,
does not exhibit the plateau found during charging but a
sloping line showing 255 mAh/g with 32% IC.

224

236

In Situ SERS. Figure 3a,b shows the in situ SERS spectra of 2373

Li;MnO; for charging and discharging, respectively. At the
open circuit potential (OCV), bands are found at 504 and 620

238
239

cm™". The band at 620 cm™ corresponds to the Ay, mode of 240

Li,MnO;* and can be observed throughout charging. It moves
to higher frequencies and returns to 620 cm™" when discharged,
and the lower frequency band at 504 cm™' has become
discernible indicating symmetry changes within the structure.>!
The 504 cm ™" band also shows some distortion in the oxygen-
activation plateau region and also at 2.5 V, possibly due to the
dramatic structural rearrangements occurring in the plateau
region.32 When charging begins, a band at 1090 cm™! emerges
corresponding to the CO; molecular unit.*® This indicates the
formation of Li,CO; that has also been observed in FTIR and
XPS when charged for other cathode materials”"?* The Li,O
band can be observed at 534 cm™' when the voltage reaches
close to the oxygen-activating plateau (4.4 V) and reaches its
highest intensity at 4.52 V.

A sharp band at 834 cm ™" can also be observed starting at 4.4
V, which may correspond to the C—O stretching modes of an
ester, or ether, that forms due to electrolyte degradation.34
Jiang et al.** have proposed that oxidation of the electrolyte
solvents forms organic species, such as aldehydes or ketones.
The band may also correspond to LiOH formed from Li,O.*°
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Once the end of charging is reached (4.8 V), the band of 261

Li,CO; gradually declines. This corresponds well with the
degradation of Li,COj at the charged state noted in previous
studies of LLNMO.'"'* Surprisingly, the Li,0O band also
gradually disappears at the end of charging. During discharging,
the 1090 cm™" band of Li,COj reforms at 4.4 V and is present

262

after discharging to 2.0 V. In situ SERS spectra of 267

LiNiysMn, 5O, for charging and discharging are shown in
Figure 3c,d, respectively. The E, and A, bands are observed at

dx.doi.org/10.1021/ja410137s | J. Am. Chem. Soc. XXXX, XXX, XXX—XXX

268
269



Journal of the American Chemical Society

o g8 838,
32 3 28 v E= B o
- O, o . . s =3
B3 R g2 8.8 S g
WMM“MW%W 48V (A thed gl s v 4.8V T DRI WE VL oy B
A : : Mttt s tetitso oA 4.6V i apnots Aednalaivond ) 46V
S WMMWM«M4.GV B L VY VPN L S PRI AN 15 min
s WWM 3 ; a5V S L ¥ o
S MMWMW&M4'5” T [Mehrai et bbby = . < | omin
= "
2 " ' 45V g 44V 2 WWW 4.52V
2 ’ i 5 . 40V B st oM apemsdrbrirsbtrotin) 4.5V
c 44v ® A e : e : v
£ ; : " T At oo ,L, i pine e IR ] MWWWW :
5 " 40V E £ h WSy AN el 4.0V
- palf ocv et AN e A st ot HoiSir A 3.5V
3 s ocv 8 3 ..'.,.‘Mm‘/”":""g §WM ocv
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 ‘fl’°° 1200
a . - . . . -
(@) Raman Shift/ cm (c) Raman Shift /cm-"! (e) Raman Shift / cm
. 8 8 8. .
o9 a3 =i o9
88, Ry g g3 g
3> L 20V CT = 2.0V
<3 g . .
. hinzov| M .
3 : 3 ittt A hordiod ] 25V 3
A Mbogi25v [ = . s
3 : -‘? A A |||IL_ Mw3.2V g,
@ 3.2V [ : 44v ]
A f=
c o ! s
£ MWMWWWNF\M“V £ =
WM”"“‘*WWWAM [ttty b oo 4.8 V
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 10100 1200
(b) Raman Shift /cm™! (d) Raman Shift / cm™! (f) Raman Shift / cm

Figure 3. In situ SERS spectra of Li,MnO; during (a) charging and (b) discharging; LiNiysMn, O, during (c) charging and (d) discharging; and
Li; ,Niy,Mng40, during (e) charging and (f) discharging. Arrows indicate voltage direction.

270 498 and 596 cm™', respectively. Similar to Li,MnO;, these
271 bands begin to lose intensity once the voltage begins to increase
272 together with the emergence of the band at 1090 cm™'
273 corresponding to Li,CO;. Throughout the first cycle, the
274 band at 834 cm™! was not observed, and no indication of Li,O
275 formation was apparent. Figure 3e,f shows the in situ SERS
276 spectra of Li;,Niy,Mny¢O, for charging and discharging,
277 respectively, while the bands at 494 and 605 cm™" correspond
278 to the E; mode and A;; mode, respectively.37 The A}, mode can
279 be seen to move to higher frequencies upon charging and shifts
280 back to the lower frequency upon discharging. A distortion,
281 similar to Li,MnO;, to the E, band region can also be seen
282 during the plateau region, which may also be related to the
283 structural rearrangement.>> When the electrode was discharged
284 to 2.0 V, the A,, and E, modes can be observed, however the
285 peaks are broader and the signal is much lower compared to the
286 OCV state; this is similar to a previous in situ Raman
287 spectroscopy study on the bulk changes within a similar
288 material.*® Unlike the current report, they did not observe
289 surface formation where observation of Li,CO; bands appear at
200 150, 196, 712, 748, and 1090 cm™. Similar to Li,MnO;, the
201 band at 834 is observed starting at 4.0 V. The Li,O band can be
292 observed when the voltage reaches close to the oxygen plateau
203 (44 V) and continuously increases as the voltage increases to
204 4.52 V. Raman spectra were acquired while the voltage was held
295 at 4.52 'V for several minutes to observe if the Li,O band would
296 gradually decrease similarly to Li,MnO;. The Li,O band
297 continues to increase (up to 10 min) and then subsequently
208 decreases with increasing voltage. Possible reactions are
299 proposed to consolidate the formation and consumption of
300 Li,O discussed later in this paper. Upon reaching 4.8 V, all
301 bands dramatically decrease in intensity similar to Li,MnOj.
302 When discharging toward 2.0 V, the Li,CO; bands appear as
303 early as 4.4 V. This is in good agreement with previous reports
304 that show the consumption of Li,COj at the top of the charge
305 (4.8 V) and reformation when discharged."**” LiNijMn, 50,
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does not exhibit the intense oxidation peak above ~4.5 V in its 306
CV profile, which is observed with Li,MnO; and 307
L, ,Niy,Mny40,, indicating that the formation of Li,O is only 308
observed with compositions exhibiting oxygen activation. The 309
higher range from 3000 to 4000 cm™! was taken for the initial, 310
fully charged and discharged state (see Figure S2) in order to 311
observe if there were any indications of water contamination 312
before electrochemical measurements related to the formation 313
of LiOH-H,O or hydrolysis occurring: no OH band was 314
observed. 315
The signals for several of the bands corresponding to the 316
individual surface species, although discernible, are generally 317
weak, similar to the SERS study of oxygen reaction in 31s
nonaqueous electrolyte on a Au electrode.”® To increase the 319
signal from the different surface formations, in situ SERS for the 320
Li; ,Niy,Mny O, and LiNijsMnysO, compositions were 321
repeated under the same conditions with only the laser 32
power increased from 1 to 10 mW and then compared. In 323
Figure 4, for both compositions, the bands corresponding to 324 4
the surface formations have increased dramatically. The Li,CO5 325
bands are clearly seen beginning at 4.0 V as well as the C—0O 326
stretching band at 957 cm™ upon charging. Li,CO; bands 327
decrease considerably at 4.8 V corresponding well with the 1 328
mW condition. In Figure 4a, the Li,O band for 32
Li; ,Nip,Mn, O, can be clearly seen as the evolution follows 330
the same trend as the 1 mW condition. In Figure 4b, no Li,O 331
band was observed for LiNiysMn, sO,. Compared to the 1 mW 332
condition, the band at 834 cm™ was not observed for the 333
Li, ,Nig,Mn, 0, composition during charging at 10 mW. This 334
may be due to the increased probability of laser-induced 335
degradation caused by the increased power, which has a much 336
greater effect on organic species. Similar to the LLNMO taken 337
at 1 mW, the voltage was held for several minutes to observe 33s
the evolution over time for the LLNMO at 10 mW laser power 339
(see Figure S3). The Li,O band increases upon reaching the 340
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Figure 4. In situ SERS at 10 mW laser power for (a) Li; ,Niy,Mng 40,
and (b) LiNiysMnyO,.

plateau region and gradually decreases upon increasing the
voltage.

While the enhancements of Li,O for 1 mW and 10 mW were
similar, Li,CO; showed a more dramatic enhancement when
run under 10 mW laser power. Li,COj; and Li,O standards run
under both laser powers showed that this intensity increase is
related to the adjustment of the laser power (see Figure S4). It
should also be mentioned that without the use of a SERS probe
or substrate, the different surface formations would generally
not be observable under normal Raman conditions, especially
under in situ conditions, regardless of any adjustment to the
laser’s power (see Figure SS). Furthermore, Iaser-lnduced
changes may occur if the laser power is increased.'

Observation of Li,COj surface coverage was done over a 100
X 100 um area of the electrode after discharging to 2.0 V by
mapping the 1090 cm™' band. Figure Sa,b depicts
Li; ,Nip,Mn, O, and LiNijsMnyO,, respectively. Examples
of the spectra for both of the electrodes can be found in the
Supporting Information (see Figure S6). Intensities below 1500
(black) counts are areas considered background. For
Li; ,Nip,Mn¢O,, full coverage of Li,COj; is observed within
the area, but several small areas show much higher intensities
where the population of Li,CO; may be denser. The area
coverage is similar to observations under an optical microscope
done over a lar%er area where the formation of white particles
were observed."

In comparison, LiNiysMn, O, shows large areas where the
signal drops below the background (black areas). The higher

coverage of Li,CO; on the oxygen activating material agrees
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Figure S. Raman mapping of (a) Li;,Nij,Mngs0, and (b)
LiNiysMnysO, after discharge to 2.0 V showing the 1090 cm™*
Li,COj; band intensity.

well with previous studies showing high amounts of Li,COj; 370

11,12
after discharge. 371

B DISCUSSION 372

For the Li-rich cathode material, the charge compensation 373
mechanism generally starts by the compensation of the Ni**/** 374
redox couple where ~0.4 Li* would be extracted. This would 375
give a corresponding theoretical capacity of 126 mAh/g 376

represented by reaction (1) in Table 1 where the potential 377 11

Table 1. Different Reactions Occurring during Charging for
Li, ,Niy,Mny 4O, up to 4.8 V

reactions E (V)
1 Lip,Ni(ID)g,Mn(IV)o O (=I1), < <44
Liy 50, Ni(II + x)gzMn(IV)MOZ( —II) + 0.2Li" +
0.2¢” (x <2) (Ni**/*redox couple)
2 LiggNi(IV)g,Mn(IV), (O(=11), < 44<E<48
Ligs_ 25N1(IV)02Mn(IV)060( —1II + &), + 28Li*
26¢~ (0~ redox couple)
3 LigsNi(IV)g,Mn(IV),O(~1II), — 44<E<48
Lig 3-2sNi(IV),Mn(IV)g O (=1I),_55 + 6Li,O
4 Ligs 2sNi(IV)o,Mn(IV),sO(=1I+5), + solvents — 44 <E<438
Lipg—,sNi(IV),Mn(IV)sO(~II + §), + COT +
CO,1 + other products + y H'+ ye~ (catalytic
reaction)
S Lipg»sNi(IV),Mn(IV) cO(~II + §), — 44 <E<48

Ligs—5sNi(IV)0,Mn(IV)¢O(—1D),_s + /20,1
6 Li,O +2H" - 2Li* + H,0 44 <
7  Li,O +CO, — Li,CO;4
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Figure 6. In situ SERS spectra of MCMB of the Li,MnO;/MCMB battery for the (a) lower and (b) higher frequency range; LiNiy sMn,y O, /MCMB
battery for the (c) lower and (d) higher frequency range; and Li; ,Niy,Mn, s0,/MCMB battery for the (e) lower and (f) higher frequency range. D

indicates discharge for the lower frequency.

378 range specifies when the specific reaction will likely occur. The
379 possibility of Mn participation has been explored where Mn*" is
380 reduced after the first discharge (at least partially) to Mn®*
381 which can participate in subsequent cycles.'"*>***' Recently,
382 several authors have focused on the participation of oxygen in
383 the charging compensation beyond the Ni**/#* redox.””*'~**
384 Fell et al.** have shown experimentally through Rietveld
3ss refinement of synchrotron XRD and EELS of the same
386 material, the presence of oxygen vacancies and possible oxygen
387 activation within the bulk structure. They explored the role of
388 oxygen and suggested that the formation of oxygen vacancies
389 associated with Mn reduction leads to the generation of Li,O,
390 (via a superoxide) which reacts to form Li,O.*'

391 Koga et al,* similarly proposed the activation and
392 participation of oxygen between two phases within
393 Li; ;Mng5,Coy 13Nig 130, in the charging mechanism through
394 XRD analysis. Sathiya et al.”” showed direct evidence of oxygen
395 participation through XPS analysis at different charged states of
396 Li,RuysMn,sO; where lattice oxygen was partially converted
397 from O™ to O after the oxygen plateau. Based on these
398 previous studies of the anion redox participation, several
399 possible reactions may take place and lead to the formation of
400 Li,O as well as other related products. When the oxidation of
401 Ni** has reached an oxidation state of 4+, oxygen activation
402 occurs following electrochemical reaction (2). Although this
403 process is reversible, the activation of oxygen leaves the
404 LLNMO highly reactive and highly unstable, ie., similar to a
405 catalyst or reactive species. After the occurrence of reaction (2),
406 reactions (3—S) can occur with direct interaction of the
407 LLNMO material where electrochemical reaction (3) forms
408 Li,O, which can be considered irreversible. It has been
409 proposed that Li;O may form from LiO, or Li,O,, but neither
410 LiO, nor Li,O, were observed during the SERS measure-
411 ments.*" Reaction (4) is the LLNMO oxygen activated material

—

reacting with the electrolyte solvents to form the electrolyte
degradation products as well as a proton (H*) and several gases
such as CO, and CO through an irreversible catalytic reaction.
Reaction (5), which is also irreversible, would be the third
reaction that may also occur where O, gas would be released to
stabilize the LLNMO material.

Regarding the evolution of the different gases, previous
results have shown gas evolution during charging and
specifically within the oxygen plateau region."”*>**~*" Hong 420
et al.'? showed, using differential electrochemical mass
spectroscopy (DEMS), the formation of CO, CO,, and O,.
Interestingly, their results showed that gas formation occurred
from the middle toward the end of the plateau, reaching its
peak at the end of charge. Specifically, O, gas evolution did not
occur until the end of charge (4.8 V), while CO and CO,
showed small accumulations in the middle of the plateau
(~4.55 V), increasing dramatically at the end of charge. Gas
evolution toward the end of charging rather than the beginning 429
of the plateau has also been observed by other workers.*™* 430
This suggests that reactions (4) and (S5) are more significantly 431
closer to the end of charging, while reaction (3) proceeds at the 432
beginning of the plateau region. However, it cannot be ruled
out that O, may have some degree of solubility into the
electrolyte, be consumed by the oxidation of lithium-organic
compounds, or take part in forming Li,0.** Thus reaction (5)
may occur during the plateau where O, evolution only is
observed near the end-of-charge upon completing its reaction
or exceeding the solubility limit of the electrolyte. At the
beginning of discharge the generation of CO and CO, declines
rapidly, possibly reacting to form Li,CO; and other products.
Interestingly, CO and CO, evolution has been shown to
continue, at a reduced rate, after the first cycle, while O,
evolution ceases after the first cycle.>>*" It is speculated that 444
reaction (4) may continue to occur after the first cycle causing 44s
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Scheme 1. Proposed Surface Reaction Mechanism of Li[Ni,Li(;_,,),sMn(,_,),3]O, for Oxygen Activating Members during
Charging and Discharging (top) and Charging/Discharging Curve Showing the Different Process (bottom)
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continuous electrolyte decomposition leadm% to capacity fade,
due to exhaustion of the electrolyte supply.®

As mentioned above, during the oxygen-activating plateau,
Li,O is formed and then subsequently consumed toward the
end of the plateau. The consumption of Li,O would likely
occur via reaction (6), ie., with H* to form H,0 and/or (7)
reacting with CO, to form Li,CO;.

It should be noted that reactions (6) and (7) are not
potential dependent but are chemical reactions dependent on
the supply of Li,O. It is possible that the generation of Li,O
from the electrochemical reaction and its consumption in
reactions (6) and (7) take place simultaneously in the plateau
region at a similar rate. When the end-of-plateau is reached and
the potential further increases, the rate of Li,O generation
declines and is much lower than the rate of reaction (6) and
(7). The presence of H,O has previously been reported to lead
to Mn dissolution and surface degradation and the dissolution
of Mn."? In the presence of H,O, the lithium salt may undergo
reactions with LiPF4'> and other electrolyte components where
it can form HF that is able to dissolve the material’s surface.
However, no indication of direct H,O interaction on the
cathode surface was observed during the first cycle in situ
studies for the three LLNMO materials. The other possibility is
the reaction of H,O with the intercalated anode to form LiOH.
Considering the high level of precipitation of Li,COj; onto the
cathode’s surface at the discharged state, the interaction of Li,O

472 with H" and subsequent formation of LiOH may alter the

electrolyte solution from acidic to more neutral. This would
favor Li,COj; precipitation by providing a favorable environ-
ment for Li,COj; to form on the surface of the cathode where
the different gases, e.g., CO,, may dissolve into the electrolyte
and react to form Li,CO;.

In order to confirm changes within the electrolyte solution, in
situ SERS was run to observe formation of LIOH-H,O in a full
cell configuration, which consisted of the LLNMO material
with a small hole applied to the electrode and the Au@SiO, NP
applied to the MCMB anode where the MCMB anode was the
electrode probed. Figure 6ab shows the Raman spectra

evolution of the MCMB anode in the Li;MnO;/MCMB full
cell during charging (insertion) and discharging (extraction),
for the low- and high-frequency ranges, respectively. The
evolution of the D (disorder-induced A;; band) and G (C-C
stretching mode, E2g2) band follows the evolution of Li
insertion and extraction seen in other disordered graphite
anodes™® where the D band intensity slightly decreases (Ig/Ip,
increases) and the G band moves from 1590 cm™ toward the
lower frequency during insertion before reaching the graphite
dilute stage 1 and back to higher frequency during extraction.*®

For the surface formation, at 4.0 V the peak at 1090 cm™'
corresponding to Li,CO; formation can be observed and is

484
485
486
487
488
489
490
491
492
493
494
495

present even after discharging to 2.0 V. Starting at the end of 496

charging (4.8 V), two new bands appear at 515 and 843 cm™
that correspond to LIOH-H,O which remains after discharged
to 2.0 V. The higher frequency range also shows the OH
stretching band at 3566 cm™" at the end of the charged (4.8 V)
state and the discharged (2.0 V) state. Figure 6c,d shows the
Raman spectra for the MCMB anode of the LiNijMn, O,/
MCMB full cell (non-Li,O forming material) for the lower and
higher frequency ranges, respectively. The graphite bands
during lithium insertion and extraction in the LiNiysMn, O,/
MCMB full cell show similar evolution to that of the Li,MnO;/
MCMB full cell. However, throughout the charging and
discharging process, only the band corresponding to Li,CO,
(1090 cm™) is present, and no indication of LiOH was found
in the low or high frequency ranges.

Finally, to confirm the formation of LiOH occurring on the
Li,O forming materials series, the Raman measurements for the
Li; ,Niy,Mn, cO,/MCMB full cell were performed, as shown in
Figure 6ef. The evolution of the graphite bands is similar to
those previously described, except for a slight distortion of the
spectra during charging at 4.52 V. Similar to the Li,MnO;/
MCMSB full cell, LiOH bands at low and high frequencies can
be seen at the end of charge that remain after discharging to 2.0

497
498
499
500

V. This confirms the formation of LiOH, by the interaction of s19

H,O formed from Li,O.
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To further confirm the changes to the electrolyte system,
favoring precipitation of the surface deposits, the electrolyte pH
was investigated using Li; ,Niy,Mn, O, batteries run in an Ar-
filled glovebox and stopped at different potentials. The batteries
were then opened, and the pH of the electrolyte was quickly
measured by litmus paper (see Figure S9).

When charged before reaching the plateau (4.4 V) the
solution changes to a more acidic environment than the
solution at OCV and maintains this environment when
discharged to 2.5 V. When charged to 4.8 V (after the plateau
has finished) and discharged to 2.5 V, the solution changes
from an acidic environment before and during the plateau to a
more neutral environment after discharged. This confirms that
the presence of Li,O evolution will change the electrolyte
solution environment from acidic to more neutral, while in the
absence of it there is not such a dramatic change. Lee et al.*’
showed that LiCoO, and LiCoPO, under oxygen evolution
reaction conditions, at varying pH values, the cathode’s surface
will either be amorphous (pH = 13) or spinel (pH = 7).
Previous reports’>® have shown the conversion of a layered to a
spinel surface when continuously cycled, and several workers
have shown HRTEM images of the growth of an amorphous
layer.'>*° This correlates well with the changes of the surface of
the material with the electrolyte condition.

Scheme 1 illustrates the proposed surface reaction
mechanism for LLNMO that occurs during charging and
discharging for oxygen activating members, based on the results
of the previous studies mentioned in the article and the surface
reactions observed for the cathode and anode sides during the
in situ SERS studies. Before the plateau the formation of the
SEI on the anode side occurs with a limited formation of
Li,CO; on the cathode side from the interaction with the
electrolyte where the charge compensation follows the Ni?*/**
redox couple. During the plateau, activation of oxygen occurs as
well as Li,O formation. Electrolyte degradation may also occur,
forming gases such as CO and CO,. Toward the end of the
plateau, the unstable and catalyst-like LLNMO material causes
the release of O, gas as well as readily reacting with the
electrolyte to form CO, CO,, and protons (H*) via a catalytic
reaction. Li,O will react with the proton (H*) to form Li* and
H,O which solvates and migrates to the anode side forming
LiOH-H,O at the end of charging. The discharge compensation
mechanism is thought to be a combination of the Ni*"/** redox
couple, oxygen anion redox couple, and the partial participation
of Mn*/* that continually grows with increasing cycles. It
should be noted, although changes have been observed, the role
of Mn in the charging compensation mechanism is still not
clear but may be related to bulk stabilization. Toward the end
of the discharging process, the reaction of H and formation of
LiOH leads to the solution changes from an acidic to a more
neutral environment leading to highly cathodic Li,CO;
precipitation that leads to a diminished performance.

In summary, by using in situ SERS to observe surface
phenomena for both the anode and the cathode, we have
provided direct evidence of Li,O formation on lithium-rich
cathode materials and the formation of LiOH-H,O on the
anode. The consequences of this formation and a compre-
hensive mechanism were discussed considering oxygen anion
redox charge compensation. Upon reaching the plateau at ~4.5
V where oxygen is activated, the formation of Li,O and its
subsequent reactions lead to the hydrolysis of the electrolyte,
and changes within the solution lead to the formation of
Li,CO; and other related products when discharged. Our

results suggest that consideration of both the cathode and
anode is crucial to elucidating the nature of the reactions
occurring within the entire battery system to improve its
performance. Furthermore focusing on not only surface
coatings to improve the stability but also on the electrolyte
should provide a route to improve the performance of these
materials.
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