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ABSTRACT

Controlled synthesis and compositional modification of Li-rich layered oxides (LLOs)
Li; ,Mng54Co013Ni19 130, 1s considered as a potential strategy to achieve high structural
stability/reversibility, suppressed voltage/capacity fading, and realize stable cycle life
performance in lithium-ion batteries (LIBs). In this study, the effect of strontium (Sr?") doping in
L1 5-2xStxMng 54C0¢ 13N19.130, (0.0015 < x < 0.007) is systematically investigated by
electrochemical studies. X-ray refinement studies reveal the occupancy of Sr?* at Li* (lithium)
sites with larger oxygen-lithium-oxygen inter-slab spacing in crystal structure. Investigation of
Sr** doped materials in Li-ion cell furnishes up to ~50% reduction in anionic redox activity
during the first charge cycle compared to LLO. FEx-sifu structural analysis of LLO and
Sr?*—doped samples shows suppressed layered to spinel phase transformation for the latter. The
Sr**— doped electrode (x=0.005) delivers ~70 Wh kg ! more energy (620 Wh kg ') than the LLO
at 0.2C. Besides, testing for 500 cycles at 1C, Sr>*—doped cathode (x=0.005) retains ~94% of its
initial capacity as against LLO (68%). High temperature study at 55 °C shows better
electrochemical performance indicating good structural stability of Sr>’—doped samples.
Moreover, in full-cell configuration, Sr**—doped cathode (x=0.005) retains ~98% of its initial

capacity at 0.5C after 50 cycles unlike LLO (55%).

KEYWORDS: Suppressed Anion redox; lithium-rich cathode,; Strontium doping; Layered to

spinel phase transformation; Full cell performance
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1. INTRODUCTION

In modern society, Li-ion batteries (LIBs) have become an integral part of life, not only
powering portable electronic devices but also on the verge of improvising the automobile
industry by substituting the conventional fossil fuel!-?. Though the LIB technology evolved over
half a century ago, insight into basic solid-state chemistry in terms of structure-composition-
electrochemical properties is imperative to achieve high energy density, which is a pre-requisite
for Electric- and Hybrid Electric Vehicles (EV/HEV)?3. In this perspective, cathode materials
play a central role in achieving high working voltage, energy/power densities, life cycles, and
cell safety*>. After the introduction of LiCoO; (a-NaFeO, structure) as oxide cathode in the late
1990s, numerous studies on engineering cathode structures were made by replacing Na and Fe
metals with Li and Co in the layered o-NaFeO, to achieve high capacities and working
voltages %7, Though the LiCoO, (LCO) with a practical capacity of 140 mAh g! is widely used
in portable electronic devices, its primary concern is inadequate energy density (i.e., capacity x
voltage) owing to limited extraction of Li* (~0.5 Li per formula unit) from the crystal structure.
Also, the availability of Co-metal is another serious concern. In the past two decades, several
efforts were made by the battery community to develop next-generation cathode materials, which
opened the door to a new class of Li(Ni;;3C0;3Mn;3)O, (NCM-111) cathode after replacing two-
third of cobalt metal with Mn and Ni to provide higher specific capacity than native LCO mAh
g7!), thermal, and safety features’8. Even though the low-Ni containing NCM-111 delivers better
performance over LCO, its performance metrics are insufficient for high power applications and
hence, a new class of materials such as Ni-rich LiNiyjgCop;Mny;0, (NCM-811),
LiNig75-4C092sMn,O, (0.1 < x < 0.25), LiNij3Co(,0,, and LiNi;gCo¢15Alg050, (NCA) were
progressively developed by minimizing the Co-content, where the Ni content in the transition

3
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metal (TM) was increased gradually to 80 % from 30 % in the base structure NMC—111. These

Ni-rich cathodes delivered impressive capacities of up to ~200 mAh g=! at 0.1 C°-12.

Although the Ni-rich cathodes show a monotonic increase in specific capacity
proportional to the Ni-content, rapid capacity fading, and deterioration of cells occur owing to
particle’s surface degradation, more stable Ni—O formation, and anisotropic volume change vis-
a-vis micro cracking. In this context, a new class of Li-rich family cathodes denoted as
L1, TM;_ O, or [x(Li,MnOs;).1-x(LiTMO,;)] (where TM = Mn, Ni, Co, etc.) with a high
capacity of >260 mAh g! received more attention for automotive and high-power
applications %1315 According to Thackeray and Dahn et al., not only some of the Li* occupy TM
slab in addition to the Li-slab, but also prominent anion redox activity during initial charge
occurs, thereby contributing to a high specific capacity. However, the high capacity achieved by
this material arises with several challenges such as capacity fading, gradual voltage drop, low
initial Columbic efficiency (ICE), and poor rate capability'®!® which are attributed to a direct
consequence of the activation of Li,MnO; phase during the first charge process. The activation
of the Li,MnO; component in the first charge cycle > 4.5 V leads to a loss of Li" and O from the
lattice, which leads to low ICE. In addition, migration of TM ions to Li—slab upon cycling
resulting in a structural change to the spinel phase, causing voltage and capacity decay!®-2.
Numerous studies have been performed in the recent past to enhance the electrochemical
properties of pristine Li-rich cathodes. For instance, surface coating of Al,O; and Li,ZrO;2%-24
was explored to suppress the layered to spinel phase transition as the structural change initially
originates at the surface, which subsequently-propagates to the bulk particles. In another strategy,
cation doping (Al, Mg, Zr, La, Cr, etc.) was explored to stabilize the bulk lattice structure

vis-a-vis increase the Li" kinetics, thereby reduce the voltage fading?>-?’. Meanwhile, particle
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size reduction was also investigated to enhance the rate capability, which could improve the

electronic and ionic conductivity?®2°.

Among other strategies, doping of trace amounts of cations with ionic radii that are
similar to or larger than Li" has a positive effect over the above-mentioned drawbacks. For
instance, Cao et al. partially replaced Li* with Na*, which showed improvement in terms of
capacity retention, voltage fade, and also offered high ICE for the doped counterparts®’.
Similarly, Jin et al. doped Al in the Li-layer, which helped to improve the rate capability of the
Al-doped cathode with good capacity retention and cycle life’!. Liang et al. simultaneously
doped Na and F to minimize the oxygen loss, thereby enhancing the rate performance and ICE,
which showed good capacity retention of ~99 % at 0.2 C32. Subsequently, Ramesha et al. doped
Ca*" considering the advantages of the stronger Ca—O bond energy, the lower electronegativity
of Ca?" compared to Mg?*, and demonstrated that trace amount of Ca?* significantly delayed the
layered to spinel transition®?. Similarly, Manthiram et al. and Aurbach et al. also attempted Mg?*
doping, which enhances the structural stability to a larger extent rather than enhancing the
discharge capacity?*3°. In the present study, a systematic attempt was made to enhance the
electrochemical properties of Li; ;Mny 54Nij 13C00130, cathode by replacing Li* with Sr?". We
chose to investigate Sr as an alternate dopant over other elements because of its stronger Sr—O
bond energy compared to other dopants such as Mg and Ca, and lower electronegativity (0.95)
compared to Li (0.99) as these properties could significantly impact the rate of anion redox and
oxygen loss during the first charge process?®33-33 thereby expected to suppress the layered to the
spinel phase transition. Also, the electrochemical inactive larger Sr** could act as a pillar without

any change in its size and valence upon cycling?’.
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2. MATERIALS SYNTHESIS AND CHARACTERIZATION
2.1 Materials and methods

Analytical grade (AR) chemicals such as MnSQO,, (NH4),S,0s, Ni(NO3),.6H,0, Co(NOs),.6H,0,
StrCO;, and LiOH.H,O used for the synthesis were acquired from Sigma-Aldrich with purity >
99.5%. LiPF; dissolved in the equimolar ratio (1:1) of ethylene carbonate/dimethyl carbonate
mixture (EC:DMC 1:1 vol) was obtained from Eager Corporation, Japan. Li-foils and Whatman
glass micro-fiber separator was purchased from Sigma-Aldrich. Pristine and Sr-doped Li-rich
cathode materials were synthesized by a reactive f-MnQO, template methodology according to our
previous  reports’®. In a typical synthesis of  Li;,Mngs4Nip13C00130, and
Li; 2.5xS1,Mn0 54Nig 13C00.130, (x = 0.0015, 0.0030, 0.0050, and 0.0070), stoichiometric amounts
of B-MnO,, Ni(NOs3),.6H,0, Co(NO;),.6H,0O, SrCO;, and LiOH.H,O (5% excess) were
dispersed in 20 mL of ethanol with constant stirring for 2 h. The resultant mixture was then dried
overnight and calcined in air at 900 °C (3 °C/min) for 15 h to obtain the final products. For
subsequent discussion, the as-synthesized samples were labeled as PLR (pristine Li-rich) and
SLR-x (x = stoichiometric amount of Sr?"), Sr-doped samples are labeled respectively as SLR-

0.0015, SLR-0.003, SLR-0.005, and SLR-0.007.
2.2 Material characterization

The crystal structure and phase purity of the as-synthesized PLR and SLR samples were
characterized by X-ray diffraction (Bruker-D8 Advance, Da Vinci) instrument with CuK,
radiation (1.54 A). Rietveld analysis was conducted using the GSAS program with the EXPGUI
graphical interface. The morphological features were probed through a field-emission scanning

electron microscope (FE-SEM, Thermo Scientific, Apreo S) and a high-resolution transmission
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electron microscope (JEOL JEM-2100) operated at 200 kV. X-ray photoelectron (XPS) spectra
were recorded with a Thermo Scientific Spectrometer (model: ESCALAB 250XI) with XR6
micro-focused monochromator (Al-Ka XPS) and XR4 Twin Anode Mg/Al (300/400W) X-ray
source. The Al Ka (1486.6 eV) source was operated at 15 kV and 20 mA. Raman spectral
measurements were performed using a HORIBA (Japan), LABRAM HR Evolution Micro-

Raman spectrometer with an incident laser of wavelength 633 nm.

2.3 Electrochemical characterization

The electrochemical properties of the as-synthesized PLR and SLR samples were evaluated
using CR 2032 type coin cells by cyclic voltammetry (CV), galvanostatic cycling with potential
limitation (GCPL), and electrochemical impedance spectroscopy (EIS) techniques. Working
electrodes for all the studies were prepared by coating a slurry containing 80 wt.% of the active
materials (AM), 15 wt.% super-P carbon (SP), and 5 wt.% polyvinylidene difluoride (PVDF)
binder using N-methyl pyrrolidone as a solvent, over carbon coated aluminum foil by doctor
blade technique. For graphite anode, the slurry containing 90 wt.% graphite, 5 wt.% SP Carbon
and 5 wt%. PVDF was coated over copper foil. The coated electrodes were dried at 100 °C
overnight under vacuum conditions and cut into circular disks. The electrodes were stacked in
CR-2032 configuration against Li disks separated by a Whatman glass microfiber separator
soaked in an electrolyte solution of 1M LiPFs in EC:DMC (1:1 v/v). The average active mass
loading of the electrodes were found to be ~3 mg. Coin cells were assembled in an Ar-filled
glove Box (MBraun GmbH, Germany) with oxygen and moisture levels below 0.5 ppm. All the
electrochemical measurements were carried out using BCS 805 series battery cycler (Biologic
SAS, France). The EIS spectra were measured using VSP 300 Workstation (Biologic SAS,

France) in the frequency range of 100 kHz to 10 mHz at 10 mV amplitude. Temperature-

7

ACS Paragon Plus Environment

Page 8 of 47



Page 9 of 47

oNOTULT B WN—

ACS Applied Energy Materials

dependent electrochemical analysis was-performed using the ESPEC-SH222 tabletop humidity
chamber. Full-cells were fabricated using PLR and SLR-0.005 cathode, graphite anode, and were

electrochemically tested in the voltage range 1.8 — 4.6 V (vs. Li/Li")
3. RESULTS AND DISCUSSION
3.1 Synthesis, structural, and electrochemical properties of as-synthesized Sr-doped SLR

The pristine Li-rich Li; 2Mng 54C0013Ni9 130, (PLR) and Sr-doped Lij 52xStsMng 54C0.13Ni¢ 130,
(0.0015 < x < 0.007, SLR) materials were synthesized using f—MnO, nanorods as a reactive
template as well as Mn source following our previous report’®. The SLR-0.0015, SLR-0.003,
SLR-0.005, SLR-0.007, and PLR materials readily form upon mixing of the f-MnO, template
with a stoichiometric ratio of Ni(NOs),.6H,0, Co(NOs),.6H,0, SrCO;, and LiOH.H,O (5%
excess) followed by high-temperature sintering as shown in Scheme 1. The formation of O3
type layered PLR and SLR materials with R3-m space group (a—NaFeO, structures) is very
obvious from the XRD reflections presented in Fig. 1, albeit with few additional weak reflections
from 20 to 25° which is ascribed to the characteristic Li,MnO; component (space group ('2/m) as
well as the existence of short-range ordered Li-ions in the transition metal layer!*37. It is
apparent from the XRD patterns that Sr-doping in PLR did not affect the formation of Li-rich
compound where the presence of both layered and monoclinic phases is quite obvious. The
cation ordering between Li-slab and TM-slab largely controls the rate capability and voltage
decay. Thus the degree of cation mixing estimated from the intensity ratio of high intense
(Tpos/1;04) reflections for PLR, SLR-0.0015, SLR-0.003, SLR-0.005, and SLLR-0.007 was found to
be 1.59, 1.94, 1.88, 1.90, and 1.79, respectively, which is larger than the standard 1.2 level

confirming a lower degree of cation mixing in the Li-layer’”. Thus, replacing a small amount of
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monovalent Li" with larger divalent Sr?" reduces the Li/Ni cation intermixing by minimizing the
occupancy of Ni?"3* jons in the Li-layer and vice versa. A typical crystalline layered structure of
the SLR series is also established from the clear peak splitting between the (006)/(102) and (018)
/ (110) reflections revealing a high degree of hexagonal ordering?®.

Preliminary CV traces of PLR and SLR cathodes in the potential window 2.0-4.8 V
recorded at the scan rate of 0.2 mV s7! is displayed in Fig. 2a-e. As seen from Fig.2, the first
cycle redox behavior of both PLR and SLR cathodes are quite different from remaining cycles
indicating a characteristic “activation” of the Li,MnO; phase to give electrochemically active
Li,MnO, (Mn*"*redox) with concomitant oxygen removal in the form of Li,O from the lattice
above 4.5 V. The high intense anodic peak at ~3.9 V is ascribed to oxidation of Ni and Co, a
typical characteristic of Li-rich materials. Upon the reverse cathodic scan, the peaks at ~3.7 V
and ~3.3 V correspond to Ni/Co and Mn*', respectively?®. Comparison of 1%t cycle anodic scans
of PLR and SLR cathodes reveals that the peak intensity of Li,MnO; activation gradually
reduces with increasing Sr content. It is likely that higher Sr—O bond energy (425.5 +16.7
kJ.mol~') compared to the Li—O bond (333.5 +8.4 kJmol™') coupled with a lower
electronegativity value of Sr (0.95) could suppress the oxygen loss and anion redox activity of
SLR cathodes. Besides, the comparison plot of CV traces (upto 5 cycles) of SLR series reveals
(Fig. 2f) that SLR-0.005 cathode furnished minimal structural transformation to spinel phase

(anodic peak ~3.3 V) and employed for subsequent electrochemical investigations.

Initial (dis)charge was performed by GCPL technique at 0.5 C (1 C = ~250 mA g7!) in
the voltage window of 2.0-4.8 V (vs. Li/Li") and Fig. 3a compares the 1% cycle plots of both
PLR and SLR cathodes. All the first cycle charge profiles show a voltage ramp from 3.9-4.4 V
and a signature plateau at 4.4—4.6 V where the former is related to Li" (de)intercalation from the

9
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layered structure, while the latter is ascribed to activation of Li,MnO; with associated anionic
reactions forming O, and/or peroxo-like (O,)*~ species. The length of the plateau region at
~4.5 V during the first charge is very critical as it influences the reversible capacity, and it is
very obvious from Fig.3a that the length of the plateau gradually shortens upon increasing Sr-
dopant content from SLR-0.0015 to SLR-0.007. The first charge and discharge capacities for
PLR, SLR-0.0015, SLR-0.003, SLR-0.005, and SLR-0.007 were 296/217, 257/185, 235/ 164,
200/150, and 222/157 mAh g~ respectively with corresponding Coulombic efficiencies of 73,
719, 723, 75.0, and 70.7 %. Additionally, the capacity contribution due to cation
(de)intercalation up to 4.5 V, anionic redox couple at 4.5-4.6 V, and oxygen loss at 4.64.8 V
were estimated according to Bruce et al.*’. The capacity estimated from Ni/Co oxidation was
found to be 130, 123, 120, 123, and 114 mAh g! for PLR, SLR-0.0015, SLR-0.003, SLR-0.005,
and SLR-0.007, respectively; whereas the capacity contribution from anionic redox species
(Oy)" at the 4.5 V plateau were 80, 56, 49, 27, and 36 mAh g~! for PLR, SLR-0.0015, SLR-
0.003, SLR-0.005 and SLLR-0.007, respectively. Similarly, the capacity originated from the loss
of lattice O, was 86, 78, 67, 50, and 72 mAh g~! for PLR, SLR-0.0015, SLR-0.003, SLR-0.005,
and SLR-0.007, respectively. The above results indicate that the capacity contribution from
anionic redox species and lattice oxygen release at > 4.5 V has been appreciably reduced rather
than TM redox process. The above observation is also evident from discharge cycles where
suppressed anionic reduction activity and O, loss at < 3.7 V were noted, unlike Ni/Co reduction
profiles. The optimized SLR-0.005 electrode delivered a discharge capacity of 187 mAh g=! and
discharge energy density values of 620 Wh kg=! compared to PLR (170 mAh g=! with the energy
of 551 Wh kg!) after 125 charge-discharge cycles at 0.5 C rate (Fig. 3b, Fig. S1d). The

comparative GCPL plots for PLR and SLR-0.005 are given in Fig. 3c-d, and for the other Sr?*
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materials in Fig. Sla-c. It is observed that PLR displayed rapid capacity and voltage decay upon
cycling, and among the Sr?* doped samples, SLR-0.005 showed the least capacity/ voltage
decay. From the average discharge voltage plot (Fig. 3e), the estimated voltage drop after 125
cycles for PLR, SLR-0.0015, SLR-0.003, SLR-0.005, and SLR-0.007 were 0.360, 0.337, 0.366,
0.330 and 0.356 V, respectively, with SLR-0.005 delivering ~ 0.15 V higher average voltage
than PLR. Among the various samples, SLR-0.005 delivered the best results, and on further
increasing the dopant concentration (SLR-0.007), the electrochemical properties rather
deteriorated, maybe due to the partial hindrance of Li-ion diffusion by Sr?* at high concentration

33,34

and fractional Sr*" occupancy in TM layer®3**. This was confirmed by measuring the Li-ion

diffusion co-efficient for all the samples after cycling using the following equation?!,
R?T?
D= —
2A*n*FC20?
where R is the gas constant, T is the absolute temperature, A is the area of the electrode, n is
number of electron transfer per molecule, F is the Faraday's constant and C is the concentration
of Li" per unit cell, ¢ is the Warburg factor obtained from linear fitting of the low frequency
region from the EIS plot (Fig. S2), and w = 2=f. All samples showed Nyquist patterns consisting
of (1) high-frequency region (related to solution resistance, R;), (i1) mid-frequency region (related
to charge transfer resistance, R.), and (iii) low-frequency Warburg feature (related to Li-ion
diffusion in electrode materials)’® . The resistance values for all the samples are given in Table
S7. The calculated Li* diffusion values for PLR, SLR-0.0015, SLR-0.003, SLR-0.005 and SLR-
0.007 are 5.901, 5.282, 5.088, 4.407, 5463 x 1015 cm? s'!. The improved Li-ion diffusion
kinetics for Sr doped samples can be attributed to the lower Li/Ni intermixing, increased O-Li-O

interslab distance caused by larger Sr?" ions and suppressed TM ion migration*!. Fig.3f
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compares the rate capability of PLR with SL.LR-0.005 at different current densities of 0.2, 0.5, 1.0,
2.0, and 5.0 C, where the PLR indeed delivers marginally higher discharge capacities overdoped
SLR samples, but the capacity difference between them gradually decreases as the current rate
increases. Thus, upon increasing current densities, the difference in capacities between PLR and
SLR-0.005 gradually narrows down from ~70 mAh g=! at 0.2 C to ~12 mAh g! at 5 C indicating
a good rate capability of the latter. The good capacity retention characteristic of SLR-0.005 over
PLR at a higher C rate is reasoned to the expansion of ¢ lattice upon larger Sr*>* doping in the Li-
slab that helps in facile Li* (de)insertion3!-334! Though the capacity of the SLR sample is lower

than the PLR counterpart, but the former displayed better capacity retention at higher C rates.

Further, one can also argue that the difference in electrochemical performance could also
originate from particle size and morphology since surface texture could play a critical role over
electrochemical properties. Morphological investigation of PLR and SLR samples with FE-SEM
and HR-TEM (Fig.S3b-f) confirms the retention of 1D rod morphology of B-MnO, (Fig.S3a)
with an aspect ratio of ~1000 nm length and width ~450 nm. In addition, the HR-TEM image
(Fig.S3f) showed lattice fringes with a spacing of ~0.46 nm, which is in good agreement with the
(003) plane of rhombohedral structure or the (00/) reflection of the monoclinic structure*?.
Similar to PLR, Sr-doped SLR-0.005 shows retention of 1D structure with a comparable aspect
ratio (Fig. 4a-c) where the elemental mapping (Fig. 4d-i) also clearly confirms the presence of
Sr in the layered lattices. Furthermore, high-resolution TEM images and electron diffraction
pattern (SAED, Fig. 4j-m) proves high crystallinity that can be indexed to the hexagonal
structure with R-3m and C2/m phases corroborating well with the XRD data. Accordingly, as
PLR and SLR-0.005 have similar particle size and morphology, the observed electrochemical

properties can be related to Sr-doping, where the role of particle size and morphology can be
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ruled out. Undoubtedly, the Sr-doping suppressed the anionic redox activity and O, release from
the lattices at > 4.4 V, and to make this point clear, we further performed several experiments to

understand the performance of Sr-doped Li-rich cathodes.
3.2 Effect of Sr-incorporation on the crystal structure

XRD Rietveld refinement based on both trigonal (R3-m) and monoclinic (C2/m) phases of PLR
and SLR-0.005 samples have been performed to study the influence of Sr-doping (Fig. Sa-b).
Refinement of SLR-0.005 with Sr?" occupancy at various sites (2c, 2b, 4h, 4g) were done and
the refinement parameters are given in Table S2-S5, supporting information. Analysis of
refinement data suggests the preferential occupation of Sr?" at Li* 2c sites (Tables S6, supporting
information) from the weighted R-factor R,,, of SLR-0.005 (5.7%), which is lower than the PLR
(R, ~7.8%) (Table 1). It is observed that doping of a small amount of Sr?** (0.5 wt%) results in a
slight increase in lattice parameter ¢ (Table 1) similar to Na*-doped Li-rich oxides*’. However,
the occupancy of larger Sr2* (1.13 A) in an ideal 6-coordination would result in slight lattice
distortion and strain, resulting in a slight decrease in the b lattice parameter. Moreover, the
argument of Sr?* ion residing in the diffusion channel of Li-slabs would result in hindrance to
diffusion of Li* vis-a-vis rate performance; however, one has to note that such a blockage of Li"
is insignificant at such a low level of dopant concentrations (0.005 moles). Additionally, O-Li-O

inter-slab spacing (I1;p,) is considered to be critical for the Li" ion diffusion during cycling was

calculated using the equation

2
ILiOZ = 73 _(§ —2Z 5x) Chex

where, Cy,, 1s the lattice constant ¢, and Z,, represents the 6¢ site oxygen position along the c-axis

and assigns a value of 0.244*. The calculated inter-slab distance for PLR and SLR-0.005 are
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2.1199 and 2.1260 A, respectively. The increased [ Lio,value of SLR-0.005 could explain the

enhancement of its electrochemical performance. Furthermore, the ex-sizz XRD analysis of PLR
and SLR-0.005 after first charge and discharge is compared with the fresh electrode (Fig. Sc-d).
After charging to 4.8 V a shoulder peak at ~ 18.6 ° belonging to the spinel like structure was
observed for PLR (Fig. 5c), due to the migration of Li and TM ions to nearby tetrahedral sites**.
Also, the inset graphs in Fig. Sc-d shows the absence of layered reflections for PLR after
charging, these observations suggest that SLR-0.005 retains the layered structure to a greater
extend than PLR. After discharging, both PLR and SLR-0.005 show similar patterns to fresh
electrode, except for the Li,MnQOj; peaks, confirming its structural reversability. Ex-situ XRD
patterns after cycling at 0.5 C for 125 cycles was performed and compared with the patterns
before cycling (Fig. Se-f). After charge/discharge cycling, the PLR electrode (Fig. Se) showed
the presence of a new spinel phase after dsicharge, as evident from the shoulder peak observed at
~ 18.6° and additional peaks at ~ 36° and 43°*>¢. No such reflections were observed in SLR-
0.005 after cycling (Fig. 5f), thereby confirming the suppression of layered to the spinel phase
transition for SLR-0.005. Besides, a minor shift in XRD reflections toward lower angles for both

PLR and SLR-0.005 is attributed to the lattice distortions.

To get more insight into the local environment, XPS spectra of PLR and SLR-0.005
samples were recorded to examine the oxidation states of different elements. The pristine sample
showed core level photoelectron peaks of all elements; for instance, Mn 2p (Fig. S4a) consists of
two major spin-orbit split peaks, which were further de-convoluted at 642.7 (2p;,,) and 654.8 eV

(2p;») that are assigned to Mn*', and peaks at 641.3 and 653.0 eV corresponding to Mn3*

>

oxidation states*’**. The Co 2p spectrum (Fig. S4b) similarly consists of two spin split orbits

which were de-convoluted to peaks ~780.3 (2p;,) and 795.6 eV (2p;,;) belonging to Co**, along
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with peaks at 778.9 and 794.20 eV ascribed to Co?***° Likewise, Ni 2p (Fig. S4c) signal
consists of two major peaks at 854.1 (2p;,,), and 871.7 eV (2p;,2), which are assigned to Ni?" and
the presence of peaks at 855.8 and 874.5 eV is related to Ni** 3!, The corresponding shakes off
satellites are also observed adjacent to the major peaks due to sudden change in Coulombic
potential of ejected electrons when passes through the valence band. The O Is spectrum (Fig.
S4d) was de-convoluted into three peaks corresponding to O?>~, OH~/ adsorbed oxygen at 528.4,
529.8, and 531.6 eV, respectively’’->2. The XPS spectra for SLR-0.005 are shown in Fig. 6a-f.
Similar to PLR, Mn 2p (Fig. 6a) consists of deconvoluted peaks at 642.5 (2p;,,) and 654.3 eV
(2p;») assigned to Mn*", and signals at 640.8 and 652.5 eV corresponding to Mn3" oxidation
states. Similarly, Co 2p spectrum (Fig. 6b) was de-convoluted into 780 (2p;,) and 795.2 eV
(2p;») belonging to Co**, along with peaks at 778.7 and 793.90 eV corresponding to Co?". The
Ni 2p (Fig. 6¢) spectrum showed two major peaks at 853.5 (2p;,) and 871 eV (2p;,,), which are
assigned to Ni?*, while the binding energies 855.2 eV and 873.9 eV are assigned to Ni*". More
importantly, Sr 3d (Fig. 6d) spectrum presents two deconvoluted peaks ~132.6 (Sr 3ds,) and
~134.2 eV (Sr 3d;,) indicating the presence of Sr>3. The O /s spectrum (Fig. 6e) was de-
convoluted into three peaks corresponding to O?>~, OH~ /adsorbed O, at 527, 529.4, and 531 eV,
respectively. More interestingly, in comparison of XPS spectra of different elements for PLR and
SLR-0.005 (Fig. 6f-j), a shift towards the lower binding energy was observed for the latter. It is
reasoned out that Li has higher electronegativity compared to Sr resulting in an increased
electron density around the elements causing a shift to lower binding energies,>* thereby
confirming the successful doping of Sr in the crystal lattice. Additionally, Raman spectra
obtained for PLR and SLR-0.005 (Fig. S5 a-b) showed typical Li-rich features with A;, and E,

stretching modes corresponding to the layered R3—m structure along with the presence B, peak
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confirming the Li,MnO; phase>®. Apparently, the appearance of an additional shoulder peak
above 650 cm™! for PLR (Fig S5a) ascribed to the spinel phase corroborating ex-sizu XRD data.
However, for SLR-0.005, a significant peak was not observed above 650 cm™! but there was a
slight broadening of A, peak, revealing the formation of spinel phase in the samples after 125

cycles at 0.5 C.#
3.3 Influence of Sr-doping over the electrochemical properties

Li-rich layered oxides (LLO) often have inferior cycling stability, voltage decay, and structural
stability. To get more understandings on materials electrochemical and structural correlation, the
dQ/dV plots were plotted for PLR and SLLR-0.005 (Fig. 7). The first cycle dQ/dV plot of SLR-
0.005 (Fig. 7a) clearly endorses repressed Li,MnO; activation over the PLR counterpart.
Nonetheless, the cathodic peak of pristine PLR compared to SL.R-0.005 is shifted to below 3.0 V
after 125 cycles (Fig. 7b) owing to layered-spinel transformation, induced by lattice oxygen
removal and subsequent TM ion migration into Li-slab, with subsequent formation of an
additional peak just above 2.5 V owing to Mn3"4* redox couple in the spinel phase. On charging,
the Mn3"#" redox couple of secondary spinel phase appears just >3.0 V. Apparently, Sr>*doping
thus controls the capacity and voltage fading by acting as a stabilizing pillar between the Li
layers as well as prevents cation mixing upon cycling**. The appearance of an oxidation peak at
>4.5 V for SLR-0.005 until the 4™ cycles (associated with Li;MnQO; oxidation), while the
absence of a similar feature for PLR (Fig. 7c¢c-d) indeed demonstrates sluggish Li,MnO;
activation upon Sr?>* doping. The presence of redox peaks between 3.0-3.5 V is directly
associated with Li,MnOj; activation (Fig 7c-d). The typical cathodic peak at ~3.2 V is related
with Mn*"#" couple along with anion redox (e.g., O,27/0,7) where both the samples show a

gradual increase in the peak intensity albeit with the lower current for SLR-0.005 (Fig. 7d)
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compared to PLR sample. Likewise, on the anodic scan, there is a significant difference in the
peak features between 3.2 V and 3.5 V for PLR and SLR-0.005 due to Mn*"*" couples, where
the former exhibit high intense peaks®®. In addition, the PLR sample shows a much prominent
oxidation peak at ~4.2 V associated with anion oxidation, indicating pronounced anionic redox
activity (Fig. 7c¢). It is worthwhile to note that SLR-0.005 show lower shift in voltage and

3+/4+

suppressed spinel Mn redox current compared to PLR proving that Sr-doping controls the

anionic redox properties and O, release vis-a-vis structural and electrochemical stability.

Investigation of long cycle stability test of PLR and SLLR-0.005 was conducted for 500
cycles at 1 C rate (Fig. 8a) and displayed an initial discharge capacity of 175 and 124 mAh g,
respectively. Upon continuous cycling, the observed capacity difference between PLR and SLR-
0.005 gradually narrows down, and SLR-0.005 attained a stabilized capacity of ~ 150 mAh g! at
around 150 cycles. After 500 cycles, the SLR-0.005 electrode delivers ~140 mAh g~! against
~115 mAh g! for PLR. It is worthy of mentioning that the SLR-0.005 electrode retained ~94 %
of its capacity after stabilizing, with > 99% Coulombic efficiency (excluding the first cycle) as
against 65 % retention of PLR. Additionally, the plot of energy density vs. cycle number (Fig.
8b) clearly shows that the SLR-0.005 electrode delivers ~100 Wh kg~! higher energy density
owing to high capacity retention and lower voltage decay compared to the PLR counterpart. One
significant difference observed for SLR-0.005 at 0.5 C and at 1 C is the low initial capacity and
its gradual increase upon cycling. Supressed Li,MnO; activation results in the low initial
capacity. The increase in capacity can be attributed to two factors, (1) the activation of Li,MnO;
in the subsequent cycles as seen in Fig 7d, and (ii) at higher rates, firstly, the surface of the
electrode is accessed by the electrolyte and activated, followed by the activation of interior
regions upon cycling resulting in the gradual increase in capacity, this effect is more pronounced
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at 1C and hence it takes more cycles for the electrode to reach its maximum capacity.
SLR-0.005 retained nearly 83 % of initial voltage (Fig. 8c) as against 77% of PLR with lower
voltage decay. It is also clearly evident from average voltage vs. cycle number plots (Fig. 8d-e)
that the existence of voltage hysteresis or voltage fading for both pristine and SLR-0.005
samples, where the difference between charge and discharge voltages after 500 cycles was 1.49
V for PLR (Fig. 8d) compared to 1.24 V for SLR-0.005 (Fig. 8e). Furthermore, the voltage
fading between the initial and final cycle for SLR-0.005 was found to be merely 57 mV as
against 120 mV of PLR, perhaps due to a large impedance buildup of PLR upon cycling®*. It is
observed from EIS graphs (Fig. S6a-b) that SLR-0.005 shows slightly higher R, compared to
PLR during initial cycles; however, SLR-0.005 exhibited a very low R, and R, over PLR (Table
S8), corroborating the voltage hysteresis data as discussed in Fig. 8d-e. Additionally, the
calculated Li* ion diffusion coefficient (D) from curve fitted EIS data (Fig. S6a inset) was found
to be 1.294 x 10713 cm? s~! for SLR-0.005 which is higher than PLR electrode (2.806 x 10~'4 cm?
s71). Moreover, it is also evident that Sr-doping hampers the layered to spinel transition of SLR-
0.005 even after 200 cycles compared to PLR, as evident from dQ/dV plots (Fig. S7). The
comparative dQ/dV profiles for every 100" cycle for SLR-0.005 are shown in Fig. S7c-f. The
cathodic peak is centered around 2.75 V with no significant voltage change after the 100" cycle,
whereas the cathodic peak gradually shifts towards lower voltage for PLR and reached ~ 2.45 V

after 500 cycles indicating layered to spinel transformation.

To investigate the electrochemical performance of Sr-doped SLR-0.005, the cycling was
performed at 1 C rate for 110 cycles at an elevated temperature of 55 °C, as shown in Fig.9. The
observed discharge capacity, energy density, and average voltage (Fig. 9a-c) are similar to that

of data acquired at ambient temperature. The SLR-0.005 retained 75 % capacity equivalent to
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575 Whkg! energy density after 110 cycles as against only 64% (~70 Wh kg™') of PLR.
Interestingly, unlike room temperature behavior, the plot of initial dQ/dV curves for PLR and
SLR-0.005 (Fig. 9d) revealed that the Li,MnQO; activation peak intensity substantially increases
for the latter with concomitant high capacity at >4.5 V similar to PLR in agreement with the
previous report’®. The dQ/dV plots at regular intervals of cycling (Fig. 9e-f) exhibit a high
intense reduction peak for SLR-0.005 ~0.25 V higher than the PLR, confirming the positive
effect of Sr-doping even at increased Li,MnO; activation level. Such positive effects of St-
doping are also seen on the anodic scan, where the Mn*"#"and anion redox activity decreases for

SLR-0.005 at high-temperature conditions, corroborating the above results.

Furthermore, we have also investigated the performance of full-cells for PLR and SLR-
0.005 to ensure the compatibility by pairing with graphite, as shown in Fig. 10 in ambient
temperature conditions. Graphite half cell data is given in Fig. S8. The anode to cathode ratio for
PLR was 1.2: 1 and for SLR-0.005 was 1.5: 1. The cells were cycled initially at 0.1 C (1C = 250
mAh.g™") for 5 cycles and subsequently cycled at 0.5 C in the voltage window 1.8—4.6 V. The
first cycle charge/discharge capacities were 300/213 and 256/154 mAh g™! for PLR and SLR-
0.005, respectively (The capacity values are calculated with respect to cathode mass) (Fig. 10a).
Similar to half-cell studies, the capacity contribution from the anionic redox couples and O loss
is again higher for PLR in the full-cell configuration. The discharge capacity vs. cycle number
plot shows that the SLR-0.005 electrode delivered ~155 mAh g™! after 50 cycles compared to 95
mAh g! for PLR (Fig. 10b). Furthermore, the SLR-0.005 cathode retained 90 % of its initial
capacity (Fig. 10b inset) after 100 cycles. Fig. 10c-d gives the GCPL plots of PLR and SLR-

0.005 at different cycles, which clearly indicates suppressed voltage and capacity fading of SLR
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—0.005. Full cell fabricated using SLR —0.005 was used to light a blue LED as shown in Fig.

10d(inset).

3. CONCLUSION

We have successfully demonstrated the synthesis of Li; ;. SryMn, 54Nij13C04 130, by a simple
reactive template methodology to reduce voltage decay and improve the rate capability of
pristine LLOs. XRD Rietveld refinement, Raman spectral analysis, ex-sifz analysis of cycled
cells, and XPS analysis established the successful doping of Sr?* ions in the Li-layer. Electron
microscopes observation of both PLR and SLR-0.005 revealed rod-like morphology inferring
insignificant change in surface properties. Thorough electrochemical investigation of Sr-doped
SLR samples demonstrated a repressed Li,MnOs; activation vis-a-vis reduced anionic activity as
well as O, loss- With increased Sr-doping content, the capacity contribution at > 4.5 V from
anionic redox and O, loss significantly reduced. The Sr-doped samples outperformed the pristine
sample in terms of capacity and voltage retention, with SLR-0.005 retaining almost 94 % of its
maximum capacity after 500 cycles at 1 C. Contrary to suppressed Li,MnO; activation at
ambient temperature, testing of Sr-doped cathode at 50 °C demonstrated complete Li,MnO;
activation during the first charge itself. Analysis of voltage hysteresis revealed merely 0.52 V
decay for SLR-0.005 over PLR after 500 cycles with 100 Wh kg~! more energy density.
Investigation of SLR-0.005 in full-cell configuration with graphite retained ~98 % of its initial
capacity at 0.5 C compared to 55 % retention for PLR counterpart. Therefore, reduced anionic
activity, low O, liberation, minimal voltage decay/capacity fading, and the pillaring effect of St-

doping are strongly expected to be beneficial for the improvement of LLOs.
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Figure Captions

Scheme 1. Schematic Representation of PLR and SLR cathodes

Table 1.  Refined lattice and Rietveld parameters for XRD Diffractograms

Fig. 1 XRD patterns of PLR, SLR-0.0015, SLR-0.003, SLR-0.005 and SLR- 0.007

Fig. 2 a-e. Cyclic voltametry plots of: (a) PLR; (b) SLR-0.0015; (c) SLR-0.003; (d)
SLR-0.005; (e) SLR-0.007, and (f) 5™ cycle comparison plots at a scan rate of 0.2

mV/s in the voltage window of 2.0-4.8 V (vs. Li/Li")

Fig. 3 (a) 1st cycle GCPL plots of PLR and SLR series; (b) Cycle life performance of
PLR and SLR; (¢) Energy density plot of PLR and SLR series; (d-e) Comparative
GCPL plots of PLR and SLR-0.005; (e) Average voltage plot of PLR and SLR
series; (f) Rate capability plot of PLR and SLR series

Fig. 4 (a-c) SEM images of SLR-0.005; (d-1) Elemental mapping of SLR -0.005; (j-k)
TEM images of SLR-0.005; (1) HR-TEM images of SLR-0.005; and (m) SAED

pattern for SLR-0.005

Fig. 5 (a-b) Rietveld patterns of PLR and SLR-0.005; (c-d) Comparison of fresh and
cycled XRD patterns of PLR and SLR-0.005 after 1% charge and 1% discharge; (e-
f) XRD patterns of PLR and SLR-0.005 before and after cycling (125 cycles) at

05C

Fig. 6 Deconvoluted XPS spectra of SLR-0.005: (a) Mn 2p; (b) Co 2p; (c) Ni 2p; (d) Sr

3d; (e) O 1s; (f) Survey spectra for SLR-0.005; and (g-j) XPS stacking plots of
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Fig. 8

Fig. 9

Fig. 10
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PLR and SLR-0.005

(a) Comparative 1%t cycle dQ/dV plots of PLR and SLR-0.005; (b) Comparative
dQ/dV plots of PLR and SLR-0.005 after 125 cycles at 0.5 C (c-d) dQ/dV plots of

different cycles for PLR and SLR-0.005 at 0.5 C respectively.

(a) Cycle life performance of PLR and SLR -0.005 at 1C; (b) Energy density plot
of PLR and SLR-0.005 at 1C; (c) Average voltage plot of PLR and SL.R-0.005 at
1C; and (d, e) Average charge and discharge voltage plots for PLR and SLR-
0.005.

(a) (a) Cycle life performance of PLR and SLR -0.005 at 55 °C; (b) Energy
density plot of PLR and SLR-0.005 at 55 °C; (c) Average voltage plot of PLR
and SLR-0.005 at 55 °C; (d) 1st cycle dQ/dV plots of PLR and SLLR-0.005 at
55 °C; and (e,f) dQ/dV plots of PLR and SLR-0.005 at 55 °C.

(a) 1st GCPL plots of PLR and SLR-0.005 full cell; (b) Cycle life performance of
PLR and SLR-0.005 full cells (inset) SLR-0.005 up to 100 cycles; (¢ & d) GCPL

profiles of PLR and SLR-0.005.
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Scheme 1. Schematic representation of synthesis of PLR and SLR cathodes.
Table 1. Refined lattice and Rietveld parameters for XRD Diffractograms
Sample a (A) b(A) c(A) p Volume (A3) R,,, (%)
PLR 4.9536(3) 8.5516(2) 5.0318(5) 109.2(2) 200.2(4) 7.8
SLR-0.005 4.9440(4) 8.5511(2) 5.0460(3) 109.2(1) 200.5(2) 5.7
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500 nm

Coh

50 nm

Fig. 4. (a-c) SEM images of SLR-0.005; (d-1) Elemental mapping of SLR -0.005; (j-k) TEM

images of SLR-0.005; (1) HR-TEM images of SLR-0.005; and (m) SAED pattern for SLR-0.005
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Fig. 6. Deconvoluted XPS spectra of SLR-0.005: (a) Mn 2p; (b) Co 2p; (c) Ni 2p; (d) Sr 3d; (e)
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Fig. 10. (a) 15* GCPL plots of PLR and SLR-0.005 full cell; (b) Cycle life performance of PLR
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Strontium doping in Li; ;Mngs54Co0¢ 13N 130, results in suppression of anion-redox activity

leading to a sustainable performance in real time practical applications.
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