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Advancing Lithium- and Manganese-Rich Cathodes through a
Combined Electrolyte Additive/Surface Treatment Strategy
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Lithium- and manganese-rich (LMR) materials provide cost and environmental advantages to other competing cathodes based on
nickel or cobalt chemistries. Within the LMR family, layered-layered-spinel (LLS) cathodes have unique properties, detailed herein,
that address several of the challenges faced in large-scale implementation of LMR cathodes. This paper details how a LLS//graphite
system was considerably improved by combining optimization strategies. First, a cathode surface-treatment process was optimized.
Interestingly, cathodes surface-treated at a low temperature (∼100°C) exhibited the best results. The optimized LLS cathode was
tested vs. graphite using small amounts of lithium difluoro(oxalate)borate electrolyte additive. The combined approach improved
various aspects of the electrochemical performance (e.g., impedance, cycle life, and coulombic efficiency) more than each strategy
used alone by mitigating Mn dissolution from the cathode and the ensuing re-deposition on the anode. The report describes a unique
method to improve the performance of practically relevant LMR//graphite cells.
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It is hard to imagine the world without lithium-ion batteries (LIBs).23

In fact, there is a generation of young adults now unfamiliar with life24

before there were portable electronics powered by LIBs. They are25

ubiquitous in our lives. Electrification of the transportation sector is26

clearly the next frontier for LIBs in the form of mass implementation27

of electric vehicles (EVs). However, deep market penetration of EVs28

is dependent on improved technology, especially with respect to the29

cost of the cathode materials. One of the most promising classes of30

cathode materials being pursued for “next-generation” LIBs is the Li-31

and Mn-rich, “layered-layered” class of composite oxides (denoted32

as LMR from here forward). These oxides have the general formula,33

xLi2MnO3•(1-x)NMCO2 (where NMC=Ni, Mn, Co), and can achieve34

reversible capacities of 250–300 mAh/g,1,2 substantially higher than35

competing cathodes (i.e., LiCoO2, LiMn2O4, LiNi1/3Mn1/3Co1/3O2 and36

LiFePO4), which deliver capacities ≤ 180 mAh g−1. With an average37

working potential of ∼3.7 V (vs. Li+/Li0), LMR oxides are able to38

deliver notable energy densities of 900–1000 Wh/kgoxide at beginning39

of life. Furthermore, the inherent safety properties and low cost of40

LMR materials make them a leading candidate as cathodes in EV41

batteries.42

Yet, some challenges still hinder penetration of high-capacity (e.g.,43

x > ∼0.1) LMR cathodes in the EV market. First, the higher capaci-44

ties associated with the composite material are related to the oxidation45

of oxygen ions in the lattice during the initial charge above 4.5 V46

vs. Li+/Li0.3 This process induces oxygen evolution and transition-47

metal migration, both of which lead to structural instability at the48

electrode surface within the bulk. The composite material undergoes49

further degradation upon subsequent cycling, including a decrease in50

the average voltage and voltage hysteresis that ultimately lowers the51

output energy of the system.4 These structural deficiencies, accom-52

panied by poor electrical conductivity and a low first cycle efficiency53

(FCE), have left the research community in search of an approach to54

slow the structural degradation. One approach has been to integrate a55

spinel component into the LMR parent material to form a complex56

layered-layered-spinel (LLS) composite structure y[xLi2MnO3•(1-57

x)NMCO2]•(1-y)Li(NMC)2O4.5–7 It has been demonstrated that by58

controlling the percent of spinel component, one can improve the59

FCE (to >90%), cycle life, and rate capability.6 The improvement60

to the electrochemical performance brought about by the addition of61

a spinel component is attributed to: i.) unoccupied octahedral sites in62

the spinel structure, which help to offset the poor FCE characteristic63
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of the LMR materials, ii.) a barrier to transition metal (TM) migration 64

associated with the alternating ratio of 3:1 between Li:TM, and iii.) a 65

three-dimensional pathway for lithium diffusion, which may lead to 66

improved rate capability. 67

In addition to bulk instabilities of the LMR composite electrode 68

structure, evidenced by voltage fade and hysteresis, a structural re- 69

arrangement of the surface occurs when the electrode is cycled to 70

high voltages. The evolution of oxygen during the first charge above 71

4.5 V initiates a surface reconstruction involving cation migration 72

between the Li/TM layers.8 Along with the evolution of O2 gas, it 73

has been proposed that oxygen radicals are formed, leading to the 74

decomposition of the carbonate-based electrolyte and the formation 75

of byproducts, including Li2CO3
9,10 and HF,11 which are detrimental 76

to the performance of the cathode. Due to these surface volatilities, 77

countless surface treatments/coatings have been used to mitigate the 78

negative effects of an unstable surface. The treatments have included 79

carbon,12,13 phosphate,14,15 oxide,16,17 fluoride,18 polymer,19 and even 80

electrolyte additives.20 Each treatment has distinct properties thought 81

to improve the performance of the cathode material. In general, most 82

surface treatments for LMR cathodes found in the literature are car- 83

ried out vs. Li metal anodes, whereas current state-of-the-art LIBs use 84

graphite as the anode material. Graphite anodes have been linked to 85

unwanted side reactions that result in the trapping of lithium ions, one 86

of the main causes of capacity fade in practical cells.21 Such effects 87

are poorly accounted for in lithium-metal cells with large reserves of 88

available lithium. Therefore, although some reported treatments may 89

provide some level of performance improvement of the cathode itself, 90

their effectiveness to improve overall cell performance under practical 91

conditions remains unsubstantiated. 92

In this paper, we report on one of the several surface-stabilization 93

strategies being pursued by our team at Argonne National Laboratory 94

to improve the performance of LMR//graphite cells under more prac- 95

tical conditions.22 A baseline LLS cathode material, with composition 96

0.94[0.25Li2MnO3•0.75LiMn0.375Ni0.375Co0.25O2]•0.06Li(NMC)2O4 97

as described by Long et al.,7 was chosen for this study. The approach 98

taken here combines the optimization of the electrolyte through 99

the use of lithium difluoro(oxalate)borate (LiDFOB) as an additive 100

combined with a low-temperature cathode surface treatment based 101

on metal precursors (e.g., nitrates) in solution. The use of metals 102

such as Al, Mg, and Ti in surface treatments has been investi- 103

gated on a wide range of cathode chemistries, including LiCoO2,23
104

LiMn1.5Ni0.5O4,
24,25 and LMR (layered-layered) systems.26 Similarly, 105

the use of LiDFOB20,27–29 is well documented in the literature. 106

However, the remarkable performance achieved herein highlights 107
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the importance of using an integrated approach to improve the108

performance of LMR cathodes in combination with graphite an-109

odes. The results also demonstrate the feasibility of enhancing the110

performance of LMR cathodes for potential use in EVs. Herein, we111

focus on aluminum nitrate as the metal precursor in solution, as it112

was found to be quite effective under certain conditions as discussed113

below. Preliminary investigations (not presented here) suggest that114

other metal precursor may also be effective.115

Experimental116

Synthesis.—Transition metal carbonate precursors117

(Ni0.28Mn0.53Co0.19CO3) were synthesized in a 4 L continuously118

stirred tank reactor. Aqueous solutions containing the stoichiomet-119

rically required 2M Ni-Mn-CoSO4•H2O, 2M Na2CO3, and 0.5M120

NH4OH were fed into the reactor at 50°C. The pH was kept constant121

with the Na2CO3 solution via a controller, and the reactor had a N2122

head to minimize unwanted oxidation of the product. After 24 hours,123

the reactor was drained, and the particles were washed before drying124

at 120°C under an inert gas (nitrogen).125

After drying, the transition metal carbonate was mixed with126

lithium carbonate and fired at 900°C for 20 h in air to obtain a127

LLS baseline cathode powder targeting a “parent” LMR composi-128

tion of, 0.25Li2MnO3•0.75LiMn0.375Ni0.375Co0.25O2, containing, nom-129

inally, ∼6% spinel. The spinel component was incorporated by using130

less lithium than would normally be used to synthesize the parent131

LMR material in the lithiation/annealing process. More details of the132

synthesis can be found elsewhere.7 The LLS baseline material was133

surface treated in an aqueous Al(NO3)3·9H2O (∼0.5 wt%) solution,134

then dried at ∼100°C before heating to 200°C, 400°C, and 550°C135

in air. Samples are referred to in the text according to the annealing136

temperature of the Al surface treatment (i.e., Al_100°C, Al_200°C,137

Al_400°C, and Al_550°C).138

X-ray diffraction (XRD).—High resolution synchrotron powder139

diffraction data were collected at the beamline 11-BM of the Ad-140

vanced Photon Source, Argonne National Laboratory. The average141

wavelength was 0.41 Å. Discrete detectors covering an angular range142

from −6 to 16° 2θ were scanned over a 34° 2θ range, with data points143

collected every 0.001° 2θ and scan speed of 0.01°/s.144

The 11-BM instrument uses X-ray optics with two platinum-striped145

mirrors and a double-crystal Si(111) monochromator, where the sec-146

ond crystal has an adjustable sagittal bend.30 Ion chambers monitor147

incident flux. A vertical Huber 480 goniometer, equipped with a Hei-148

denhain encoder, positions an analyzer system comprised of twelve149

perfect Si(111) analyzers and twelve Oxford-Danfysik LaCl3 scintil-150

lators, with a spacing of 2° 2θ.31 Analyzer orientation can be adjusted151

individually on two axes. A three-axis translation stage holds the sam-152

ple mounting and allows it to be spun, typically at ∼5400 RPM (90153

Hz). A Mitsubishi robotic arm is used to mount and dismount sam-154

ples on the diffractometer. An Oxford Cryosystems Cryostream Plus155

device allows sample temperatures to be controlled over the range156

80–500 K when the robot is used.157

The diffractometer is controlled via EPICS.32 Data are collected158

while continually scanning the diffractometer 2θ arm. A mixture of159

NIST standard reference materials, Si (SRM 640c) and Al2O3 (SRM160

676) is used to calibrate the instrument, where the Si lattice constant161

determines the wavelength for each detector. Corrections are applied162

for detector sensitivity, 2θ offset, small differences in wavelength be-163

tween detectors, and the source intensity, as noted by the ion chamber164

before merging the data into a single set of intensities evenly spaced165

in 2θ.166

Scanning electron microscopy (SEM) and energy-dispersive X-167

ray spectroscopy (EDX).—The morphologies of the material were168

investigated by SEM and EDX spectroscopy using a Hitachi S-4700-169

II microscope in the Electron Microscopy Center, Argonne National170

Laboratory.171

X-ray photoelectron spectroscopy (XPS).—XPS on pristine pow- 172

ders was performed with a Thermo Scientific Model K-Alpha XPS 173

instrument. The instrument uses micro-focused, monochromatic Al 174

Kα X-rays (1486.6 eV) which can be focused to a range of spot sizes 175

from 30 to 400 μm. Most samples are analyzed with a 400-μm X-ray 176

spot size to produce the maximum signal and to obtain an average 177

surface composition over the largest possible area. The instrument 178

has a hemispherical electron energy analyzer equipped with a 128 179

multi-channel electron detection system. For non-conducting samples, 180

surface charging is avoided by using an integral charge compensation 181

system consisting of low energy electrons and low energy Ar ions. The 182

base pressure in the analysis chamber is typically 2 × 10−9 mbar or 183

lower. LLS powder samples were dispersed onto double-sided tape af- 184

fixed to glass slides. Sufficient powder was used to completely hide the 185

mounting tape. Because glass slides were used for sample mounting, 186

the charge compensation system was used during data collection. Wide 187

energy range survey spectra (0−1350 eV) were acquired for qualita- 188

tive and quantitative analysis using an analyzer pass energy of 200 eV 189

and an energy step size of 1 eV. Chemical bonding of the identified 190

elements was assessed by collecting core level spectra over a narrow 191

energy range using an analyzer pass energy of 50 eV and step size of 192

0.1 eV. Data were collected and processed with the Thermo Scientific 193

Avantage XPS software package (v 4.61). When necessary, spectra 194

were charge corrected with the C 1s core level peak set to 284.6 eV. 195

XPS measurements of the washed and harvested cathodes were 196

performed in a PHI 5000 VersaProbe II system from Physical Elec- 197

tronics. The system was attached to the Ar-atmosphere glovebox, and 198

the samples were inserted into the XPS analysis chamber through the 199

glovebox without exposure to ambient air. The spectra were obtained 200

by using an Al Kα radiation (hυ = 1486.6 eV) beam (100 μm, 25 201

W), with Ar+ and electron beam sample neutralization, in Fixed Ana- 202

lyzer Transmission mode. The electron energy analyzer was operated 203

at pass energy of 23.50 eV for high resolution spectra and 117.4 eV for 204

all the survey scans. The base pressure is typically ∼2 × 10−8 torr or 205

lower in the analysis chamber. A step size of 0.02 eV was employed, 206

and each peak was scanned for 50 times. To compensate for the ef- 207

fects of surface charging, all core-level spectra were referenced to the 208

C1s hydrocarbon peak at 284.8 eV. Shirley background subtraction 209

and fitting to multiple Gaussian-Lorentz peaks were performed on all 210

spectra using the Multipack software from Physical Electronics. 211

Transmission electron microscopy (TEM).—The microstructures 212

of the cathode material were investigated by transmission electron 213

microscopy (TEM) at 200keV using a FEI Tecnai F20ST TEM. The 214

compositions of the material were analyzed by scanning transmission 215

electron microscopy (STEM) and energy dispersive X-ray spectrom- 216

eter (EDX) at 200keV using a FEI Talos F200X TEM/STEM with a 217

SuperX EDX system, allowing fast and precise elemental mapping. 218

Both tools are provided by the Center for Nanoscale Materials, Ar- 219

gonne National Laboratory. 220

Electrochemical characterization.—Electrode laminates were 221

prepared by coating aluminum foil with a slurry prepared with 84 222

wt% active material, 8 wt% Super P carbon, and 8 wt% polyvinyli- 223

dene fluoride (PVDF) binder. Electrode loadings were maintained at 224

∼7 mg·cm−2. The cathode was cycled in cells against lithium and 225

graphite anodes. A negative to positive electrode capacity ratio of 226

∼1.10 was targeted when cycled against graphite. Gen 2 electrolyte 227

[1.2 M LiPF6 in a 3:7 mixture of ethylene carbonate (EC) and ethyl 228

methyl carbonate (EMC)] was used as the baseline electrolyte. All 229

tests were done in temperature-controlled ovens held at 30°C. 230

Results and Discussion 231

TEM/STEM-EDX analysis.—Initial characterization of the un- 232

treated LLS baseline electrode through XRD (Figure S1) revealed 233

the presence of the dominant layered phases, Li2MnO3 (C2/m) and 234

LiNMCO2 (R-3m). Figure 1a shows a high-resolution TEM image of 235

the Al_100°C sample. Information regarding the local structure of the 236
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Figure 1. All images are of Al_100°C sample: (a) high-resolution TEM image and (b-c) Fast-Fourier Transform of regions FFT1 and FFT2 verifying the presence
of both layered-layered and spinel domains within the same particle. (d) Z-contrast image and (e-i) STEM-EDX mapping showing the distribution of (e) Al, (f) O,
(g) Mn, (h) Co, and (i) Ni on a single particle.

two boxed regions in Figure 1a is shown in the Fast Fourier Transforms237

(FFT) of Figures 1b and 1c and confirm the presence of the spinel and238

layered-layered domains within the same particle, as expected.4 The239

presence of spinel and layered-layered domains was also confirmed240

on particles of the untreated LLS baseline (not shown). EDX mapping241

of the Al_100°C sample showed the presence of Al (Figure 1e) and242

the homogeneous distribution of transition metals (Figures 1g–1i).243

XPS analysis.—Figures 2a–2b show the O 1s spectra collected on244

the untreated LLS baseline and the Al_100°C powders, respectively.245

The elemental surface compositions for both samples are shown in246

the table (see inset of Figure 2a). The peak centered at ∼529.5 eV in 247

both samples arises from the O2− anion in the bulk of the LLS lat- 248

tice. A shoulder is also present in both samples on the high binding 249

energy side of the lattice oxygen although the shoulder is less intense 250

on the untreated baseline. A reasonable fit was achieved for the un- 251

treated baseline (Figure 2a) with an additional O peak assignment 252

(O/C, ∼531.5 eV) and the overlapping Na Auger. This peak can be as- 253

sociated with Li2CO3 on the surface as has been reported previously.33
254

The O1s spectrum for the Al_100°C sample needed an additional O 255

peak at ∼532.5 eV for a reasonable fit (see Figure 2b). Due to the 256

binding energy at which this peak appears, and the Al treatment the 257
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Figure 2. XPS results for O 1s core-level spectra of (a) untreated LLS baseline and (b) Al_100°C powders. The inset in (b) shows the Al 2p spectra of both
samples, confirming the presence of Al in the treated sample. XPS results for (c) O 1s spectra showing changes of the high binding energy shoulder as a function
of the post-treatment temperature. (d) Atomic percent aluminum on the surface of the treated samples as a function of processing temperature.

sample has undergone, this additional peak is assigned to O-Al bonds258

formed during the surface treatment. The ratio of the Al 2p peak (see259

inset of Figure 2b) and the O 1s peak at 532.5 eV gives a ratio (0.65)260

close to the ratio of Al:O in Al2O3 (0.67), though it is highly likely261

the surface treatment is at least partially hydroxylated (i.e. AlxOyHz)262

due to the low processing temperature. Additionally, this new peak263

gradually loses intensity (see Figure 2c) as a function of processing264

temperature, coinciding with the decreasing surface-Al content (Fig-265

ure 2d), and suggests a migration of Al from the surface into the bulk266

of the cathode.267

Cycle life and rate testing vs. Li+/Li0.—Figure 3a shows how the268

processing temperature used after the Al surface-treatment affected the269

cycle life. The cycling protocol used to test the cycle life (Figure 3a)270

consisted of an activation cycle between 4.6–2.0 V (vs. Li+/Li0) fol-271

lowed by cycling between 4.45–2.5 V for all other cycles. Each sample272

in Figure 3a delivered similar capacity (∼205 ± 5 mAh/g) for the 2nd
273

cycle. The untreated LLS baseline lost ∼8% of the initial capacity274

after 50 cycles while Al_100°C lost only 2%, delivering ∼200 mAh/g275

after 50 cycles. Interestingly, the cycle life appears to degrade sys-276

tematically with increasing processing temperature as the Al_550°C277

showed no improvement in cycle life compared to the untreated LLS 278

baseline. 279

Figure 3b shows how the processing temperature affected the rate 280

performance of the samples. The cycling protocol used the same ac- 281

tivation cycle (4.6–2.0 V) as the cycle life testing followed by contin- 282

uous cycling between 4.45–2.5 V. All charging was carried out at 15 283

mA/g followed by discharge currents between 15–1500 mA/g, as la- 284

beled in Figure 3b. The data shown are reported as a percentage of the 285

capacity delivered on the 5th cycle discharge. The Al_550°C sample 286

delivered ∼200 mAh/g on the 5th cycle discharge. All other samples 287

delivered ∼205 mAh/g. At low currents (15–150 mA/g), very little dif- 288

ference was observed between any of the samples, treated or untreated, 289

as each delivered very similar capacities. A difference in performance 290

between the samples was observed as the current increased to 300 291

mA/g, with the Al_100°C and Al_200°C samples delivering similar 292

capacities while also outperforming all other samples. In general, su- 293

perior rate capability was demonstrated by the samples processed at a 294

lower temperature, where the Al_100°C retained ∼75% of its initial 295

capacity at a discharge current of 1500 mA/g, compared to < 20% for 296

the Al_550°C. An example of the standard deviation experienced by 297

repeat cells is shown in Supplementary Figure S2. 298
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Figure 3. All electrochemical data of the cathodes were collected vs. a metallic lithium anode (Li+/Li0). The details for each protocol are shown in each of the
figures. (a) Discharge capacity as a function of cycle number for the untreated LLS baseline and samples treated with Al(NO3)3·9H2O and heated to the various
temperatures shown. (b) Percent capacity (normalized to the 5th cycle ∼200 mAh/g) delivered as a function of the discharge current. A 15 mA/g charging current
was used for all cycles, followed by the various discharge currents shown. (c-d) Discharge capacity as a function of cycle number for the untreated LLS baseline
and Al_100°C when (c) all voltage profiles are between 4.6–2.0 V and (d) the upper cutoff voltage increased from the initial value (4.3 V) to 4.5 V during initial
cycles. A capacity of 250 mAh/g was used as the cutoff for the third cycle; all other cycling was carried out at 4.5–2.5 V (vs. Li+/Li0).

Further testing was carried out on the LLS baseline and Al_100°C299

samples with two additional protocols to determine if the performance300

of the treated sample would be similar under more aggressive cycling.301

Figure 3c shows the cycle life performance of both samples when302

cycled continuously between 4.6–2.0 V. The Al_100°C sample exhib-303

ited higher capacity retention compared to the LLS baseline (>99%304

vs. ∼95%) even when exposed to the higher voltage cutoff. The data in305

Figure 3d were collected with a different cycling protocol. The upper306

voltage cutoff was incrementally increased over the first two cycles307

(i.e., 4.3 V to 4.4 V) while the lower voltage cutoff (2.5 V) remained308

the same. The 3rd cycle charge was capacity limited to 250 mAh/g309

instead of using a voltage cutoff. All other cycles were carried out310

between 4.5–2.5 V. As seen in the figure, the untreated LLS baseline311

lost 20% of the original capacity within the first 40 cycles. In contrast,312

the Al_100°C sample delivered >99% of its original capacity even313

after 50 cycles, providing further evidence of a more stable cathode314

for the sample treated at 100°C.315

Electrochemical impedance spectroscopy (EIS).—The modified316

properties (i.e., improved capacity retention and rate performance,317

Figure 3) of the Al_100°C are, at least partially, related to the re-318

duction in overpotential (represented by the green striped pattern for319

the 51st cycle in Figure 4a) observed during charge/discharge when320

compared to the untreated LLS baseline. The total overpotential has321

multiple contributions (ohmic, activation, and concentration),34 which 322

are related to the various internal processes that occur during cycling. 323

It is difficult to determine the contribution from each type of overpo- 324

tential by examining the charge/discharge curve shown in Figure 4a. 325

In this regard, EIS is useful because it offers the ability to resolve 326

contributions from the various types of overpotential. 327

The most common mode of representing EIS data is the Nyquist 328

plot because it offers an easy way to observe changes in impedance 329

between two different samples with similar aging or at different stages 330

of the aging process for the same sample. Figure 4b is an illustration 331

of a typical Nyquist plot showing how the impedance response to the 332

frequency of the input can be separated into three distinct regions 333

(dashed lines) associated with each type of overpotential loss. Each 334

of the overpotential types can be categorized by their respective time 335

constants (i.e., how fast the response occurs after the load is applied 336

to the cell), and possible mechanisms that contribute to each type are 337

listed below along with representations in Figure 4b: 338

• Ohmic overpotential occurs at very short times (or high fre- 339

quencies), and contributions to this type of resistance/impedance in- 340

clude: ionic conductivity of the electrolyte; electronic conductivity 341

of current collectors, carbon black, and active materials in the elec- 342

trode; and contact resistance between active materials (anode or cath- 343

ode) and current collectors or particle/particle contact.35 Point A in 344
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Figure 4. (a) Voltage profile of the untreated LLS baseline and Al_100°C samples after 50 cycles. The green pattern represents the overpotential difference between
the two samples. (b) Schematic of a typical Nyquist plot obtained from EIS data collected on a lithium-ion cell. EIS data collected at room temperature on the
untreated LLS baseline and Al_100°C at 4.0 V vs. Li+/Li0 (2032 coin-cell format) during the (c) 4th cycle and (d) 51st cycle. The inset of (d) is a comparison of
the 4th and 51st cycle of the Al_100°C sample.

Figure 4b represents the ohmic overpotential and is expected to re-345

main constant over the course of testing.36
346

• Activation overpotential is related to charge transfer reactions347

that occur at interfaces (i.e. anode/electrolyte, anode/current collector,348

cathode/electrolyte, and cathode/current collector). This polarization349

includes charge transfer to/from any electrolyte decomposition prod-350

ucts found on the surface of the anode (solid-electrolyte interphase,351

SEI) or cathode (cathode-electrolyte interphase, CEI). Differences in352

EIS data between the treated and baseline samples in this study are353

expected to occur in this region. Generally, the Nyquist plot of LMR354

materials consists of two semi-circles (RAB and RBC) in this region, as355

shown in Figure 4b. Each “perfect” (i.e. not depressed or flat) semi-356

circle corresponds to a single process requiring a separate activation357

energy for charge transfer to occur. The physical interpretation of each358

of the semi-circles is varied in the literature and will be addressed fur-359

ther below.360

• Concentration overpotential occurs when the diffusion of lithium361

(generally considered as bulk diffusion) is hindered because a concen-362

tration gradient has emerged at an interface.35,36 This type of overpo-363

tential loss is observed as a sloping line at low frequencies in the364

Nyquist plot (Figure 4b).365

EIS data were collected on the untreated LLS baseline and366

Al_100°C samples at various stages of cycle life for comparison. The367

impedance of each sample was collected at low (3.5 V), mid (4.0 V),368

and high (4.5 V) states of charge (SOCs) during the 4th and 51st cycles.369

The testing was carried out in coin-cells with lithium metal as the an-370

ode. The complete results are shown in Figure S3. Following are some371

general observations that apply to both samples, surface-treated and372

baseline. The ohmic contribution to the impedance (∼3 Ω cm2) was 373

similar in both samples, as expected, and did not change throughout 374

testing. In addition, both samples exhibited two semi-circles (high fre- 375

quency, RHF; mid frequency, RMF) at all SOCs and at different stages of 376

cycling (4th and 51st cycle). The SOC did not have an effect on RHF, but 377

RMF was highly dependent on SOC (see Figure S3). The impedance 378

associated with RMF was smallest at the mid (4.0 V) SOC whereas it 379

was larger when the cell was at low (3.5 V) and high (4.5 V) SOCs. A 380

similar trend was observed on discharge (not shown). The impedance 381

changes associated with RMF as a function of SOC are generally ex- 382

pected, as emphasized by recent work on both layered (LiCoO2)38 and 383

LMR39 cathodes. 384

Figures 4c and 4d compare the results of the 4th and 51st cycle, 385

respectively, at mid SOCs (4.0 V), which are representative of the 386

differences observed between the two samples. The EIS spectra were 387

analyzed using the equivalent circuit shown in Figure 4c. The elec- 388

trolyte resistance was modeled using a resistor. Each semi-circle was 389

modeled using a constant phase element and resistor in parallel. As 390

shown in Figure 4c, the impedance associated with RHF is similar 391

(∼14.5 Ω cm2) for both samples at beginning of life while the 392

impedance associated with RMF is already several times greater 393

in the untreated baseline (∼15 Ω cm2) compared to Al_100°C 394

(∼4 Ω cm2). At the end of testing (Figure 4d), both RHF and RMF 395

increased significantly in the untreated baseline (∼49 Ω cm2 and 396

>150 Ω cm2) while minimal changes were observed in Al_100°C 397

(∼16 Ω cm2 and ∼6 Ω cm2; inset of Figure 4d). 398

The results presented in Figures 4c and 4d are more useful ac- 399

companied by a physical model to understand the results. Therefore, 400

following is a brief description of recent works in the literature that 401
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provide the framework of our interpretation. Before doing so, it is402

helpful to remember that the internal processes within the cell require403

transfer of both lithium ions and electrons to occur. This means that404

the impedance related to each process will vary if the availability of405

either lithium or electrons deviates in some way, such as changes in406

mass transport or charge transfer.40
407

A numerical model recently developed for understanding EIS data408

shows that RHF increases when the conductivity of the bulk electrolyte409

is decreased (i.e., depletion of available lithium).41 This explanation410

is supported by experimental work on LiCoO2 that showed the same411

result (i.e., electrolyte conductivity can change the size of RHF).38 Fur-412

thermore, RHF can also be altered by manipulating the electronic re-413

sistance by preparing electrodes with different compression pressures.414

This resistance is believed to affect the availability of electrons by415

changing particle/particle contact.38 Consequently, the impedance as-416

sociated with RHF was assigned to the adsorption/desorption of lithium417

on the surface of the composite electrode.38 We adopt this interpreta-418

tion of RHF for this work.419

The interpretations of RMF found in the literature include both420

charge transfer and the impedance associated with the CEI. As men-421

tioned above, each semi-circle is related to a single process/mechanism422

requiring one activation energy. Tatara et al. recently showed that423

the activation energy for RMF is comparable to charge transfer re-424

actions, where desolvation/solvation of lithium is the rate determin-425

ing step, and lithium ion conduction in inorganic solid electrolytes426

(i.e., CEI).38 Therefore, it seems plausible that both interpretations427

for RMF, charge transfer and CEI impedance, are related to a single428

process (i.e., absorption). We note that a number of factors can affect429

the activation energy (i.e., impedance) of the process but adopt the as-430

signment of RMF as the absorption of lithium ions into the bulk of the431

oxide.432

Returning to the results presented in Figures 4c and 4d we note433

that at the beginning of life, adsorption RHF is similar in both samples434

while absorption RMF is already several times greater in the untreated435

baseline. At the end of testing (Figure 4d), both RHF and RMF increased436

significantly in the untreated baseline while minimal changes were437

observed in Al_100°C (inset of Figure 4d). There may be several438

contributing factors for the higher impedance in the untreated baseline.439

For example, if the concentration of dissolved Mn in the electrolyte is440

different for the untreated baseline and Al_100°C cells, this could lead441

to the observed differences in impedance.42 Nevertheless, it is clear442

that the changes in impedance between the two samples was brought443

about by changes to the cathode surface properties after treatment.444

Therefore, we might expect the properties (i.e. thickness, composition,445

etc.) of the CEI for each sample is also different.446

Analysis of CEI by X-ray photoelectron spectroscopy (XPS).— 447

Detailed analyses of the surface of the untreated LLS baseline and 448

the Al_100°C samples were carried out with XPS to examine the 449

differences in the CEI between the two samples. Figure 5 shows spectra 450

(C 1s, O 1s, F 1s, and P 2p) collected on electrodes after 50 cycles (vs. 451

Li+/Li0). The C 1s spectrum (Figure 5a) was fit using five signals, and 452

the various species43 associated with each of the signals are labeled in 453

the figure. The spectra for both samples are similar but do show small 454

differences. Most notable is the slight increase in signal from carbon 455

atoms singly bound to oxygen in C-O-C=O (esters; binding energy of 456

∼286.9 eV) in the Al_100°C sample. The O 1s spectrum (Figure 5b) 457

shows this increase more clearly, also revealing a higher percentage 458

of oxygen atoms singly bound to carbon in esters (C-O-C=O) for the 459

Al_100°C sample. Interestingly, larger contributions from O near the 460

same binding energy (∼534 eV) have been correlated with improved 461

electrochemical performance by the use of fluorinated electrolytes as 462

well.44
463

Figures 5c and 5d show that a higher quantity of fluorinated species 464

is present on the untreated LLS baseline vs. the Al_100°C. For in- 465

stance, the fluorine peak at ∼688 eV (Figure 5c) is associated with 466

PVDF and is similar in both samples, whereas the ratio of the peaks at 467

686 and 688 eV is almost 2x larger in the untreated baseline. The peak 468

at 686 eV is associated with LixPOyFz,45 which suggests that more de- 469

composition of LiPF6 salt, via parasitic side reactions,46 has occurred 470

for the untreated baseline cell. Additionally, a comparison of P 2p 471

spectra for both samples (Figure 5d) also suggests that the CEI of the 472

Al_100°C sample may be relatively “oxygen-rich” while that of the 473

untreated baseline may be slightly more “fluorine-rich”. For example, 474

although the P 2p spectra of both samples lie between 135 and 136 eV, 475

there is a minor shift to higher binding energy for the untreated base- 476

line. Peaks in this region are associated with several phases that differ 477

in fluorine and oxygen content (LixPOy-1Fz+1, LixPOyFz, and LixPOy) 478

where the binding energy increases, as in the case of the untreated 479

baseline, when the phase contains greater amounts of fluorine.43 The 480

reasons the Al_100°C treatment promotes these changes specifically 481

in the CEI are unknown. However, these data support the interpreta- 482

tion of the impedance data above and confirm that the low-temperature 483

aluminum treatment does, in fact, change the nature of the CEI that is 484

formed over cycling. 485

Electrolyte optimization by use of lithium difluoro(oxalate) bo- 486

rate (LiDFOB).—As mentioned above, capacity fade in cells utilizing 487

graphite anodes can originate from side reactions at the graphite sur- 488

face that result in loss of active lithium.21 Recent work has also reiter- 489

ated that the explicit dissolution and subsequent deposition of Mn on 490

Figure 5. X-ray photoelectron spectra of (a) C 1s, (b) O 1s, (c) F 1s, and (d) P 2p for untreated LLS baseline (top) and Al_100°C (bottom) electrodes after 50
cycles (vs. Li+/Li0).
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Figure 6. Electrochemical data for three full-cell (vs. graphite) systems containing the same untreated LLS cathode using different concentrations (0, 1, and 3
wt%) of LiDFOB additive in the electrolyte. (a) Cycle life performance. The LLS cathode was activated between 4.5–2.0 V (vs. graphite) then cycled between
4.4–2.5 V for all other cycles; all cycles were carried out at 30°C. The current used for each cycle is indicated in the figure. (b) Coulombic efficiency of each system
as a function of cycle number. (c-e) Area-specific-impedance (ASI) collected on full-cells shown in (a) with different concentrations of LiDFOB in the electrolyte:
(c) 0%, (d) 1 wt%, and (e) 3 wt%.

graphite is highly correlated with lithium “trapping” in the SEI layer.47
491

It is therefore expected that cells containing Mn-rich LMR cathodes492

(with no surface treatment), when paired with graphite anodes, may493

experience high levels of capacity fade due to Mn dissolution when494

cycled to high cutoff voltages. The protocol used in Figure 6 has five495

formation cycles. The first cycle is carried out between 4.5–2.0 V496

(C/10) to allow access to the additional capacity available in LMR497

cathodes when “activation” occurs. The next four formation cycles498

were carried out between 4.4–2.5 V (C/10). All subsequnt cycles in499

the protocol are carried out between 4.4–2.5 V (C/3). The cycles where500

no data is shown are used to collected area-specific-impedance data,501

which will be addressed in more detail below. This protocol is intended502

to exacerbate cathode surface degradation (e.g., metal dissolution) and503

thereby accelerate the mechanisms of capacity fade by using 3-hour504

holds at the top of each “high-voltage” charge (4.4 V) during ∼120505

aging cycles.48 Figure 6a shows that untreated baseline LLS//graphite506

cells do indeed experience a high degree of capacity fade, reaching end507

of life (∼20% capacity loss) in < 50 cycles, under such an aggressive508

protocol. Both electrodes from the LLS//graphite cells were harvested509

after full-cell cycling was complete and rate tested vs. Li+/Li0. The510

harvested cathode showed little difference (Figure S4a) with respect to511

capacity and retention when compared with a fresh cathode through-512

out the test. On the other hand, the harvested anode exhibited lower513

initial capacity and quickly deteriorated (Figure S4b). EDX analysis514

was carried out and will be shown further belowvels of Mn on the515

anode, as expected.516

Among the approaches to lessen the dissolution of transition metals517

(TM), the use of electrolyte additives provides a convenient method518

to form an effective surface film on the cathode particles in-situ519

(i.e., during cycling) that can alleviate unwanted secondary reactions.520

LiDFOB has been used extensively in the literature on Mn-rich cath-521

ode materials such as LMR20,27,28 and spinel.29 The use of LiDFOB in522

full-cell configurations is considered multifunctional, as it is proposed523

to provide interfacial stability on both the anode and cathode by lim- 524

iting lithium loss and minimizing impedance rise, respectively.20,27,49
525

Figure 6a shows that the cycle life of the untreated, LLS baseline 526

cathode is improved (Figure 6a) to a certain degree when utilizing 527

LiDFOB as an additive (1 and 3 wt% in the electrolyte) with some 528

sacrifice in first cycle efficiency (FCE). Although the FCE (Figure 6b) 529

of the untreated baseline with 0% LiDFOB was the highest, it ex- 530

hibited a higher degree of instability, suggesting high levels of un- 531

wanted secondary reactions. The coulombic efficiency of the system 532

was stabilized significantly by the addition of 1 wt% LiDFOB when 533

compared to the system without additive. The coulombic efficiency 534

was also stable when 3 wt% LiDFOB was used. However, increasing 535

amounts of the additive came at the cost of lower coulombic effi- 536

ciencies during extended cycling. Note that the lower FCE for sys- 537

tems using LiDFOB (vs. electrolyte with no additive) has been at- 538

tributed to higher lithium consumption during the formation of the 539

SEI.27 The data here reiterate that while LiDFOB as an additive shows 540

some promise with respect to Mn-rich cathodes, high amounts are 541

needed for significant improvements, which come at the cost of lower 542

efficiencies. 543

Lastly, the ASI of the baseline (0% LiDFOB; Figure 6c), 1 wt% 544

(Figure 6d) and 3 wt% (Figure 6e) was collected as a function of cycle 545

number (shown as breaks in the cycling data, Figures 6a and 6b) using 546

the protocol described in Ref. 48. Briefly, each cell is charged to the 547

same upper cutoff voltage (4.4 V) at C/3 and allowed to rest for 1 548

hour. What follows is a series of discharge and charge pulses applied 549

at different states of charge (SOC) while the voltage and current are 550

monitored. This allows for the calculation of the ASI by using the 551

differences in voltage and current at the start and end-point of each 552

pulse. Figures 6c-e show the ASI for the discharge cycle as a func- 553

tion of cycle number. In general, the ASI increases with increasing 554

cycle number for each of the samples. The extent of the increase cor- 555

relates well with the amount of LiDFOB in the electrolyte, with less 556
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Figure 7. Electrochemical data for untreated LLS baseline//graphite and Al_100C//graphite cells with and without LiDFOB. (a) Cycle life performance. Each
cell was activated between 4.5–2.0 V (vs. graphite) then cycled between 4.4–2.5 for all other cycles; all cycles were carried out at 30°C. The current used for each
cycle is indicated in the figure. (b) Coulombic efficiency of each system as a function of cycle number. (c-e) Area-specific-impedance collected on full-cells shown
in (a): (c) untreated LLS baseline//graphite in Gen 2, (d) Al_100C//graphite in Gen 2, and (e) LiDFOB-Al//graphite.

impedance rise occurring when higher concentrations of the additive557

are used.558

Full-cell validation of surface-treated cathode.—The Al_100°C559

sample was also tested in a full-cell configuration (vs. graphite) un-560

der the same protocol (Figure 7a) described above, with and without561

the addition of 0.5 wt% LiDFOB (referenced hereafter as LiDFOB-562

Al). The initial capacity was slightly lower for the Al_100°C (∼195563

mAh/g) and LiDFOB-Al (∼205 mAh/g) when compared to the un-564

treated LLS baseline (∼215 mAh/g). The initial capacity delivered565

with 3 wt% LiDFOB (∼200 mAh/g) is also shown in Figure 7a for566

reference. Due to the significant capacity fade of the untreated base-567

line, the Al_100°C and LiDFOB-Al systems deliver a higher discharge568

capacity by the 20th cycle. Upon further cycling the capacity fade in-569

creases greatly for Al_100°C near the 50th cycle, so much that by570

the end of the cycling protocol the Al_100°C shows only a slight im-571

provement over the untreated baseline. On the other hand, LiDFOB-Al572

exhibited extraordinary capacity retention, even under this harsh, high573

voltage protocol, as it delivered 92% of the original capacity after574

∼120 cycles.575

Figure 7b shows the coulombic efficiency as a function of cycle576

number for the untreated baseline, the Al_100°C, and the LiDFOB-Al.577

The FCE for the Al_100°C and the LiDFOB-Al samples were about578

equal (∼83%) to that of the untreated baseline (∼84%). Yet, upon ex-579

tended cycling the coulombic efficiency of the Al_100°C was higher580

compared to that of the untreated baseline, and the combination of581

the surface treatment with the LiDFOB (i.e., LiDFOB-Al) exhibited582

the highest coulombic efficiency over the course of testing. In similar583

manner, the Al_100°C experienced less rise in impedance during cy-584

cling (Figure 7d) when compared to the untreated baseline (Figure 7c),585

while the combination of the low-temperature surface treatment and586

the use of a small amount of LiDFOB (i.e., LiDFOB-Al in Figure 7e)587

resulted in nominal rise in impedance over the life of the cell. The588

combined effect of the surface treatment and the electrolyte additive589

thus revealed a superior electrochemical performance than that with 590

either treatment by itself. 591

The properties (composition, thickness, etc.) of the SEI have a sig- 592

nificant impact on the long-term performance of metal-oxide//graphite 593

cells, and small changes during formation processes can have a large 594

impact on overall cell performance.50 Figure 8a shows a 1st-cycle 595

dQ/dV comparison among each of the systems discussed thus far. 596

For the untreated LLS baseline//graphite in Gen 2 electrolyte, a sharp 597

peak near 3.0 V is apparent (Figure 8b). This peak is associated with 598

the reduction of EC on graphite, the main SEI formation process, and 599

is irreversible. The dQ/dV of the Al_100°C//graphite in the same Gen 600

2 electrolyte (Figure 8c), exhibits a peak near 2.4 V and a “muted” 601

peak near 3.0 V, suggesting that the SEI formation processes of both 602

electrode/electrolyte interphases (CEI/SEI) have been modified by the 603

low temperature surface treatment. Since the surface treatment of the 604

cathode was done at such a low-temperature (100°C), the Al phase 605

on the surface might have dissolved into the electrolyte and acted 606

as an additive. This possibility will be discussed in more detail be- 607

low. With the addition of 0.5 wt% LiDFOB in the untreated LLS 608

baseline//graphite cells, a peak near 2.1 V, associated with the reduc- 609

tion of LiDFOB, appears in the dQ/dV (Figure 8d). The reduction 610

of LiDFOB occurs before the reduction of EC and is believed to im- 611

prove the stability of the SEI and CEI by forming a robust passivation 612

layer on graphite and reducing the dissolution of transition metals 613

from the cathode.20 Finally, the dQ/dV of the LiDFOB-Al//graphite 614

cells (Figure 8e) reveals the presence of each passivating reaction 615

(anode and/or cathode) when both strategies are used in combina- 616

tion. These small changes in dQ/dV combined with XPS (Figure 5) 617

and the electrochemical results (Figure 7) suggest that the formation 618

of the electrode/electrolyte interphases are modified greatly. Indeed, 619

SEM images collected on the harvested anode from the LiDFOB- 620

Al//graphite cell (Figure 9b) reveal that less electrolyte breakdown 621

occurred, as the SEI appears thinner and the underlying graphite is 622

still visible. Moreover, EDX analysis of the anode from a LiDFOB- 623
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Figure 8. Comparison of dQ/dV (1st cycle charge only) for (a) various LLS//graphite cells with and without LiDFOB and/or surface treatment, (b) untreated LLS
baseline//graphite in Gen 2, (c) Al_100°C//graphite in Gen 2, (d) untreated LLS baseline//graphite with 0.5 wt% LiDFOB, and (e) LiDFOB-Al//graphite.

Al//graphite cell showed no Mn present (Figure 9d), which is be-624

lieved to be the main cause for the improved cycle life. Conversely, a625

thick SEI formed on the anode of the untreated LLS baseline//graphite626

without LiDFOB (Figure 9a) that revealed the presence of Mn627

(Figure 9c).628

The question remains whether the Al phase achieved during the629

surface treatment dissolves in the electrolyte and acts as an additive due630

to the low-temperature used during the process. To test this hypothesis,631

the precursor (Al(NO3)3•9H2O) used for the surface treatment was632

dissolved in water and dried at 100°C to replicate the process used633

on Al_100°C. The “processed” aluminum nitrate (Al_addit) was then634

used as an additive for untreated LLS baseline//graphite cells. The 635

dQ/dV of the first cycle charge is shown in Figure 8c along with the 636

Al_100C revealing similarities and differences. For instance, the peak 637

at ∼2.4 V is slightly shifted to lower potential, and the peak at 3.0 638

V is not muted as in the Al_100°C (without additive) or LiDFOB- 639

Al (Figure 8e). Furthermore, the overall electrochemical performance 640

of the Al_addit is inferior to that of the Al_100°C (Figures 10a and 641

10b), in which the initial capacity and capacity retention are lower 642

(Figure 10a). Likewise, the coulombic efficiency (Figure 10b) is lower, 643

and the ASI (inset of Figure 10b) growth is higher for the Al_addit. 644

These differences in the electrochemical behavior suggest that the 645

Figure 9. SEM of harvested anode and cathode from (a) untreated LLS baseline//graphite and (b) LiDFOB-Al//graphite cells. (c-d) EDX spectra collected on
harvested anodes after ∼120 cycles from (c) untreated LLS baseline//graphite and (d) LiDFOB-Al//graphite cells.
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Figure 10. Electrochemical data for Al_100C//graphite and LLS//graphite cells with 0.5 wt% LiDFOB in Gen 2. Al(NO3)3•9H2O was added as an electrolyte
additive to the LLS//graphite cells. (a) Cycle life performance. Each cell was activated between 4.5–2.0 V (vs. graphite) then cycled between 4.4–2.5 for all other
cycles; all cycles were carried out at 30°C. The current used for each cycle is indicated in the figure. (b) Coulombic efficiency of each system as a function of cycle
number. (inset of b) Area-specific-impedance.

aluminum nitrate behaves differently when used as an additive instead646

of as a surface treatment.647

Conclusions648

Herein, we demonstrated that a combined optimization strategy649

(both electrolyte additive and surface treatment) can greatly improve650

the performance of LMR cathodes. The use of a low-temperature sur-651

face treatment improved the capacity retention and rate performance652

of the baseline LLS cathode. The modified cathode showed improved653

impedance properties compared to that of the untreated LLS baseline.654

An analysis of the surface-treated cathode (after cycling) revealed655

the composition of the CEI was relatively oxygen-rich, while the un-656

treated baseline was relatively fluorine-rich by comparison. The use657

of higher concentrations of LiDFOB in Gen 2 electrolyte provided658

some improvement to the capacity retention of untreated LLS base-659

line//graphite cells but at the cost of lower coulombic efficiency. The660

surface-treated cathode (Al_100C) exhibited only minimal improve-661

ments to the ASI and capacity retention compared to those of the un-662

treated LLS baseline when cycled in full-cells. On the other hand, out-663

standing capacity retention (92%) and minimal impedance rise were664

achieved when the surface-treated cathode was used in combination665

with LiDFOB (0.5 wt%). The improved electrochemistry due to the666

combined approach is attributed to reduced Mn dissolution from the667

cathode and consequent deposition on the anode. The results detailed668

here provide a simple and scalable strategy for improving the per-669

formance of LMR-type cathode materials for use in industry-relevant670

cells.671
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