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6 ABSTRACT: The criticality of cobalt (Co) has been motivating the quest for Co-free positive electrode materials for building
7 lithium (Li)-ion batteries (LIBs). However, the LIBs based on Co-free positive electrode materials usually suffer from relatively fast
8 capacity decay when coupled with conventional LiPF6-organocarbonate electrolytes. To address this issue, a 1,2-dimethoxyethane-
9 based localized high-concentration electrolyte (LHCE) was developed and evaluated in a Co-free Li-ion cell chemistry (graphite||

10 LiNi0.96Mg0.02Ti0.02O2). Extraordinary capacity retentions were achieved with the LHCE in coin cells (95.3%), single-layer pouch
11 cells (79.4%), and high-capacity loading double-layer pouch cells (70.9%) after being operated within the voltage range of 2.5−4.4 V
12 for 500 charge/discharge cycles. The capacity retentions of counterpart cells using the LiPF6-based conventional electrolyte only
13 reached 61.1, 57.2, and 59.8%, respectively. Mechanistic studies reveal that the superior electrode/electrolyte interphases formed by
14 the LHCE and the intrinsic chemical stability of the LHCE account for the excellent electrochemical performance in the Co-free Li-
15 ion cells.

16 KEYWORDS: Co-free Ni-rich cathode, lithium-ion batteries, cycle life, localized high-concentration electrolyte,
17 electrode/electrolyte interphases

1. INTRODUCTION

18 As the electric vehicle (EV) revolution is on the rise, the
19 demand for high energy density, long life span lithium (Li)-ion
20 batteries (LIBs) has surged. The state-of-the-art positive
21 electrode materials in the commercially available LIBs are
22 predominantly LiFePO4, LiMnO2, LiCoO2 (LCO), Li-
23 NixCoyAlzO2 (NCA), and LiNixMnyCo1−x−yO2 (NMC).1 Due
24 to their long cycle life, high theoretical energy density, and
25 high tap density, cobalt (Co)-containing materials, including
26 LCO, NMC, and NCA, are mainly adopted for building high-
27 energy-density LIBs used in high value-added products, such as
28 consumer electronics and EVs.2 Among these materials, Co
29 was conventionally considered to be indispensable since its
30 valence change provides capacity in all these materials, and its
31 presence in the crystal lattice enhances the structural stability
32 of the NMC and NCA.3 However, as the global production of

33EVs is rapidly ramping up, the criticality of Co has raised
34intensive concerns due to its scarcity and uneven distribution
35in the earth’s crust. For this reason, lean-Co or even Co-free
36positive electrode materials are being actively developed to
37replace the state-of-the-art LCO, NMC, and NCA positive
38electrode materials.
39In the conventional NMC materials, the valence change of
40nickel (Ni) is the major contributor to the overall capacity. For
41this reason, Ni-rich NMC materials are considered as the most
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42 promising positive electrode materials to achieve high energy
43 density. For the same reason, LiNiO2 (LNO) was considered a
44 promising starting material for the development of Co-free
45 positive electrode materials since it offers high theoretical
46 specific capacity and energy.4 However, due to the intrinsic
47 structural instability of LNO and the formation of highly
48 catalyzing Ni4+ at the delithiated state (Li1−xNiO2), LNO-
49 based LIBs generally exhibit fast capacity decay upon cycling.
50 For this reason, it is indispensable to modify LNO to improve
51 the life span of the LNO-based LIBs. In recent studies, the
52 LiNi0.96Mg0.02Ti0.02O2 (NMT) material, derived from LNO by
53 doping magnesium (Mg) and titanium (Ti), emerged as a
54 promising candidate for building Co-free cells as it exhibits
55 high specific capacity and energy density as well as good
56 capacity retention in graphite (Gr)||NMT cells.4,5 Despite its
57 success, the cycle life of the Gr||NMT is still limited. According
58 to the report by Mu et al., the capacity retention of Gr||NMT
59 with the conventional LiPF6-organocarbonate electrolyte was
60 77% in a coin cell setup after 300 charge/discharge cycles,
61 which is not fully adequate for practical uses. The reason can
62 be probably related to the incompatibility between the novel
63 cathode material and the conventional LiPF6-organocarbonate
64 electrolyte. To further exploit the potential of the NMT
65 material, it is indispensable to search for a suitable electrolyte
66 for the Gr||NMT cell chemistry.

67Localized high-concentration electrolytes (LHCEs) devel-
68oped in recent years have proven themselves to be a versatile
69and potent electrolyte class for building better Li metal
70batteries and high-energy-density LIBs.6,7 The essence of
71LHCE is to tune the microscopic solvation structure of the
72electrolyte to achieve extended anodic stability of the
73electrolyte and the formation of an effective solid electrolyte
74interphase (SEI) on negative electrodes. In this work, an
75LHCE comprising Li bis(fluorosulfonyl)imide (LiFSI), 1,2-
76dimethoxyethane (DME), fluoroethylene carbonate (FEC),
77and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
78(TTE) developed in our previous work and a LiPF6-
79organocarbonate electrolyte were evaluated in the Co-free
80Gr||NMT cell chemistry.6 The LiFSI salt was first dissolved in
81the mixture of DME and FEC to yield the HCE. Subsequently,
82TTE was introduced as the dilute. Due to the low dielectric
83constant (ε = 6.21) and the highly fluorinated structure, TTE
84barely participates in the coordination to Li salt. Consequently,
85the interconnected solvation network of the HCE was divided
86into small ion pairs and ion clusters by the TTE.8 Compared
87with the conventional LiPF6-organocarbonate electrolyte, the
88DME-based LHCE achieved significantly improved cycle life in
89coin cells, single-layer pouch cells (SLPCs), and high-capacity
90loading double-layer PCs (DLPCs). The excellent compati-
91bility between the DME-based LHCE and Gr||NMT cell

Figure 1. (a) Cycling performance of Gr||NMT cells comprising E-Baseline and E-DME-F performed within the voltage range of 2.5−4.4 V at 25.0
°C (charged at C/3 and discharged at 1C after formation cycles); (b) discharge C-rate performance of Gr||NMT cells comprising studied
electrolytes, where the cells were charged at the constant C-rate of C/5 and discharged at C/5, C/3, C/2, 1C, 2C, 3C, 5C, and C/5; and (c,d)
voltage-specific capacity profiles of (c) E-Baseline cells and (d) E-DME-F cells discharged at different temperatures at C/5, where all cells were
charged at C/5 and 25.0 °C. In all cases, 1C = 1.5 mA cm−2.
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92 chemistry has paved the road for the realization of practical
93 Co-free LIBs with long cycle life and high energy density.

2. RESULTS AND DISCUSSION
94 2.1. Battery Performances of Gr||NMT Cells Using E-
95 DME-F. It was well known that ether solvents such as DME
96 were conventionally considered as unqualified solvents for the
97 electrolytes used in LIBs due to their incompetence of forming
98 effective SEI on the Gr electrode and anodic instability against
99 positive electrodes above 4 V (vs Li/Li+). However, after

100 adopting the concept of LHCE to DME, both issues can be
101 effectively addressed.6 As discussed in the previous publication,
102 the unique solvation structure of DME-based LHCE creates a
103 significant proportion of nondissociated ion pairs in the
104 electrolyte, which promotes the decomposition of anions in the
105 SEI formation process.6 The synergetic decompositions among
106 the solvating solvent (DME in this case), electrolyte additive
107 (FEC), and the salt anion (FSI−) create an effective SEI on Gr
108 in the formation cycles, which allows reversible lithiation/
109 delithiation of Gr electrodes. After being coordinated with Li+,
110 the anodic stability of DME molecules can be significantly
111 improved. Because of these intriguing properties, the DME-
112 based LHCE (LiFSI/DME/FEC/TTE = 1.0:1.1:0.2:3.0 by
113 mol., hereinafter, E-DME-F) is considered to achieve good
114 electrochemical performance in Gr||NMT cell chemistry. A
115 conventional LiPF6-organocarbonate electrolyte [1 mol L−1

116 LiPF6 in EC and ethyl methyl carbonate (EMC) (3:7 by wt.) +
117 2 wt % vinylene carbonate (VC), hereinafter, E-Baseline] was
118 selected as the benchmark electrolyte for reference.
119 Cycle life is one of the most important parameters to
120 evaluate battery performances. To begin with, coin cells of
121 CR2032 type were assembled to study the compatibility
122 between the studied electrolytes and the Gr||NMT cell
123 chemistry.

f1 124 As shown in Figure 1a, after formation cycles, the average
125 specific discharge capacity of Gr||NMT cells comprising E-
126 Baseline amounted to 176.8 mA h g−1. After 500 charge/
127 discharge cycles, the average specific discharge capacity of
128 these cells decreased to 108.1 mA h g−1, corresponding to a
129 capacity retention of merely 61.1%. In comparison, the average
130 specific discharge capacity of Gr||NMT cells using E-DME-F
131 only declined from the initial 171.2 to 163.2 mA h g−1 under
132 the same condition. The capacity retention reached an
133 exceptional value of 95.3%. To the best of our knowledge, it
134 is the highest capacity retention achieved in Co-free high-
135 energy LIBs operated under similar or even milder
136 conditions.4,5,9 Such capacity retention is even superior to
137 some Co-containing cell chemistry such as Gr||NMC811.6

138 To verify the effectiveness of the E-DME-F electrolyte in the
139 Gr||NMT cells under relatively practical situations, SLPCs and
140 high capacity loading DLPCs were assembled and evaluated.
141 As shown in Figure S1, cells using E-DME-F achieved a
142 significantly extended cycle life than the E-Baseline in both
143 SLPC and DLPC setups. With this, it can be concluded that E-
144 DME-F exhibits excellent compatibility with the LIBs based on
145 Co-free and ultrahigh-Ni positive electrodes in coin cell
146 configuration and pouch cell configurations.
147 In addition to the cycling performance evaluations, the
148 discharge rate capability and low-temperature discharge
149 performance of the Gr||NMT coin cells using the two selected
150 electrolytes were further evaluated. The cells were charged at a
151 constant C-rate of C/5 and discharged at C-rates of C/5, C/3,
152 C/2, 1C, 2C, 3C, 5C, and C/5. As shown in Figure 1b, Gr||

153NMT cells using E-DME-F exhibited comparable discharge
154rate performance to cells comprising E-Baseline, except for 5C.
155As reported in our previous publication,6 although E-DME-F
156has a lower ionic conductivity at 25 °C (2.31 mS cm−1 for E-
157DME-F vs 8.94 mS cm−1 for E-Baseline),6 the thinner and
158more ionically conductive SEI formed in E-DME-F is
159considered to counterbalance the negative impact of the low
160ionic conductivity of E-DME-F.
161Furthermore, the tolerance of the Gr||NMT cells toward
162frigidity was also evaluated. The cells were charged at C/5 to
1634.4 V at room temperature (25 °C) and discharged at C/5
164under reduced temperatures. The discharge curves of cells
165comprising the two electrolytes are compared in Figure 1c (E-
166Baseline) and Figure 1d (E-DME-F). At the temperature of
167−20 °C, the capacity retentions of Gr||NMT cells using E-
168DME-F and E-Baseline amounted to 87.0 and 83.5%,
169respectively. The E-DME-F cells exhibited slightly better
170tolerance to low-temperature conditions.
1712.2. Reasons behind the Extraordinary Performance
172of Gr||NMT Cells Using E-DME-F. The capacity decay of
173LIBs can be divided into two major categories: (1) the intrinsic
174(or irreversible) capacity loss and (2) the capacity decay
175caused by kinetic factors. To be more specific, the intrinsic (or
176irreversible) capacity loss is associated with factors such as
177active Li loss, active electrode material deconstruction, and
178contact loss between active electrode materials and current
179collectors. The capacity decay caused by kinetic factors is the
180result of an increase in the internal resistance. Factors such as
181thickening of SEIs, transition-metal deposition on the Gr
182electrode, and structural degradation of active electrode
183materials contribute to the internal resistance increase and
184hence kinetic capacity decay of the cells. The kinetic capacity
185decay is well-correlated with the mean voltage difference
186between the charge and discharge processes of the same cycle
187(ΔV̅ = V̅charge − V̅discharge). To better understand the aging
188behaviors of Gr||NMT cells using two studied electrolytes, ΔV̅
189values of these cells were plotted as a function of cycle number.
190As illustrated in Figure S2, ΔV̅ of E-Baseline-based cells
191increased rapidly upon cycling, whereas that of E-DME-F cells
192remained almost unchanged. The ΔV̅ evolution is well-
193correlated to the capacity decay pattern. It suggests that the
194different aging behaviors of E-Baseline cells and E-DME-F cells
195mainly originate from their difference in kinetic property
196evolutions upon cycling.
197To better elucidate the reasons behind the tremendous
198difference in cycle life of Gr||NMT cells using E-Baseline and
199E-DME-F, the coin cells were disassembled in a glovebox filled
200with purified argon (H2O < 0.1 ppm, O2 < 0.1 ppm) after the
201long-term cycling performance evaluations. After removing the
202residual electrolytes on the electrodes by, respectively,
203immersing the electrodes in EMC (for samples in E-Baseline
204cells) or DME (for samples in E-DME-F cells), the electrodes
205were dried and analyzed with transmission electron micros-
206copy (TEM), scanning TEM (STEM), X-ray photoelectron
207spectroscopy (XPS), and inductively coupled plasma-atomic
208emission spectroscopy (ICP-OES).
2092.2.1. Composition and Morphology of SEIs on Gr
210Electrodes after Long-Term Cycling Performance Evalua-
211tion. It is well acknowledged that the properties of SEI formed
212on Gr electrodes are one of the most influential factors over
213the electrochemical behaviors of LIBs.10 Therefore, to
214understand how the selected electrolytes influence the different
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215 aging behaviors of the cells, it is indispensable to study the
216 properties of the SEIs formed in the two electrolytes.

f2 217 Figure 2 exhibits the morphologies and compositions of the
218 SEIs formed on Gr electrode surfaces in the studied
219 electrolytes after 500 charge/discharge cycles. As confirmed
220 by TEM, both SEIs are highly amorphous in nature. The
221 thickness of SEI formed in E-Baseline is approximately 10 nm
222 on average (Figure 2a), whereas the SEI thickness is less than 5
223 nm in E-DME-F (Figure 2e). Since a thicker SEI leads to a
224 longer Li+ diffusion distance and consequently a higher internal
225 resistance of the cell, the thicker SEI in the E-Baseline
226 contributes to the lower specific capacity of E-Baseline cells
227 after long-term cycling.
228 Besides the morphology, the composition of the SEI is
229 highly influential over the electrochemical performances of the
230 cell as well. To elucidate the chemical features of the SEIs
231 formed in the two studied electrolytes, XPS measurements
232 were performed for the Gr electrodes. Figure 2b−d,f−h
233 summarizes the XPS narrow-scan spectra (in terms of C 1s, F
234 1s, and O 1s spectra) of the SEIs in two studied electrolytes
235 after the long-term cycling performance, respectively. All the
236 signals were calibrated by shifting the peak corresponding to
237 C−C in C 1s spectra to 284.8 eV. As shown in Figure 2b,c,f,g,
238 both SEIs formed in E-Baseline and E-DME-F comprise
239 species such as Li2CO3 (290.8 eV in C 1s spectra and 532.0 eV
240 in O 1s spectra), R−CO2−R′ (288.8 eV in C 1s spectra and
241 531.1 eV in O 1s spectra), ketone species (R−CO−R′, 287.4
242 eV in C 1s spectra), polyethylene oxide-like species (286.2 eV
243 in C 1s spectra), and Li2Ox (1 < x < 2) (531.4 eV in O 1s
244 spectra). These species formed by the E-Baseline and E-DME-
245 F exhibit relatively similar proportions in SEIs. However,
246 significant difference is observed in F 1s spectra. The LiF
247 content in SEI formed in E-Baseline is significantly lower than
248 the organic fluorine-containing species, whereas the LiF
249 content in SEI formed in E-DME-F is significantly higher.
250 The higher LiF content in the LHCE (i.e., E-DME-F) can be
251 assigned to the decompositions of both LiFSI salt and FEC
252 additive. In addition to the higher LiF, the contents of
253 characteristic elements of the FSI− anion [sulfur (S) and
254 nitrogen (N)] are higher than the characteristic element of
255 phosphorus (P) in the PF6

− anion (Figure S3). These
256 phenomena suggest that anions in the LHCE of E-DME-F

257play a more influential role in the SEI formation process than
258those in E-Baseline.
259The reason behind the more active participation of anions in
260LHCE in SEI formation lies in the unique microscopic
261solvation structure of LHCE. Due to the relative scarcity of the
262solvating solvent (DME in this work) in LHCEs, the Li salt
263dissociation degree in LHCEs is usually lower than 20%, that
264is, most of the Li salt exists as nondissociated ion pairs.6,11 In
265comparison, LiPF6 is well dissociated in conventional electro-
266lytes due to the abundance of the solvating solvent (EC and
267EMC in this work). In the formation cycles, the Gr electrode is
268negatively charged, which electrostatically repels dissociated
269anions. For this reason, the anions play a relatively weak role in
270the SEI formation process when the conventional electrolyte is
271used. In LHCEs, most anions exist as nondissociated ion pairs,
272the repelling force of negatively charged Gr is weakened, and
273consequently, more anions participate in the SEI formation.
274Because of the more active participation of anions, the SEI
275formed in E-DME-F is superior to that formed in E-Baseline. It
276was recognized that the growth rate of SEI on Gr is mainly
277controlled by the diffusion kinetics of electrons within the
278SEI.12 A more electronically insulating SEI is considered to be
279more favorable for suppressing the detrimental SEI growth
280over long-term cycling. The higher LiF content in SEI formed
281in LHCE is considered to decelerate the SEI thickness growth
282by its extremely low electronic conductivity.
2832.2.2. Transition-Metal Content in SEI. Upon long-term
284cycling performance, transition-metal cations in the active
285material of the positive electrode can be leached into the liquid
286electrolyte.13 The dissolved transition-metal cations diffuse
287through the electrolyte and deposit on Gr electrodes. Based on
288the studies performed by Evertz et al., the dissolved transition-
289metal content is minimal, which only causes negligible intrinsic
290(or irreversible) capacity loss of the positive electrode
291material.14 However, even when a trace amount of the
292transition-metal cations diffuse through the electrolyte and
293deposit on SEI of the negative electrode, the SEI can be
294“poisoned” by the transition-metal cations, which is
295represented by the significantly increased impedance for Li
296ion conduction through the SEI.15 Because the content of
297transition metal inside the Gr electrodes is usually lower than
298the limit of detection (LOD) of XPS, ICP-OES, a highly
299sensitive and specific method for the quantification of

Figure 2. Morphologies and compositions of SEIs on Gr electrodes cycled in selected electrolytes: (a−d) E-Baseline and (e−h) E-DME-F. (a,e)
TEM images and (b−h) XPS spectra of C 1s spectra (b,f), F 1s spectra (c,g), and O 1s spectra (d,h).
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300 transition-metal content, was employed to study the severity of
301 transition-metal deposition on Gr electrodes cycled in the two
302 studied electrolytes. An uncycled Gr electrode disk was
303 evaluated as the reference. The contents of the metals were
304 calculated based on the mass of the Gr material within the Gr
305 electrodes.
306 The contents of Ni, Mg, and Ti in the uncycled Gr electrode

f3 307 are lower than the LODs of ICP-OES. As shown in Figure 3a,
308 the LODs of ICP-OES for the selected elements (Ni, Mg, and
309 Ti) are plotted by gray columns (labeled as Ref). After long-
310 term cycling performance evaluations, the Ni contents in Gr
311 increased considerably in both the E-Baseline sample and E-
312 DME-F sample. It evidently indicates that Ni cations were
313 leached into both electrolytes over long-term cycling.
314 However, the Ni content in the E-Baseline sample (961
315 ppm) is almost twice that in the E-DME-F sample (487 ppm),
316 confirming that transition-metal dissolution is much more
317 serious in E-Baseline. Compared with the reference signal
318 contents in uncycled Gr, Mg and Ti only exhibited minor
319 increase after being cycled in E-Baseline and E-DME-F for 500
320 cycles since they are just above the LODs of ICP-OES. It can
321 be attributed to the low Mg and Ti contents in the NMT
322 material. The reference subtracted contents of the measured
323 elements are also included in Figure 3a.

324It is well known that LiPF6 suffers from poor chemical
325stability in nonaqueous electrolytes.15,16 In comparison, the
326FSI− anions exhibit superior chemical stability toward protic
327impurities in the nonaqueous electrolytes.17 The difference in
328the chemical stabilities of the conducting salts in conventional
329E-Baseline and E-DME-F is considered to be the origin of the
330difference in the Ni content in the SEIs on the cycled Gr
331electrodes since the acidic decomposition products of the
332anions leach out transition metals from the positive electrode
333material. To obtain a deeper understanding in the reactivity
334difference between LiFSI and LiPF6, density functional theory
335(DFT) calculations were performed for the first step of the
336hydrolysis process of the PF6

− and FSI− anions after oxidation.
337As shown in Figure 3b, the energy barrier for the reaction
338between PF6

− and water is 10.25 kJ mol−1, being significantly
339lower than that between FSI− and water (30.20 kJ mol−1). It
340indicates that the hydrolysis of FSI− is much less likely to take
341place compared with the PF6

− anion, which corresponds well
342to the experimental observations.17 It should be noted that the
343hydrolysis products in Figure 3b are the first decomposition
344products of multistep hydrolysis processes. Nevertheless, it can
345be inferred that PF6

− is more prone to react with water to
346induce the transition-metal dissolution−migration−deposition.
347Therefore, the Ni content on Gr cycled in E-Baseline is much
348higher than that cycled in E-DME-F.

Figure 3. (a) Ni, Mg, and Ti contents in SEIs determined by ICP-OES, where the values represented by gray color in the graph are the LODs of
the ICP-OES for the selected elements. (b) Reactivity comparison between LiFSI and LiPF6 in the reactions of anions with water.

Figure 4. Morphologies and compositions of CEI layers on NMT materials cycled in selected electrolytes: (a−f) E-Baseline, (e−h) E-DME-F. (a,e)
TEM images and (b−h) XPS spectra of C 1s spectra (b,f), F 1s spectra (c,g), and O 1s spectra (d,h).
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349 2.2.3. Composition and Morphology of CEI after Long-
350 Term Cycling Performance Evaluation. In addition to the
351 aging of SEI, the aging of the cathode (solid) electrolyte
352 interphase (hereinafter, CEI) is another important contributor
353 to the overall capacity fading of LIBs. To study the influences
354 of the studied electrolytes on CEI, TEM, XPS, and STEM
355 measurements were carried out for NMT electrodes retrieved
356 from cells after long-term cycling.
357 Because of the high charge cutoff voltage (4.4 V vs Gr or
358 ∼4.5 V vs Li/Li+) and the presence of highly catalytic Ni4+ at
359 the surface of the NMT material, a small portion of electrolyte
360 is oxidatively decomposed at the surface of NMT particles to
361 constitute CEI. The existence of the CEI layer was confirmed

f4 362 by TEM images (Figure 4a,e). The CEI formed in E-Baseline
363 is highly amorphous in nature, while certain crystalline
364 domains can be observed in the CEI formed in E-DME-F.
365 The thickness of CEI formed in E-Baseline is slightly thicker
366 than that formed in E-DME-F. As shown in Figure 4b−d,f−h,
367 species such as LiF (684.8 eV in F 1s spectra), Li2CO3 (290.8
368 eV in C 1s spectra and 532.0 eV in O 1s spectra), Li2O (528.2
369 eV in O 1s spectra), and RCO2Li (528.8 eV in O 1s spectra)
370 were identified in both CEIs by XPS. In the CEI formed in E-
371 Baseline, a small amount of organic carbonate (RCO3R′, 533.7

372eV in O 1s spectra) was detected, which is absent in the CEI
373formed in E-DME-F. The CEI formed in E-Baseline exhibits a
374higher Li2O content and a lower LiF content compared with
375that in E-DME-F. The P 2p, S 2p, and N 1s spectra of the
376cycled NMT electrodes were also recorded, and their results
377are summarized in Figure S4. The slightly thicker CEI in E-
378Baseline is considered to be another contributor to the low
379specific capacity after long-term cycling.
380Unlike the chemically stable Gr material, the NMT material
381inevitably goes through structural change upon long-term
382cycling, which also contributes to the aging of the LIBs. STEM
383measurements were performed to characterize the structural
384change of NMT materials after being cycled in the two studied
385 f5electrolytes. Figure 5a,c exhibits the STEM images of the NMT
386material cycled in E-Baseline and E-DME-F, respectively. As
387depicted in Figure 5a,c, a rock-salt layer was formed in each
388NMT material. To better understand the different degradation
389degrees of NMT materials cycled in E-Baseline and E-DME-F,
390a profiling area was delineated for each STEM image, and
391contrast analyses of the delineated areas were performed with
392Gatan Microscopy Suite Software. The analysis results are
393summarized in Figure 5b,d.

Figure 5. (a,c) STEM images and (b,d) contrast analyses on the STEM images of NMT materials charged/discharged in E-Baseline and E-DME-F
for 500 cycles, respectively.
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394 In the NMT cycled in E-Baseline (Figure 5a), the intensity
395 of the delineated area can be divided into two segments, the
396 first of which corresponds to the rock-salt phase while the
397 second to the intermediate phase between the rock-salt
398 structure and the layered structure. The first segment was
399 characterized by the intensity peaks with an interval of
400 approximately 0.24 nm (marked by red broken lines in Figure
401 5b). The intermediate phase is characterized by its doublet
402 peak pattern in the contrast analysis (Figure 5b). The interval
403 between the main peaks is approximately 0.46 nm (marked by
404 green broken lines), which corresponds to the transition-metal
405 ions in the NMT material. Satellite peaks of the main peaks can
406 also be observed in Figure 5b (labeled by arrows), which
407 originate from Ni2+ occupying the original Li+ site in the
408 material, that is, Li+/Ni2+ antisite defects. The cation ion
409 mixing will eventually lead to the structural transition from a
410 layered structure (R3̅m) to a rock-salt structure (Fm3m). The
411 pure layered structure cannot be observed in Figure 5b,
412 indicating that the structural degradation is relatively severe in
413 NMT cycled in E-Baseline. In contrast, in the NMT material
414 cycled in E-DME-F (Figure 5c,d), three distinctive segments
415 can be observed: rock-salt phase, intermediate phase, and
416 layered phase. In the layered phase, the satellite peaks cannot
417 be observed since these sites were occupied by Li rather than
418 transition-metal cations.
419 Based on the contrast analyses on TEM microimages of
420 NMT cycled in the two selected electrolytes, it can be inferred
421 that the phase degradation of NMT is much severe in E-
422 Baseline than that in E-DME-F. The phase transition of the
423 NMT material from a layered structure to a rock-salt is a
424 spontaneous process when the NMT material is delithiated.
425 This process can be catalyzed by the acidic species in the
426 electrolyte. As previously discussed, the inferior chemical
427 stability of LiPF6 leads to more acidic species generation in the
428 conventional electrolyte (E-Baseline), which contributes to the
429 structural degradation of the NMT material. Since the rock-salt
430 structure is kinetically unfavorable for Li+ conduction, the
431 more serious structural degradation of NMT in E-Baseline is
432 another contributor to the more rapid capacity decay of the E-
433 Baseline cells.

3. CONCLUSIONS
434 In this work, the compatibility between the Co-free ultrahigh-
435 Ni high-energy-density LIB (Gr||NMT) and a DME-based
436 LHCE (E-DME-F) was studied. The DME-based LHCE
437 enabled the Gr||NMT cells to achieve superior capacity
438 retentions in coin cells, SLPCs, and DLPCs. To understand
439 the efficacy of E-DME-F in the Gr||NMT cells, systematic
440 investigations on the electrode/electrolyte interphases and
441 electrodes were performed. After long-term cycling perform-
442 ance evaluation, the SEI formed on the Gr electrode in E-
443 DME-F exhibits a much lower thickness than that in E-
444 Baseline. Moreover, because of the better chemical stability of
445 LiFSI, the transition-metal content in SEI formed in E-DME-F
446 is significantly lower, both of which contribute to a slower
447 polarization increase over cycling. Apart from the superior SEIs
448 formed in E-DME-F, the detrimental phase transition of NMT
449 from a layer structure to rock salt is also suppressed in E-DME-
450 F due to the mitigated acid generation in E-DME-F. With this,
451 it can be concluded that, due to the unique solvation structure
452 and the avoidance of LiPF6, E-DME-F exhibits superior
453 compatibility with both Gr and NMT electrodes compared to
454 the conventional LiPF6-organocarbonate-based E-Baseline.

455Consequently, the Co-free Gr||NMT cells with E-DME-F
456achieved excellent capacity retentions in coin cells, SLPCs, and
457DLPCs, paving the road to construct realistic Co-free and
458ultrahigh-Ni cathode-based LIBs.

4. EXPERIMENTAL PROCEDURES
4594.1. Synthesis of the NMT Material. The precursor of the
460LiNi0.96Mg0.02Ti0.02O2 (NMT) cathode was synthesized via a
461coprecipitation method following the procedure in our previous
462publication.5 A stoichiometric mixture (Ni/Mg/Ti = 96:2:2 by mol.)
463of NiSO4·6H2O (98%, Fisher Chemical), MgSO4·7H2O (≥98%,
464Sigma-Aldrich), and TiOSO4 (15 wt % in dilute sulfuric acid, 99.99%
465trace metals basis, Sigma-Aldrich) was mixed with concentrated
466sulfuric acid (95−98%, Sigma-Aldrich). The obtained slurry was
467subsequently diluted with distilled water to the concentration of 2.0
468M to yield the transition-metal solution, which was subsequently
469coprecipitated in basic solutions under the protection of N2. After
470drying, the obtained precursor [Ni0.96Mg0.2Ti0.2(OH)2] was mixed
471with LiOH at the molar ratio of 1:1.03 in a mortar and calcined under
472an O2 atmosphere to yield the NMT powder material.
4734.2. Preparation of Electrodes, Electrolyte, and Cell
474Assembly. In an argon-filled glovebox (H2O < 0.1 ppm, O2 < 0.1
475ppm), the obtained NMT material was mixed with polyvinylidene
476fluoride (PVDF) in N-methyl-2-pyrrolidone solution and conductive
477carbon at the weight ratio of 90:5:5 for NMT/PVDF/carbon. The
478mixture was sealed in a container, taken out of the glovebox, and
479thoroughly mixed using a planetary centrifugal mixer (Thinky, ARE-
480310). The obtained electrode paste was applied to the aluminum (Al)
481current collector. After drying and calendaring, the NMT electrode
482sheet (areal capacity = 1.50 mA h cm−2) was punched into disks with
483a diameter of 1.27 cm. Gr electrode sheets (areal capacity = 1.84 mA
484h cm−2) were supplied by the Cell Analysis, Modeling, and
485Prototyping (CAMP) facility of Argonne National Laboratory. The
486Gr electrodes were punched into disks with a diameter of 1.50 cm.
487Both NMT and Gr disks were dried at 110 °C under vacuum for at
488least 12 h prior to use.
489Electrolyte preparation was performed in an argon-filled glovebox
490(H2O < 0.1 ppm, O2 < 0.1 ppm). LiFSI (battery grade from Nippon
491Shokubai Co., Ltd), DME (battery grade from Gotion, Inc.), and FEC
492(battery grade from Gotion, Inc.) were mixed in a plastic vial at the
493molar ratio of 1.0:1.1:0.2. After the complete dissolution of LiFSI in
494the mixture of DME and FEC, 3.0 equiv moles (to LiFSI) of 1,1,2,2-
495tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE, from SynQuest
496Laboratories, dried with a molecular sieve prior to use, density = 1.53
497g mL−1 at 20 °C) was introduced into the HCE to yield the DME-
498based LHCE. The compositions of the LHCE and E-Baseline
499 t1expressed in molarity are summarized in Table 1.

500A piece of NMT electrode disk, a piece of polypropylene separator
501(HiPore, Asahi Kasei), and a piece of Gr electrode disk were aligned
502in a coin cell. In each cell, 50 μL of electrolyte was injected between
503the electrodes and the separator. It should be noted that the positive
504cell case was cladded with Al, and an additional piece of Al foil (1.90
505cm in diameter) was placed between the NMT disk and the Al-clad
506positive cell case to prevent the corrosion of the LHCE to the
507stainless steel. After being sealed, the cells were rested for 12 h and
508connected to a battery tester (Landt) for cycling performance,
509discharge rate performance, and low-temperature discharge perform-
510ance evaluations. The formation procedure of the cells comprised one
511charge/discharge cycle at C/20 and two charge/discharge cycles at
512C/10 as formation cycles in the voltage range of 2.5−4.4 V and 1C =
5131.50 mA cm−2.

Table 1. Formulae of Studied Electrolytes

code composition

E-baseline 1.00 mol L−1 LiPF6 in EC-EMC (3.00:7.00 by wt) + 2 wt % VC
E-DME-F 1.54 mol L−1 LiFSI in DME-FEC-TTE (4.67:1.00:30.84 by wt)
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514 4.3. Ex Situ Characterizations on Electrodes after Cycling
515 Performance Evaluation. 4.3.1. X-ray Photoelectron Spectrosco-
516 py. A Physical Electronics Quantera Scanning X-ray Microprobe was
517 employed to record the XPS spectra of the electrode samples.
518 Monochromatic Al Kα X-ray (1486.7 eV) was used as the source for
519 excitation. The X-ray beam was incident normal to the sample, and
520 the photoelectron detector was at 45° off-normal. The X-ray beam
521 diameter was ∼100 μm and was scanned over a 1200 × 200 μm area
522 of the sample. Two randomly selected spots were measured for each
523 sample.
524 4.3.2. Transmission Electron Microscopy and Scanning Trans-
525 mission Electron Microscopy. 4.3.2.1. Gr Sample Preparation. The
526 Gr samples were prepared and measured according to the procedures
527 described in our previous publications.6,10 Gr particles were removed
528 from the copper (Cu) current collector, attached to a lacey carbon
529 TEM grid, and analyzed using TEM.
530 4.3.2.2. NMT Sample Preparation and Measurements. The
531 cycled NMT electrodes were transferred to an FEI Helios Dual Beam
532 system for the sample preparation. Several secondary particles on the
533 electrode were randomly selected for the lift out. The lift-out
534 processes were initiated by coating approximately 2 μm Pt on the
535 selected secondary particle. Thereafter, a 3 × 10 × 10 μm3 cube was
536 ablated from the secondary particle using the Ga focused ion beam
537 (FIB). The particle was then attached on the Cu TEM grid. The
538 subsequent thinning processes were performed under a voltage of 30
539 kV in a stepwise manner until the lamella reaches electron transparent
540 thickness. The final polishing processes were carried out at a voltage
541 of 2 kV.
542 The as-prepared samples were then transferred to the aberration-
543 corrected STEM (JEOL JEM-ARM200CF) for imaging. The
544 operation voltage of STEM is 200 kV. The semi-angle of the electron
545 ranges from 90 to 370 mrad, and electrons within 10−23 mrad were
546 collected for HAADF−STEM imaging.
547 4.3.3. DFT Calculations on the Reactivity of PF6

− and FSI−
548 Anions toward Water. DFT calculations were performed using the
549 B3LYP hybrid functional with NWCHEM software.18−21 The
550 geometries of the molecules/complexes are optimized with 6-
551 31G** basis (6−31++G** for the anion). Single-point energy
552 calculations were performed using the 6−311++G(d,p) basis set.
553 Vibrational frequencies were calculated for yielding zero-point energy
554 and thermal corrections. Gibbs free energies were calculated at 298.15
555 K. An effect of implicit solvent with dielectric properties of the EC/
556 EMC blend (for the PF6

− anion, dielectric constant = 18.55) or DME
557 (for the FSI− anion, dielectric constant = 7.00) was included via the
558 COSMO model.22,23 Transition-state search between the F atom in
559 PF6

− or FSI− anion and the H atom in water was performed using a
560 standard quasi-Newton method in NWChem.20

561 4.3.4. ICP-OES Measurement. The Gr samples were weighed and
562 subsequently digested by the acid mixture of HNO3 and HF, followed
563 by H3BO3 with the assistance of a CEM MARS5 microwave reaction
564 system. The obtained digestate was diluted with high-purity water to a
565 final volume of 15 mL. Thereafter, the obtained samples were filtered
566 and analyzed with a PerkinElmer 7300DV ICP-OES instrument to
567 monitor the emission lines for the analytes of interest (Ni, Mg, and
568 Ti). Calibration standards were prepared from a certified stock
569 solution to develop a calibration curve for quantification.
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