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4 ABSTRACT: Changes to the surface structure and chemistry 
5 occurring throughout the functional lifetime of lithium-ion batteries 
6 (LIBs) may impact the effectiveness of end-of-life rejuvenation 
7 methods. Solvent washing prior to electrochemical relithiation is 
8 shown to both increase relithiation efficacy and beneficially alter the 
9 interfacial chemistry of the heavily degraded industrial cathode material. 
10 Four common solvents (acetone, diethyl carbonate, isopropyl alcohol, 
11 and propylene carbonate) are employed to investigate the role of 
12 varying physicochemical solvent properties on the mechanism of 
13 capacity recovery. Electrochemical (dQ/dV, EIS), structural (XRD), 
14 and chemical (SPME-GC-MS) analysis techniques are employed to 
15 comprehensively analyze solvent−cathode interactions. Highly nucleo-
16 philic solvents (acetone, DEC) are found to reduce cathode charge-
17 transfer impedance and enable stable impedance growth throughout 
18 subsequent cycling. The use of nucleophilic solvents under mechanically aggressive washing conditions may also enable the 
19 reintroduction of bulk lattice oxygen, thereby restoring anionic redox capacity. Further, the four solvents are found to selectively 
20 remove a subset of surface species from the aged cathode material, including residual electrolyte, additives, and electrolyte−additive 
21 reaction products, which are qualitatively analyzed. Surface species removal by each solvent is correlated with the electrochemical 
22 performance of the correspondingly washed cathode, highlighting the importance of an optimized washing protocol for effective 
23 remediation in the context of direct LIB recycling. For the material under study, the use of a simple acetone-washing protocol prior 
24 to electrochemical relithiation enables up to 174% capacity recovery relative to unwashed/relithiated black mass. 

25 KEYWORDS: direct recycling, solvent washing, electrochemical relithiation, cathode remediation, surface reconstruction, 
26 cathode−electrolyte interface 

1. INTRODUCTION

27 In the past decade, the number of electric vehicles on the 
28 road has increased dramatically. As of 2019, an estimated 7.2 
29 million electric vehicles were in use globally, with electric 
30 vehicle sales accounting for a record 2.6% of all car sales.1 By 
31 2030, conservative projections predict a global EV stock of 
32 140 million or ∼7% of the world’s automotive fleet.1 Central 
33 to the design of EVs is a mechanism for energy storage: a 
34 role that is increasingly being filled by Li-ion batteries (LIBs). 
35 Given LIBs’ high charge-to-weight ratio, significant technical 
36 maturity, and rapidly decreasing production costs, LIBs are 
37 the predominant technology of choice for EVs and are 
38 predicted to remain so for at least another decade.1 In fact, 
39 by 2030, transportation applications are predicted to account 
40 for 85% of the LIB production market.2

41 Along with the proliferation of LIBs in EVs will inevitably 
42 come the end-of-life of these units. The exponential increase 
43 in EVs will be mirrored by an exponential increase in spent 
44 LIBsdelayed by the lifetime of the battery (approximately 
45 10 years).3 It is estimated that, by 2030, the combined 

capacity of spent batteries from EVs will be comparable to 46
current production volumes (∼100−120 GW h).1 According 47
to economic models, these LIBs should then be either 48
refurbished or repurposed to maximize the product value and 49
minimize life cycle impact.4 However, these LIBs will 50
eventually reach a true end-of-life and thus the development 51
of effective LIB recycling protocols are crucial to maintain 52
circularity of both economic value and resources.4 The 53
concept of direct recycling, or the recovery and rejuvenation 54
of LIB components in maximally intact form, has gained 55
traction in recent years.5 Direct recycling of the cathode 56
material is highly attractive from both a cost and resource 57
perspective, as this approach retains the original engineered 58
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value of the cathode while avoiding the use of energy-
intensive smelters and environmentally problematic extractive 
solvents. To date, direct recycling methods have been 
demonstrated at the laboratory and pilot scales,6,7 with a 
recent report by Sloop et al., suggesting the significant 
promise for the application of direct recycling methods to 
industrial LIB feedstocks.7 

To achieve successful direct recycling, the cathode must be 
“rejuvenated” or returned to a condition enabling electro-
chemical performance equivalent to that of the pristine 
cathode material. Among the remediation techniques, 
relithiationthe reintroduction of Li into the cathode lattice 
to replenish the Li irreversibly lost to solid−electrolyte 
interface (SEI) formation and other side reactionshas 
perhaps garnered the greatest research focus. While 
mechanistic specifics vary, relithiation techniques generally 
aim to restore both the structure and stoichiometry of 
pristine cathode material through the re-intercalation of 
cyclable Li into the NMC matrix. Ideally, such techniques 
would render recycled materials indistinguishable from their 
virgin counterparts. 
In relithiation studies to date, the material undergoing 

remediation treatment has largely been degraded under 
idealized conditions. There are relatively few studies reporting 
the relithiation of commercial cells that were recovered after 
“real world” use scenarios.7 Notably, the electrolyte employed 
in the preparation of aged samples at the laboratory scale 
typically consists of Li salt in a standard blend of organic 
carbonates. While such an approach greatly simplifies the 
system of study, it does not accurately reflect the chemistry of 
commercial Li-ion cells, which regularly contain dozens of 
additives to enhance the performance or address specific 
electrolyte deficiencies. 
With a growing focus on the rejuvenation of the spent 

cathode material, there has been relatively little emphasis on 
addressing the changes to cathode surface chemistry known 
to occur during a cell’s lifetime and how this may impact 
subsequent capacity recovery. In particular, across numerous 
cathode chemistries, the growth of a resistive surface layer, 
analogous to the anode’s solid electrolyte interface (SEI), has 
been reported.8 This cathode−electrolyte interface (CEI) has 
been identified as the source of cathode interfacial resistance, 
which is the dominant contributor to cell impedance rise 
during both the cycling8 and calendar-aging9 of high-power 
Li-ion cells. Conclusive identification of CEI species is 
challenging because of the chemical complexity and 
irregularity of degradation products; however, numerous 
reports have identified common functional groups appearing 
in the CEI. These include Li2CO3,

10 hydrocarbons (C−C 
and C−H moieties),11 polycarbonate-type compounds,11,12 

PO moieties,12 CO moieties,13 C−O−C moieties,13 

13 13ROCO2Li,
12,13 (CH2OCO2Li)2, Li2O2, and LiF.10,11 The 

additives in the commercial electrolyte and their associated 
degradation products compound this already-complex blend 
of surface species. Renfrew et al. have tested the reactivity of 
LiNi0.6Mn0.2Co0.2O2 with several electrolyte chemistries and 
two common additives (fluoroethylene carbonate and vinyl-
ene carbonate) and have reported the formation of a peroxo-
like surface layer, particularly at higher voltages.14 The effect 
of other commercial additives, and their associated degrada-
tion and reaction products, on the chemistry of the cathode 
surface has not broadly been studied. 

Given the adverse impact of the CEI on the cathode 
performance during the cell’s lifetime, it is anticipated that 
the presence of CEI may also inhibit cathode remediation 
strategies. Thus, establishing an optimal protocol for the 
removal of resistive surface species from commercial end-of-
life cathodes is crucial to downstream cathode rejuvenation. 
Because of the relative novelty of Li-ion battery recycling, it is 
perhaps unsurprising that few studies to date have examined 
the process of removing CEI species and the subsequent 
impact on cathode performance. Waldmann et al. note that 
most experimentalists include a rinse in typical electrolyte 
solvents as part of postprocessing during cell disassembly and 
postmortem analysis.15 This is typically performed with a 
carbonate (electrolyte) solventmost commonly diethyl 
carbonate (DEC), dimethyl carbonate (DMC), or ethyl 
methyl carbonate (EMC)15and aims to remove residual 
crystallized LiPF6 or nonvolatile solvents. Thus, solvent 
washing is typically approached as an intermediate step to 
remove products that may inhibit other analyses, rather than 
an analytical approach in itself.16 Because of this, solvent-
washing parameters are largely arbitrary, and in fact, most 
authors omit details regarding their washing procedure (time, 
temperature, solvent choice, volume of solvent).15 Only a few 
known studies have specifically explored the effects of solvent 
washing procedures on the chemistry of end-of-life electrodes, 
and these reports have focused on the targeted removal of 
SEI components from the anode.17,18 Notably, Fang et al. 
have recently reported the use of gradient polarity wash to 
achieve selective and sequential extraction of SEI and near-
SEI components on Cu and Si anodes. The authors suggest 
that the removal of electrolyte species from the anode is 
polarity-controlled and that the targeted removal of electro-
lyte species can be achieved via gradient washing.18 An 
analogous systematic study of solvent effects on the efficacy 
of CEI removaland, importantly, the effects of cathode 
washing on subsequent rejuvenation and performanceis 
lacking. 
As has been noted, existing reports of cathode rinsing 

involve solvents whose chemistry is consistent with the native 
electrolyte system, that is, to remove reactive residual LiPF6 
without otherwise altering the surface chemistry.15 However, 
in the context of preprocessing for cathode recycling, such 
surface alteration may be desired, and thus, the scope of 
solvent choice should be expanded beyond typical electrolyte 
solvents. Fang et al.’s study suggests the importance of 
solvent polarity on the removal of anode surface species.18 

While solvent polarity is undoubtedly a crucial parameter to 
consider, Dutkiewicz has proposed a more complex model for 
solvent classification.19 Based on correlations between 
dielectric (β) and empirical solvent polarity (ET) parameters, 
Dutkiewicz suggests that solvents can be categorized into 
several classes; notably for this study, class 1 contains weakly 
dipolar non-hydrogen-bonding donors (including ethers and 
carboxylic esters), class 2 contains dipolar non-hydrogen-
bonding donors (including ketones), and class 3 contains 
hydrogen-bonding donors (including alcohols).19 Further, the 
chemical structure and associated reactivity of the solvent 
must be considered. Fingerle et al. have outlined the primary 
modes of molecular interaction with the cathode surface, 
including physisorption; chemisorption; dissociation; ion 
transfer; and charge transfer.20 Residual electrolyte solvents 
and intact LiPF6 are weakly physiosorbed on the cathode 
surface and thus may easily be removed via rinsing with an 
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184 electrolyte solvent. However, end-of-life degradation spe-
185 ciesparticularly the complex products derived from the 
186 reaction of electrolyte and additivesare anticipated to 
187 experience multiple modes molecular interaction with the 
188 cathode surface and thus may require more reactive solvents. 
189 To this end, in the present work, we have chosen to study 

solvents across both polarity classes and anticipated 
191 reactivities, based on chemical structure. In particular, diethyl 
192 carbonatea common solvent used for electrode rinsing 
193 has been selected to represent class 1 compounds; acetone 
194 a cheap and readily available solventis a highly reactive 
195 class 2 solvent with moderate β and ET(30) values;19 

196 propylene carbonatean electrolyte solventis a class 2 
197 solvent with high β and ET(30) values;

19 and isopropyl 
198 alcoholanother inexpensive and common solventrepre-
199 sents class 3 compounds. Study of these four solvents is 

intended to direct the future optimization of solvent 
201 parameters for electrode washing applications. 
202 Thus, we herein present a systematic study of the effects of 
203 solvent washing on the surface chemistry and interfacial 
204 structure of cathodes recovered from heavily aged commercial 
205 cells. We demonstrate a simple and cost-effective washing 
206 protocol for aged cathode black mass, which may be 
207 implemented as a preprocessing step to relithiation in a 
208 direct recycling process design. We employ four common 
209 solvents representing a range of polarity and chemical 

reactivity: acetone, diethyl carbonate, isopropyl alcohol, and 
211 propylene carbonate. Effects are characterized using electro-
212 chemical analysis (capacity, dQ/dV, EIS), structural analysis 
213 X-ray diffraction (XRD), and chemical analysis gas 
214 chromatography−mass spectrometry (GC−MS). Further, we 
215 utilize the established washing protocol in conjunction with a 
216 simulated rejuvenation technique (electrochemical relithia-
217 tion) to assess the impact of washing on subsequent capacity 
218 recovery in a model recycling process. The combination of 
219 solvent washing and electrochemical relithiation is found to 

enable capacity improvements of up to 174% relative to 
221 unwashed samples. 

2. EXPERIMENTAL METHODS 
222 2.1. Electrode Preparation. All electrode material used in the 
223 present study was obtained from commercial 40 A h pouch cells 
224 containing 34 pairs of electrodes and 68 layers of separator. In-
225 house characterization via inductively coupled plasma atomic 
226 absorption spectroscopy (ICP-AAS) has suggested an approximate 
227 transition-metal stoichiometry of Ni0.41Mn0.36Co0.23 in the as-
228 received cathode material, with 92% active material (4.5% 
229 conductive carbon, 3.5% binder); as-received anodes contained 

93% graphite active material (7% binder). “Fresh” electrodes were 
231 stored under inert conditions for approximately 1 year and under 
232 atmospheric conditions for a subsequent 1 year. “Cycle-aged” 
233 electrodes were recovered from cells that were first cycled at room 
234 temperature (∼25 °C) within a voltage window of 3.0−4.1 V (2C 
235 charging rate; 1C discharging rate) for 5600 cycles and then stored 
236 under argon for approximately 1 year and under atmospheric 
237 conditions for a subsequent one year. 
238 Black mass was removed from “cycle-aged” cathodes using a razor 
239 blade. For aged-unwashed samples, the black mass was directly 

processed in slurry format [97% black mass, 3% polyvinylidene 
241 difluoride (PVDF) binder in N-methyl pyrrolidone (NMP) solvent] 
242 and recast onto a fresh Al current collector foil. For aged-washed 
243 samples, ∼0.5 g of black mass was added to 25 mL of each of four 
244 solvents [acetone, diethyl carbonate (DEC), isopropyl alcohol 
245 (IPA), and propylene carbonate (PC)]. The suspensions were 
246 sonicated for 30 min, followed by centrifugation (1440 rpm; 22 °C; 

10 min). Supernatants were decanted, and the remaining solvent 
was dried under atmospheric conditions for ∼10 h. To achieve full 
solvent removal, samples were then dried at low temperature (60 
°C) for 24 h. Aged-washed samples were then processed in slurry 
format (97% black mass, 3% PVDF binder in NMP solvent) and 
recast onto fresh Al current collector foils. 

2.2. Cell Assembly and Electrochemical Cycling. 2.2.1. Full-
Cell Preparation and Cycling. Two-electrode (i.e., full cell) coin 
cells were prepared from fresh, aged-unwashed, and aged-washed 
cathodes, each paired with a fresh anode. Cell assembly was 
conducted at room temperature in a glovebox, following overnight 
electrode drying at 105 °C. In all full cells, 50 μL of Gen 2 
electrolyte (1.2 M LiPF6 in EC/EMC = 3:7 by weight) and Celgard 
separator were used. 

Following 6 h of rest at room temperature, full cells were cycled 
between 4.2 and 2.8 V at 25 °C using a multichannel cycler 
(Maccor). A constant-current/constant-voltage (CC/CV) protocol 
was utilized, with a charge/discharge rate of C/20 (∼0.15 mA) for 
two initial formation cycles and a charge/discharge rate of C/10 
(∼0.3 mA) for a subsequent 100 cycles. 
Discharge capacity is typically reported on a per-gram basis, with 

grams of electrochemically active NMC as the basis of normal-
ization. However, the heavily aged samples utilized in this analysis 
were believed to contain significant levels of degradation products. 
Thus, capacity normalization for washed samples is calculated in two 
ways in this report: (i) specific discharge capacity (mA h/g) is 
calculated assuming the same proportion of NMC (92%) as in the 
pristine material, adjusted by the proportion of black mass (97%) in 
the recast slurry; (ii) normalized discharge capacity is reported as 
the ratio of the specific discharge capacity for each cell [as calculated 
in (i)] to the average specific discharge capacity of the fresh samples 
at the beginning of life (first cycle post-formation). 

2.2.2. Simulated Electrochemical Relithiation. To simulate an 
electrochemical relithiation process, half coin cells were prepared 
from fresh, aged-unwashed, and aged-washed cathodes, each paired 
with a Li foil. Cell assembly was conducted at room temperature in 
a glovebox following overnight cathode drying at 105 °C. In all half 
cells, 50 μL of Gen 2 electrolyte (1.2 M LiPF6 in EC/EMC = 3:7 
by weight) and Celgard separator were used. 

Half cells were rested for 6 h at room temperature and were then 
cycled at 25 °C using a multichannel cycler (Maccor). Four cycles 
were conducted at a constant C/10 current (∼3 mA) between 4.3 
and 3.0 V, with a 2 min rest period after each charge and discharge. 

Following relithiation, half cells were disassembled in a glovebox, 
and the cathode was nondestructively recovered. Relithiated full cells 
were then constructed using the relithiated cathodes and fresh 
anode, as described in (a) above. CC/CV cycling at C/10 was 
conducted as described in (a) above, with cycling paused after every 
20 cycles for intermediary electrochemical analysis. Discharge 
capacity is reported as described in (a) above. 

2.3. Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy (EIS) was conducted on 
relithiated full cells after every 20 cycles. Prior to EIS analysis, all 
cells were charged at C/20 to 4.0 V and were held at a constant 4.0 
V for 6 h. Cells were then rested for a minimum of 2 h to ensure 
that steady-state potential was achieved. Electrochemical impedance 
data were collected using a VersaSTAT 4 Potentiostat/Galvanostat 
(Princeton Applied Research) from 0.1 MHz to 1 mHz, with data 
recorded at 10 points per decade using an AC magnitude of 20 mV. 
Impedance was normalized by cathode active mass. 

EIS data were analyzed by complex nonlinear least-squares 
(CNLLS) fitting of an equivalent circuit model. Before fitting EIS 
data, a linear Kramers−Kronig (lin-KK) test was performed to 
ensure that each EIS measurement was sound. The lin-KK test was 
performed using the open source analysis tool impedance.py.21,22 

Residual errors from lin-KK tests for all cells are shown in Figure 
S1, displaying no systematic measurement error across the data set. 
Data points at frequencies lower than the low-frequency turning 
point, identified as the first minima in the imaginary component of 
cell impedance when searching from low-to-high frequencies, were 
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Figure 1. Electrochemical cycling performance of fresh and cycle-aged cathode material, with and without washing in various solvents: (a) 
washing condition only; (b) washing followed by electrochemical relithiation. In both cases, cycling data are shown for full cells (vs graphite 
anode) at C/10 CC/CV and two initial formation cycles (C/20 CC/CV) are omitted. Lines of the same color and linestyle represent replicate 
cells. Capacity is reported as a normalization by the average 3rd (1st post-formation) cycle specific discharge capacity (mA h/g) of the fresh 
sample replicates. 

Table 1. Full-Cell Discharge Capacity of Cathodes under Washing Condition Only (Top) and Washing Followed by 
Subsequent Relithiationa 

cycle 10 cycle 50 cycle 80 

dischg. capacity % recovery (vs dischg. capacity % recovery (vs dischg. capacity % recovery (vs 
sample (mA h/g) unwashed) (%) (mA h/g) unwashed) (%) (mA h/g) unwashed) (%) 

washing condition U 33.61 33.46 34.16 
only 

Ac-W 68.32 103 75.05 124 79.85 134 
DEC-W 68.55 104 69.85 109 71.23 109 
IPA-W 66.09 97 67.68 102 68.70 101 
PC-W 63.25 88 65.95 97 67.71 98 

washing plus U-W-R 28.48 28.41 31.58 
relithiation 

Ac-W-R 69.29 143 77.71 174 75.37 139 
DEC-W-R 61.59 116 63.09 122 61.03 93 
IPA-W-R 63.30 122 68.22 140 67.09 112 
PC-W-R 54.07 90 54.91 93 57.33 82 

aData are reported for cycles 10, 50, and 80 following formation. Capacity recovery for each washed sample is reported on a mA h/g-discharge 
basis as compared to the unwashed sample in that washing condition. All reported values reflect an average of cell replicates. 

317 removed before fitting. Remaining data were then fit with an 
318 equivalent circuit model (ECM; Figure S2). To fit pseudo-
319 semicircular features of the EIS data, three sets of parallel resistor-
320 constant phase elements (ZARC elements) were used in series with 
321 a single resistor; this model has been shown to be accurate through 
322 both traditional impedance analysis and machine learning 
323 approaches.23 Fits conducted with only two ZARC elements 
324 displayed systematic errors at high frequencies (Figure S2), and 
325 Nyquist and Bode phase plots of experimental data clearly displayed 
326 contributions from three distinct processes. 
327 The ECM was fit to each data series using CNLLS via the SciPy 
328 function curve-fit, as implemented by impedance.py.21 The shape 
329 factor of CPE elements was constrained between 0.8 and 1, ensuring 
330 that each ZARC element displayed relatively semicircular 
331 impedance. 
332 2.4. X-ray Diffraction. Diffraction patterns of cast electrodes 
333 (composed of fresh, aged-unwashed, or aged-solvent-washed 
334 cathode) were obtained using a Rigaku Ultima IV diffractometer 
335 with CuKα radiation (40 kV, 40 mA) with a scintillation counter 
336 detector and 5 mm divergence slit. High-resolution scans were 

D 

conducted from 10 to 90° 2θ (0.04° step size; 10 s dwell time). 337 

Reitveld refinement was conducted using Profex software.24 
338 

Refinement details are discussed further in the text. 339 

2.5. Gas Chromatography−Mass Spectrometry. To obtain a 340 

highly concentrated analyte suitable for chemical analysis, wash 341 

solutions were prepared using ∼0.5 g of black mass in 5 mL of each 342 

of the four solvents analyzed (acetone, DEC, IPA, PC). The 343 

suspensions were sonicated for 30 min, followed by centrifugation 344 

(1440 rpm; 22 °C, 10 min). Supernatants were decanted and 345 

retained for analysis. 346 

Direct-immersion solid-phase microextraction (SPME) sampling 347 

was employed to further concentrate the analyte. A polyacrylate 348 

(PA) SPME fiber (85 μm coating thickness) was exposed to 4 mL 349 

of each wash supernatant for 15 min under magnetic stirring (100 350 

rpm). The PA fiber was desorbed in the injection port at 270 °C for 351 

1.5 min. The fiber was rinsed with methanol (2 min, 100 rpm) and 352 

conditioned for 5 min (260 °C) between samples to avoid sample 353 

carryover. 354 

Analysis was conducted using an Agilent 7890B gas chromato- 355 

graph (GC) coupled with an Agilent 5977B mass spectrometer 356 
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Figure 2. Discharge profiles (a,b) and corresponding differential capacity (dQ/dV) plots (c−f) for fresh and cycle-aged cathode material, with 
and without washing in various solvents, after 10 (a,c,e) and 50 (b,d,f) cycles following electrochemical relithiation. Plots (e,f) are insets of 
(c,d), respectively, with only cycle-aged samples shown to highlight distinctions between washing conditions. 

357 (MS). A column optimized for the separation of electrolyte adapted from Horsthemke et al.:25 a starting temperature of 40 °C 361 

358 components (Wasson-ECE Instrumentation) was utilized. The was held for 2 min; the temperature was increased at a rate of 3 °C/ 362 

359 system was run with He as carrier gas at a column flow of 1 min to 60 °C and then at 30 °C/min to 260 °C; and the final 363 

360 mL/min in splitless mode, and the following column oven program, temperature of 260 °C was held for 2 min. MS was conducted using 364 
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365 electron ionization (EI) with an ion source temperature of 230 °C 
366 and a detector voltage of 1.02 kV in the range m/z = 10−300. 
367 Spectra were analyzed using Enhanced ChemStation software 
368 (Agilent) and compounds were identified through MS spectral 
369 matching using the NIST MS Search Program v.2.3. 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical Analysis. Electrochemical full-cell 
371 cycling data for fresh, aged-unwashed, and aged-solvent-

f1 372 washed cathodes are shown in Figure 1, and selected capacity 
t1 373 values and statistics are tabulated in Table 1. As  

374 demonstrated in Figure 1a and Table 1, washing alone 
375 (without subsequent relithiation) is found to significantly 
376 increase discharge capacity. All washed samples show an 88% 
377 or greater capacity improvement (mA h/g) over unwashed 
378 samples under full-cell CC/CV cycling by cycle 10. 
379 Interestingly, the capacity is found to continuously increase 

for acetone-washed samples over 100 cycles, with these 
381 samples showing a 134% improvement over unwashed 
382 samples at cycle 80. This trend is also observed for fresh 
383 samples but does not appear to occur significantly for 
384 unwashed samples or samples subject to the other three 
385 washing conditions. By cycle 80, the performance of the aged 
386 cathode material is generally found to increase as unwashed 
387 (U) ≪ PC-washed (PC-W) < IPA-washed (IPA-W) < DEC-
388 washed (DEC-W) < acetone-washed (Ac-W). 
389 Figure 1b and Table 1 show the effect of washing, followed 

by electrochemical relithiation on full-cell discharge capacity. 
391 Cells were removed after each 20 cycles and charged to 4.0 V 
392 at a slower rate (C/20 followed by a trickle-charge voltage 
393 hold) for EIS analysis, resulting in a single-cycle elevated 
394 capacity value after formation and each subsequent 20 cycles. 
395 For all relithiated cells, capacity values were found to be 
396 slightly reduced on an absolute basis (mA h/g) as compared 
397 to their equivalent counterparts tested without relithiation. 
398 This is likely the result of the fabrication method, which 
399 involved cell disassembly from the half-cell (relithiation) 

condition and reassembly into a full cell. Electrode mass used 
401 for normalization was calculated prior to half-cell assembly 
402 and thus did not reflect any potential mass loss because of 
403 inadvertent mechanical damage during disassembly. However, 
404 the electrochemical performance of all relithiated cells is 
405 directly comparable, as methods were maintained consistently 
406 between samples. 
407 By cycle 10, acetone-washed-relithiated (Ac-W-R) samples 
408 show a 143% capacity improvement over unwashed-
409 relithiated (U-R) samples. Discharge capacity of Ac-W-R 

samples is again found to increase with full-cell cycling up to 
411 ∼60 cycles, with capacity reaching 174% of U-R samples by 
412 cycle 50. Capacity declines slightly on the subsequent cycles, 
413 with Ac-W-R sample capacity around 139% of U-R samples 
414 by cycle 80. Similar to the initial (nonrelithiated) condition, 
415 the performance is generally found to increase as U-R ≪ PC-
416 washed-relithiated (PC-R) < IPA-washed-relithiated (IPA-W-
417 R) ∼ DEC-washed-relithiated (DEC-W-R) < Ac-W-R. 
418 Notably, the U-R cell replicates show significant variability 
419 in measured capacity, particularly after relithiation. This 

suggests heterogeneity in the degraded material, leading to 
421 variable efficacy of lithium reinsertion during relithiation. In 
422 contrast, all washed-relithiated samples show greater con-
423 sistency between replicates than unwashed-relithiated sam-
424 ples, with Ac-W-R samples showing the tightest reproduci-
425 bility. This behavior implies that solvent washing prior to 

relithiation may serve to homogenize material surface 
properties, enabling more uniform relithiation. The precise 
nature of these solvent−cathode interactions leading to the 
observed capacity performance will be taken up in more 
detail in the following sections. 
Even for the best-performing Ac-W-R sample, electro-

chemical capacity is still greatly reduced (∼35%) relative to 
the fresh material. However, the contribution of solvent 
washing to both direct capacity recovery and the facilitation 
of subsequent electrochemical relithiation is remarkable. 
Additionally, the commercial cathode material used in this 
study was very heavily degraded, showing ∼70% capacity loss 
compared to the fresh material and demonstrating visible 
surface damage (pitting, deposits). This material represents a 
true worst-case for recycling, as electric vehicle batteries are 
typically considered to reach their end of life at 20−30% 
capacity loss (70−80% state-of-health).26 Capacity recovery is 
anticipated to be significantly improved in less-degraded 
material. 
The electrochemistry of the relithiated samples, with and 

without solvent washing, is further explored in Figure 2. f2 

Voltage profiles corresponding to cycles 10 and 50 following 
relithiation are shown in Figure 2a,b; a voltage profile for the 
fresh material is included for comparison. For consistency, 
the best-performing (i.e., highest discharge capacity) replicate 
for each condition is shown. At both cycle 10 and cycle 50, 
voltage plateaus are evident for the aged material, most 
notably for the Ac-W-R, DEC-W-R, and IPA-W-R samples. 
This profile shape indicates the presence of the spinel phase27 

and has previously been reported for this commercial 
material.28 Structural analysis will be taken up in greater 
detail in the subsequent section. 
Figure 2c−f presents the corresponding dQ/dV plots for 

cycles 10 and 50. The fresh material shows a dominant redox 
peak at ∼3.65 V, with smaller redox peaks at ∼3.5 V and 

Co3+/4+∼3.8 V. The dominant peak is attributed to and 
Ni2+/3+/4+ redox, which occurs at similar potentials and is thus 
typically indistinguishable in dQ/dV analysis.29 The peak at 
∼3.8 V is attributed to anionic redox,29 and the peak at ∼3.5 
V has been attributed to the minor activity of the reversible 
Mn3+/4+ couple and additional anionic redox, which also 
typically overlap.29,30 For the fresh material, minimal 
hysteresis is observed between charge and discharge. 
For all aged samples, hysteresis is found to significantly 

increase relative to the fresh material, and voltage fade is 
observed for both charge and discharge profiles (Figure 2c,d). 
Gallagher et al. have proposed a physical model connecting 
these two phenomena, suggesting that the changes in the 
energy of Li-site occupancies lead to asymmetric transition-
metal migration behavior upon discharge. Specifically, as 
voltage decreases, transition metals that have migrated into 
the tetrahedral sites of the Li layer may return to their 
original vacant octahedral site, which has shifted in energy 
(hysteresis), or may occupy another cubic site (voltage 
fade).31 The loss of the dominant transition-metal redox peak 
in the aged material, in conjunction with both hysteresis and 
voltage fade, suggests significant transition-metal migration in 
this material, coupled with a structural rearrangement 
observed in both electrochemical and XRD measurements. 
The reduction in electrochemical activity for the aged 

material can readily be explained via the above-described 
mechanism. More interesting, however, is the recovery in 
electrochemical redox for solvent-washed-relithiated material 
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Table 2. Characteristic Time Constants and the Physical Processes Attributed to Each Frequency Range of the Impedance 
Response from Graphitic Anodes, Intercalation Cathodes, and Full Cells of Lithium-Ion Batteries using Ethylene-
Carbonate-Based Electrolytes Near Room Temperature at High States-Of-Chargea 

frequency range (Hz) physical process ref. #s 
23,38,39graphitic anodes 104 contact impedance (minor) 

103 interfacial charge transfer 
101 interfacial charge transfer and ion/electron diffusion through porous electrodes 

23,29,30,39intercalation cathodes 104 to 103 contact impedance 
101 to 100 interfacial charge transfer and ion/electron diffusion through porous electrodes 

23,38,39full cells 104 contact impedance (anode and cathode; anode-dominated) 
104 to 103 contact impedance (anode and cathode; cathode-dominated); interfacial charge transfer (anode) 
101 to 100 interfacial charge transfer; ion/electron diffusion through porous electrodes (anode and cathode) 

aProcesses describing the diffusive/capacity tail at low frequencies have been omitted. 

489 and the disparity observed between solvent conditions on 
490 electrochemical behavior. Previous work suggests that electro-
491 chemical relithiation alone restores aged cathodes to a 
492 structurally and electrochemically pristine state, by reinserting 
493 Li+ into the NMC matrix to replenish depleted stores of 
494 cyclable Li+.32 If solvent washing were simply enabling more 
495 effective relithiation (i.e., by removal of resistive species 
496 preventing Li reinsertion), the electrochemical signature of 
497 rejuvenated materials would be expected to resemble pristine 
498 materials. However, Figure 2c,d demonstrates a drastic shift 
499 in the mechanism of electroactivity between fresh samples 
500 and relithiated samples in which capacity has been recovered. 
501 Nearly identical dQ/dV profiles between washed-relithiated 
502 and washed-only (without relithiation) samples (not shown) 
503 imply that the washing step itself, rather than the subsequent 
504 relithiation, is driving this behavior. 
505 As shown in Figure 2e,f, the U-R sample shows virtually no 
506 electrochemical activity, with one minor redox peak at ∼3.9 
507 V/∼3.7 V (charge/discharge). In contrast, each of the 
508 washed samples shows 2−3 redox peaks for both charge 
509 and discharge. It is probable that the central peaks for each of 
510 the washed samples (∼4.0 V/∼3.8 V charge/discharge) are 
511 attributable to Ni and Co redox, which has been recovered 
512 because of the removal of insulating surface species by 
513 solvent washing. These peaks show both significant voltage 
514 shift and hysteresis as compared to the fresh material, again 
515 attributable to asymmetric transition-metal migration.31 The 
516 decrease in intensity of the dominant transition-metal redox 
517 peak has been previously observed for LiNixCoyMn(1−x−y) 
518 (hereafter “NMC”) materials following extended cycling, and 
519 the reduction in Ni/Co contribution to overall redox has 
520 been tied to incomplete cationic redoxparticularly incom-
521 plete Ni-oxidationin cycled materials.30 

523 transition-metal peak for washed-relithiated materials implies 
524 a significant increase in bulk anionic redox and suggests that 
525 anionic redox may be dominating electrochemical activity in 
526 these refurbished cathodes. Anionic redoxthe reversible 
527 electrochemical activity of bulk lattice oxygen (O2−/On−) 
528 has only recently gained traction as a mechanistic framework 
529 for understanding the electrochemistry of NMC materi-
530 als.29,30,33 By this mechanism, Co and Ni are the main 
531 cationic redox couples,29 with a gradual increase in Mn3+/4+ 

532 activity also contributing to low-voltage redox after extended 
533 cycling.30 At voltages above and below the Co/Ni (over-
534 lapping) dQ/dV peak, bulk anionic redox is found to 
535 contribute to charge compensation29 and thus drive electro-
536 chemical activity.29,30,33 Assat et al. have reported that 

522 The growth in the redox peaks above and below the 

reversible redox of bulk lattice oxygen may account for 537 

nearly half of observed capacity in NMC materials and 538 

remains active over extended cycling.30 While the oxygen 539 

redox capacity has previously been found to decrease with 540 

cycling through the irreversible loss of lattice oxygen, either 541 

as O2 or through the formation of degradation products,30 
542 

the present analysis suggests that this anionic redox may be 543 

recoverable, and perhaps even enhanced, through solvent 544 

washing. 545 

It has been suggested that solvent washing with polar 546 
14)solvents (alcohol,14,34 water as a post-synthetic step 547 

induces surface reconstruction by the removal of certain 548 

surface defects, including carbonates and hydroxides.14,34 We 549 

hypothesize that reaction with the four solvents, particularly 550 

under mechanically aggressive washing conditions (i.e., 551 

sonication), may similarly reconstruct the surface of the 552 

NMC particles. The strong nucleophilicity of acetone and the 553 

moderate nucleophilicity of DEC, PC, and IPA imply 554 

probable reduction at the NMC surface.35,36 Specifically, a 555 

catalytic study on hydrotalcite-derived oxides (MnAlO, 556 

CoAlO, NiAlO, FeAlO) has suggested a mechanism whereby 557 

acetone adsorbs to weak acid sites on transition-metal oxide 558 

surfaces and is subsequently oxidized by reactive surface 559 

(lattice) oxygen.35 This process is accelerated by the presence 560 

of oxygen vacancies in the lattice,35 which is anticipated in 561 

our end-of-life cathode material. It is feasible that reduction 562 

by acetonemost stronglyor carbonates/alcoholsmore 563 

weaklycould reintroduce oxygen back into the bulk lattice. 564 

This oxygen may be derived from either the solvent itself or 565 

adsorbed electrolyte/degradation products. Such a trans- 566 

formation of adsorbed oxygen species at the surface of p-type 567 

transition-metal oxides to lattice oxygen is thermodynamically 568 

favorable and has been proposed to proceed as 569 

O2−(adsorbed) → O−(adsorbed) → O2−(lattice).37 For the 570 

Ac-W-R sample in particular, the increase in anionic redox 571 

between cycles 10−50observed as the growth of the dQ/ 572 

dV discharge peak ∼4.0Vprovides evidence for lattice 573 

oxygen reintroduction, and this mechanism may be driving 574 

the observed increase in capacity during full-cell cycling. 575 

Structural studies provide additional evidence for this 576 

hypothesis, as will be discussed in the subsequent section. 577 

EIS was performed after each 20 cycles for all relithiated 578 

full-cell samples to track impedance growth during cycling. 579 

Solvent washing is anticipated to reduce both contact 580 

resistance and interfacial charge-transfer resistance because 581 

of the removal of resistive degradation species, while 582 

relithiation is expected to impact the bulk structure of the 583 

cathode material, impacting ionic diffusion through the 584 
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Figure 3. (a) Nyquist plots for one replicate of each condition (unwashed-relithiated or washed-relithiated) after formation (0 cycles; top); 40 
cycles (middle); and 80 cycles (bottom) post-relithiation. Ohmic contributions are subtracted to aid comparison of the polarization impedance 
between cells. “X” indicates experimental data; solid line indicates ECM fit; black markers denote each frequency decade, starting at 105 Hz; (b) 
sum of deconvoluted resistances (R1 + R2 + R3) for all relithiated cells after each 20 cycles; (c) change in the sum of the deconvoluted 
resistances for each cell, calculated via normalization by the initial value of impedance for each cell replicate. For (b,c), sample replicates for 
each washing condition are indicated using circular and triangular markers of the indicated color. 

585 porous electrode as well as charge storage processes. These 
586 processes occur around different characteristic frequencies studies of similar cells. The characteristic behaviors of the 608 

588 spectra. 
587 and are thus separable by deconvolution of the impedance impedance response from each electrode and overall cell 609 

589 Equivalent circuit modeling was used to deconvolute the Hz) are dominated by contact resistances (i.e., resistance to 611 

590 impedance response within the semicircular regime of the EIS conduction of charged species on surfaces and across 612 

591 measurements into three process, each modeling a distinct interfaces) and lower frequencies are dominated by interfacial 613 

592 range of the frequency spectrum: high (105 Hz), middle (102 charge-transfer processes and charged species transport 614 

593 to 104 Hz), and low (100 to 101). An example of the through porous electrodes. While both electrodes contribute 615 

594 separated contributions from each process to the overall significant impedance across the entire frequency range, cell 616 

595 impedance is shown in Figure S2. Residual errors from all fits impedance is typically reported to be dominated by cathodic 617 

596 show sinusoidal errors at frequencies from 100 to 103 Hz contributions.23,39 Further, because all cells analyzed use 618 

597 (Figure S3), suggesting that the equivalent circuit model may identical anodes, differences between cells may reasonably be 619 

598 not be fully describing the features of the EIS spectra. attributed to the disparate cathode washing treatments. 620 

impedance are reported in Table 2. High frequencies (>103 
610 t2 

599 However, error in this region does not impact the present EIS spectra for unwashed-relithiated and washed-relithiated 621 

600 analysis. More detailed studies have used transmission line samples with Ohmic contributions subtracted are shown after 622 

603 In this study, only the contribution of the cathode to from Ac-W-R and DEC-W-R samples is substantially lower 625 

604 overall impedance is of interest. While the separate than that of the IPA-W-R, PC-W-R, and U-R samples. IPA- 626 

605 contributions from the anode and the cathode cannot be W-R samples show slightly lower impedance than PC-W-R 627 

606 rigorously distinguished here, the impedance of each ZARC samples. Notably, the use of any solvent treatment before 628 

formation, 40 cycles, and 80 cycles (Figure 3a). Consistent 623 f3 601 models to model impedance behavior in this frequency 
602 range,38 but such analysis is beyond the scope of this work. with discharge capacity performance, the impedance response 624 

H 

can be loosely attributed to physical processes using detailed 607 
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Figure 4. Deconvolutions of contributions to cell impedance: Ohmic resistance and three ZARC elements, tracked during electrochemical 
cycling of relithiated cells. (a) R0: Ohmic resistance; (b) R1: high-frequency (>10

4 Hz) contact resistance; (c) R2: the dominant contribution to 
impedance near 103 Hz, primarily attributable to cathodic contact resistance; (d) R3: the dominant contribution to impedance near 101 Hz, 
attributable to interfacial charge transfer and diffusion of charged species through the porous electrodes. For (c,d), data from U-R samples have 
been omitted for clarity of distinction between washing conditions (plots including U-R samples are shown in Figure S4). 

629 relithiation appears to stabilize the cathode material, both in 
630 terms of overall polarization impedance (Figure 3b) and 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

662 

663 

631 impedance stability with subsequent cycling (Figure 3c). This larger R1 values than all other samples, including unwashed 
632 highlights the importance of solvent washing as a remediation samples, and these R1 values continue to grow during cycling 
633 procedure during direct recycling of end-of-life cathode of the PC-W-R cells. In fact, one of the unwashed cells is 
634 materials. Of the washed and relithiated samples, Ac-W-R found to have a lower impedance than either the IPA-W-R or 
635 and PC-W-R samples show the most variability between PC-W-R samples (Figure 3b). Thus, while PC and IPA 
636 replicates. Additionally, one Ac-W-R cell experienced washing is beneficial for the overall stability of cell 
637 substantial impedance growth during cycling, unique among impedance, these solvents may also have deleterious impacts 
638 all washed-relithiated cells. However, the impedance of this on the cathode materials. 
639 cell was still lower than those of the IPA-W-R and PC-W-R Cell polarization is found to be dominated by the 
640 cells after 80 cycles. contributions of ZARC elements R2 and R3 (96.5% of the 
641 The evolution of the ZARC elements R0, R1, R2, and R3 overall cell polarization resistance). R2 dominates the 
642 during cycling for each of the washed-relithiated samples is impedance response near 103 Hz and is attributed to contact 

f4 643 shown in Figure 4a−d, respectively. The Ohmic resistance 
644 (R0; Figure 4a) is not expected to be influenced by washing, contact impedance of the cathode materials, all washes 665 

666 

667 

668 

669 

670 

645 and this is observed for most cells. However, PC-W-R improve the stability of contact resistance during cycling. 
646 samples display significantly higher Ohmic resistance than This can be observed in the relatively stable R2 during cycling 
647 any other cells. This suggests that the PC wash may leave a of washed cells. Acetone and DEC are the most effective 
648 residue on the cathode surface, increasing the electronic among the studied solvents in terms of reducing contact 
649 resistance. This is verified by analysis of the high-frequency resistance compared to the unwashed case. The contact 

I 

(>104 Hz) contact resistance (R1; Figure 4b). PC-W-R 650 

cellsand, to some extent, IPA-W-R cellsdisplay much 651 

resistance. While washing does not necessarily reduce the 664 
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Figure 5. X-ray diffraction patterns of fresh and cycle-aged cathodes (cast electrodes), with and without solvent washing. Peak assignments are 
for trigonal (R3m space group) phase; # symbol indicates peak attributed to graphitic carbon.40 Inset shows detail for (003) and (103) peaks. 

Table 3. Lattice Parameters and Phase Distributions for Pristine, Aged-Unwashed, and Aged-Washed Samplesa 

sample a (Å) c (Å) α-NaFeO2 (R3m) (%  ± ESD) % Co3O4 (Fd3m) (%  ± ESD) NiO (Fm3m)(% ± ESD) 

fresh 2.866(4) 14.23(9) 96.96 ± 0.70 2.38 ± 0.57 0.66 ± 0.46 
unwashed 2.871(6) 14.27(6) 93.60 ± 1.30 4.10 ± 1.10 2.28 ± 0.71 
acetone washed 2.867(7) 14.25(8) 92.50 ± 1.00 5.97 ± 0.87 1.54 ± 0.59 
DEC washed 2.870(7) 14.27(1) 92.20 ± 1.30 7.30 ± 1.10 0.53 ± 0.75 
IPA washed 2.869(1) 14.27(1) 90.60 ± 1.00 9.40 ± 1.00 0.0 
PC washed 2.870(0) 14.27(0) 91.80 ± 1.10 8.20 ± 1.10 0.0 

aLattice parameters are reported for the trigonal (R3m space group) phase, with estimated standard deviation (ESD) < 0.004 Å for all samples. 
ESD for phase quantities is reported as a percentage. NMC reference pattern from Shinova et al.;43 spinel (Co3O4) and rock salt (NiO) reference 
patterns from Profex structure database.24 

671 resistance of Ac-W-R and DEC-W-R samples is lower than 
672 that of U-R samples immediately following formation and 
673 remains consistently lower than both PC-W-R and IPA-W-R 
674 samples during cycling. 
675 Washing with any solvent also reduces the impedance 
676 contribution of R3 (Figure S4), which dominates the overall 
677 impedance near 101 Hz and is attributed to interfacial charge 
678 transfer and charged species diffusion through the porous 
679 electrodes. Unlike R2 values, which remain stable for all 
680 washed samples during cycling, R3 values exhibit a slight 
681 increase during the first 40 cycles. As the low-frequency R3 

682 contribution is associated with bulk properties, such as 
683 interfacial charge transfer and ionic diffusion processes, the 
684 observed increase in R3 upon initial cycling of relithiated 
685 samples may suggest changes to the crystal structure or 
686 internal stoichiometry as the relithiated particles redistribute 
687 lithium. This further supports the notion that washing may 
688 impact the mechanism of relithiation, rather than just 
689 improving the efficiency of relithiation. 

Generally, the coefficient of variance for R3 is found to be 690 

much less than the coefficient of variance of R2 (0.136 for R3 691 

after formation, c.f. 0.282 for R2 after formation). This implies 692 

that variations in solvent treatment have the greatest effect on 693 

high-frequency (surface-dependent) properties, such as 694 

contact resistance. Ac-W-R and DEC-W-R samples show 695 

the greatest reduction in overall impedance compared to U- 696 

W samples, consistent with electrochemical cycling results. 697 

Between these two conditions, DEC-W-R samples show a 698 

higher overall impedance but exhibit improved impedance 699 

stability throughout subsequent cycling. 700 

3.2. Structural Analysis. Structural effects of both aging 701 

and subsequent solvent washing were assessed via XRD. XRD 702 

patterns for fresh, unwashed, and solvent-washed samples, 703 

prior to relithiation, are shown in Figure 5; selected 704 f5 

parameters from Rietveld refinement are given in Table 3. 705 t3 

Refinement was conducted using layered (trigonal α-NaFeO2- 706 

type R3m), spinel (cubic Co3O4-type Fd3m), and rock salt 707 

(cubic NiO-type Fm3m) phases. A representative XRD 708 

diffractogram is given in Figure S5. The pristine material 709 
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shows a strong layered composition, with clear peak splitting 
between (006)/(012) peaks and (018)/(110) peaks indicat-
ing hexagonal ordering. Rietveld refinement suggests a 
composition of 97% layered R3m structure, with ∼3% 
phase impurities. The peak at ∼26.8° has previously been 
reported in composite cathode electrodes and has been 
attributed to graphitic conductive carbon.40 For the fresh 
material, the a and c lattice parameters obtained for the 
trigonal phase are consistent with previous reports.41,42 

For all aged samples, peak splitting is observed in several 
dominant peaks [(101), (104), (105), (113)], implying phase 
transformation. In particular, refinement suggests the growth 
of cubic spinel and rock salt phases, at the expense of the 
trigonal layered phase. It has been suggested that the phase 
change behavior of NMC materials is more complex than for 
other lithium-oxides, such as LiCoO2 (LCO).42 LCO 
materials are known to form cubic spinel phases, such as 
Co3O4 and LiCo2O4, upon extended cycling.44 In addition, 
NMC materials may also form rock salt phases because of Li+ 

deficiency and transition-metal (Ni2+) migration.42,45,46 Rock 
salt phase is found to be dominant under oxidative high-
voltage environments.45,46 The formation of both spinel and 
rock salt phases is observed for the present material, 
consistent with previous reports on NMC materials42,45,46 

and isostructural layered oxides.47 

Quantified refinement results suggest that phase composi-
tion may be slightly dependent on washing condition, 
implying that washing may play a role in structural 
rearrangement, as well as impacting surface/lattice chemistry. 
All washed samples show a lower percentage of layered phase 
than unwashed samples but vary in the relative percentages of 
spinel and rock salt phases. In particular, Ac-W, DEC-W, and 
PC-W samples all show ∼92−92.5% layered phase, with the 
percentage of spinel phase increasing (rock salt phase 
decreasing) as Ac-W < DEC-W < PC-W. Interestingly, this 
is in precise inverse proportion to the electrochemical 
capacity of these samples. The IPA-W sample shows the 
lowest percentage of layered phase (90%) and the highest 
percentage of spinel phase and has the next-to-lowest 
electrochemical performance among the wash conditions. 
The association of increased electrochemical performance 

(washed samples) with a reduced percentage of layered 
structure (as compared to the unwashed sample) appears to 
run counter to previous reports. Both spinel and rock salt 
phases are reported to lead to increased charge-transfer 
resistance, and thus decreased performance relative to the 
layered phase.46 However, this apparently anomalous 
behavior may be explained by the emergence of an additional 
phase, manifest as the lower-angle split of the (101) peak and 
a lower-angle shoulder of the (104) peak. Rietveld refinement 
using the three phases commonly reported for degraded 
NMC materials (layered, spinel, rock salt) does not capture 
the emergence of these peaks. Notably, this phase is present 
for both unwashed and washed samples, implying that the 
material degradation, rather than the washing procedure, is 
responsible for the evolution of this additional phase. The 
nature of this phase will be further probed in future studies. 
Analysis of a and c lattice parameters, shown in Table 3, 

provides additional information regarding the physical 
mechanism of structural change between fresh, unwashed, 
and washed samples. Specifically, an increase in c lattice 
parameter, corresponding to a shift of the (003) peak to 
lower angles, is observed for all aged samples, as compared to 

the fresh material. This is consistent with previous reports on 
cycled NMC material41,42 and suggests increased electrostatic 
repulsion between MO2 (M = Ni, Co, Mn) layers along the 
c-axis induced by lithium deficiency.41,48 Nearly identical c 
lattice parameter values are observed for all aged cells, with 
the exception of the Ac-W sample, which shows a lower 
value. Ideally, in a remediated cathode, the (003) peak should 
shift back to a higher angle (lower c lattice parameter 
value);42 this would indicate reduced oxygen repulsion, 
ostensibly because of restoring Li stores. However, the Ac-
W sample analyzed had not yet been relithiated, further 
supporting the notion of reduction-induced structural 
rearrangement during the acetone-washing process. 
Further, the a lattice parameter is anticipated to decrease 

following electrochemical cycling and resulting delithia-
tion.42,48 This has been attributed to the oxidation of Ni2+ 

to Ni3+ to achieve charge compensation in the delithiated 
state, leading to a contraction of the a plane because of the 
smaller ionic radius of Ni3+.48 In the present analysis, though, 
all aged samples show an increase in a lattice parameter 
relative to the fresh sample, with the a lattice parameter value 
increasing in relative inverse to electrochemical performance. 
This phenomenon may again be explained by changes to the 
lattice oxygen framework. In the aged cathode material under 
study, it is anticipated that lattice oxygen has been lost 
through conversion to electrolyte degradation species14,20,30 

and phase transformation. Charge compensation for the 
resulting oxygen vacancies may be achieved via the reduction 

Ni3+ Ni2+ 14of to , in direct opposition to the oxidation 
process anticipated in the delithiated state. It is probable that 
both processes are occurring simultaneously, with the 
reductive pathway apparently outweighing the oxidative one. 
It is possible that the reintroduction of lattice oxygen via 
solvent washing induces some oxidation of Ni2+ back to Ni3+, 
resulting in a lower a lattice parameter for washed, versus 
unwashed, samples. 
Taken together, the observed trends in lattice parameter 

values could also suggest the presence of positively charged 
electrolyte/additive degradation products within the Li layer, 
which are removed to various extents by the four solvent 
washing conditions. These products may both sterically and 
electrostatically increase repulsion between the oxygen layers 
(c lattice expansion), while causing transition-metal reduction 
to achieve charge compensation (a lattice expansion). The 
acetone-washing condition is found to restore these lattice 
parameters to values closest to that of the fresh material, 
corresponding with the greatest improvement in electro-
chemical capacity. Future studies will attempt to deconvolute 
these proposed mechanisms. 

3.3. Chemical Analysis. In addition to changes to the 
bulk lattice oxygen network, it is anticipated that solvent 
washing will alter the surface chemistry of end-of-life 
cathodes by removing electrolyte degradation species, residual 
electrolyte additives, and reaction products evolving from 
both electrolyte and additives during the functional lifetime 
of the battery (i.e., CEI components). In addition to reducing 
surface resistance, this CEI removal would enable more 
effective relithiation by removing physical barriers to lithium 
intercalation. Thus, the four solvents have been assessed for 
their differential capabilities to dissolve CEI components 
present on the aged material under study. The species 
liberated by each solvent were assessed through the 
preparation of highly concentrated wash solutions, which 
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Figure 6. SPME GC−MS spectra of wash solutions for each of the four analyzed solvents, along with a corresponding solvent blank. Chemical 
species removed from the aged NMC (i.e., only appearing in the wash solution or appearing with significantly elevated intensity in the wash 
solution) are indicated with vertical lines and are listed in Table 4. 

836 were then further concentrated using solid-phase micro-
837 extraction (SPME). eliminate background signals evolved from both solvent 848 

849 

850 

851 

852 

853 

843 selectivity of various solvents for electrolyte and CEI 
855 

856 

838 Several previous studies have utilized GC-based methods to impurities and inherent SPME fiber signals, as well as any 
839 assess the chemical composition of end-of-life degradation species that may evolve from fiber−solvent interactions. 
840 products occurring in the liquid-phase electrolyte25,49,50 or Species unique to the wash solution (i.e., not present in the 
841 the gas phase following cycling and/or cell abuse.49−51 blank) are indicated with vertical bars and a compiled 
842 However, this is the first known report investigating the tabulation of all species removed, above the instrument 

844 components on commercially relevant NMC cathode assignment of the presumed origin of each chemical species.52 
detection limit, is found in Table 4. Table 4 also includes an 854 t4 

845 materials. GC−MS spectra for each of the wash solutions The species removed by solvent washing may be grouped 
f6 846 are shown in Figure 6, along with a corresponding blank for 

each solvent. Comparison with a solvent blank is crucial to 847 

into three broad categories: electrolyte degradation products, 857 
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Table 4. Chemical Compounds Removed from End-Of-Life NMC via Sonication in Each of Four Solvents, Arranged with 
Increasing Retention Timea 

aCheck mark (green shading) indicates that the given compound was detected in the wash solution of the given solvent; dashed line (orange 
shading) indicates no detection of the given compound in the wash solution of the given solvent but potential confounding because of coelution 
with another chemical species; “X” (red shading) indicates no detection of the given compound, with no potential confounding. Star symbol (★, 
green shading) indicates a species that was observed in both blank and wash solution. 

858 additives, and electrolyte−additive reaction products. Electro-

861 Two notable studies have developed a physical model for the water. The room-temperature hydrolysis of EC to EG 893 

862 evolution of carbonate degradation products on LCO,20,53 is a thermodynamically slow process at room temperature,55 
894 

863 which is presumed to progress similarly on NMC. This but this reaction may be anticipated for the present cathode 895 

864 process includes initial adsorption of carbonate solvent onto material, given the long storage period under atmospheric 896 

867 Deintercalated Li ions transfer to the surface and are moieties have been shown to catalyze EC ring opening, 899 

870 these two studies reported similar mechanisms for both In commercial cells, additives are typically included to 902 

871 ethylene carbonate and diethyl carbonate electrolytes, and in address specific deficiencies in the standard carbonate 903 

872 fact, a more recent report studying the reactions of NMC-622 solution or to provide performance enhancement or safety 904 

873 with several electrolyte mixtures concluded that the reactivity protection under specific operating conditions. It is probable 905 

874 was remarkably similar across NMC materials and all that the commercial cell from which the present cathode 906 

875 carbonate electrolytes.14 In particular, nucleophilic attack by material was harvested contained several to dozens of 907 

876 oxygen (surface14,20,53 and bulk lattice14,53,54) and migration additives, and the chemistry of the species recovered from 908 

877 and solvation of Li at the surface are believed to be the the wash solutions supports this notion. Propyl nitrite (#12) 909 

878 dominant mechanisms resulting in the formation of electro- is the probable reduced product of propyl nitrate, an additive 910 

879 lyte degradation products.14,20,30,53,54 Several of the compo- used for SEI formation.58 Biphenyl (#17) is an additive 911 

881 electrolyte components and may have been adsorbed on the 
880 nents detected in the wash solution (Table 4) are known intended to form the CEI59 or form the SEI in cases of 912 

overcharge (a so-called “shutdown molecule”).60−62 
913 

882 surface [ethylene carbonate (EC; #11), diethyl carbonate Finally, several of the compounds recovered from the wash 914 

885 products that may have been covalently bound to the composition. The combination of Li and F species in the 917 

886 NMC surface. These compounds include diisopropyl electrolyte and transition-metal species such as Co, which is 918 

887 carbonate (#1); 2,4-dimethyl-2,3-heptadien-5-yne (#9); frequently used in catalysis, serves as a highly reactive 919 

888 2,5,6-trimethyl decane (#10); butyl diethyl phosphate/diethyl environment for the evolution of complex chemical species. 920 

889 pentyl phosphate (indistinguishable in the present analysis; In the present analysis, we have identified seven such species. 921 

883 (DEC; #4)]; others contain structural moieties (carbonate, 
884 hydrocarbon, PO) suggesting electrolyte degradation 

solutions appear to be reaction products between additives 915 

conditions. Additionally, it is plausible that EG may have 897865 the oxide surface, followed by a nucleophilic reaction of 
866 surface oxygen with the carbonate’s carbonyl carbon.53 evolved through the solvent washing process itself, as basic 898 

859 lyte degradation products are primarily carbonate derivatives 
860 and are the typically reported components of the CEI.10−14 

glycol (EG; #2) is a reported hydrolysis product of EC, 891 

#14); and diethyl 2,5-dioxahexanedioate (#16). Ethylene 890 

formed in conjunction with CO2 in  the presence of  892 
55,56 

leading to EG and poly-EG formation at room temper- 900868 dissolved in the carbonate adsorbate phase, leading to the 
869 formation of lithiated reaction products.20,53 The authors of 55,57ature. 901 

and electrolyte components, based on their chemical 916 
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While we have attempted to identify these species based on 
mass fragment reconstruction, NIST database matching, and 
reaction chemistry rationale, it should be noted that such 
reaction products tend to be structurally complex and often 
lack appropriate standards for identification. In Table 4, these 
reaction products have been identified according to the 
highest-percentage mass spectrum NIST match, with the 
recognition that precise stoichiometry and isomeric structure 
may vary slightly from these assignments. Thus, we aim to 
emphasize the reactive pathways capable of producing species 
with the observed mass fragment moieties, rather than the 
definitive identity of specific reaction products. 
Piperazine, 1-[(4-bromo-2,5-dimethoxyphenyl)methyl]-

(#3) is a Br-containing, bicyclic, aromatic compound that 
may have formed from the reaction of a Br-containing 
additive (e.g., 4-bromobenzyl isocyanate or 3-bromothio-
phene, both intended to polymerize at the cathode;60,63 or α-
bromo-γ-butyrolactone, intended to form the SEI64 or reduce 
corrosion65) with another aromatic additive. 1,3-Cyclo-
pentadiene, 5-(1-methylethylidene)- (#5) may have evolved 
from cyclohexylbenzene, an additive used for overcharge 
protection that unstable in the presence of oxidizing agents.61 

Bicyclo[2.1.1]hex-2-ene, 2-ethenyl (#7) is a bicyclic alkene, 
perhaps evolved from aromatic additives such as cyclo-
hexylbenzene. Cyclohexanone (#8) was likely evolved from 
the oxidation of cyclohexane in air, which typically proceeds 
in the presence of Co catalysts. Cyclohexane has been used 
to improve the first cycle efficiency by increasing the elasticity 
of the PVDF binder66 and improving the wettability of the 
separator.67 Hydrazine-carboxylic acid, ethyl ester (#11) 
could form from the reaction of carbonate species with 
amine-containing compounds. Amines are typically added to 
react with residual H2O and thereby prevent HF formation 
(so-called HF scavengers).68,69 Compound #15 is a long-
chain hydrocarbon (mass spectra corresponding to either 1-
hexadecanol or 1-tetradecene, with equal NIST matching 
confidence), suggesting an origin as an electrolyte degrada-
tion product but also contains alcohol or alkene moieties, 
implying further reaction, perhaps with additives. Ethyl 4-
ethoxybenzoate (#18) contains carbonate and ester moi-
etieslikely evolved from electrolytebut also aromaticity, 
ostensibly from a benzene derivative additive such as 
biphenyl or cyclohexylbenzene. Diethyl phthalate (#19) and 
1,4-diethyl terephthalate (#20) are both phthalate esters, 
which may also have evolved from the reaction of a carbonate 
degradation product and a benzene derivative. Finally, 
diacetone alcohol (#6) appears to be an aldol condensation 
product of acetone, implying that this species may have been 
formed via catalysis during the washing process, rather than 
being removed from the aged black mass. 
With the exception of electrolyte solvent residues (DEC, 

EC) and possibly unreacted additives (ethylene glycol, 
biphenyl), which may have been adsorbed on the NMC 
surface, we anticipate that the species removed via solvent 
washing had been ionically or covalently bound within the 
NMC lattice. This would be consistent with their mechanism 
of their evolution, involving the covalent interactions with 
surface oxygen described for electrolyte degradation products 
and/or catalytic reactions with the transition metals. Thus, 
effective removal of these products may involve chemical 
reaction in addition to a pure solvation mechanism. 
The adage “like-dissolves-like” offers an initial rationale for 

the nature of the products removed by each solvent. Acetone, 

a polar ketone, is found to dissolve polar, non-H-bonding 
compounds,  but  is less effective in solvating nonpolar 
compounds. Diethyl carbonate, a carbonate ester, effectively 
removes weakly polar, non-H-bonding compounds, but is 
unable to solvate more highly polar compounds. Isopropyl 
alcohol is an alkyl alcohol, and as such dissolves polar, H-
bonding compounds, but is ineffective at dissolving nonpolar 
species. Finally, propylene carbonate is a cyclic carbonate 
ester, anticipated to dissolve polar, non-H-bonding com-
poundssimilar to acetone. However, PC is found to be 
largely ineffective at removing any species whatsoever, under 
the present analysis conditions. This is somewhat surprising, 
as PC has previously been employed as a solvent for GC−MS 
analysis of electrolyte and electrolyte degradation products.50 

The lack of solvation activity may be explained by a 
significant increase in DEC between the blank and the 
wash solution, suggesting a potential reactive conversion from 
PC to DEC. Such a process has been reported for the 
synthesis of DEC in the presence of an alcohol and 
transition-metal catalysts, an environment quite similar to 
the present system.70 PC is also expected to have greater 
steric hindrance because of its cyclic structure, as compared 
to the smaller molecular form of the other solvents. 
In addition to polarity, structural reactivity must be 

considered in the assessment of the various solvents’ efficacy 
in the context of CEI removal. The structure of each of the 
four solvents, which has briefly been discussed, may affect 
both the ability to induce surface transformation (i.e., 
reintroduction of lattice oxygen) and the removal of 
passivating or electrochemically interfering degradation 
species. As a ketone, acetone is the most strongly 
nucleophilic of the solvents in this study due to lone-pair 
electrons on the carbonyl carbon with no additional 
resonance-stabilizing moieties. This makes acetone broadly 
reactive to both electrolyte degradation products and a 
variety of organic additives. Carbonate esters, such as diethyl 
carbonate and propylene carbonate, are more weakly 
nucleophilic because of the stabilizing resonance of the 
ester oxygen. This may be beneficial in the removal of certain 
electrolyte degradation products but is unlikely to be effective 
across a broad and chemically diverse class of additives. 
Alcohols, such as isopropyl alcohol, are amphoteric, 
suggesting both nucleophilic and electrophilic reactivity; 
however, H-bonding properties cause high intramolecular 
interactions between solvent molecules, reducing reactivity. 
Thus, the ability of each solvent to liberate various CEI 

species is suggested to depend on both solvent polarity and 
underlying structure, including sterics. Acetone is found to 
successfully remove all three classes of end-of-life compounds 
identified: electrolyte degradation products, additives, and 
electrolyte−additive reaction products. DEC is able to 
remove electrolyte degradation products and certain electro-
lyte−additive reaction products but is unable to remove polar 
additivesnotably, ethylene glycol, an insulating hydrocarbon 
that appears at high intensities in acetone and IPA washes in 
this study. IPA removes polar additives and moderately polar 
or polarizable electrolyte degradation products but is 
ineffective at removing nonpolar electrolyte degradation 
products and several weakly polar or nonpolar electrolyte− 
additive reaction products. Finally, PC is found to be a 
relatively ineffectual solvent in the present analysis. This may 
be the result of steric hindrance and reactivity in the presence 
of alcohol-containing additives and transition-metal catalysts 
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4. CONCLUSIONS 

1082 Electrochemical, structural, and chemical analysis of 

1097 mechanism. An increase in c lattice parameter is observed 
1098 for aged materials as compared to the pristine material, 
1099 consistent with transition metal−oxygen repulsion induced by 

delithiation. However, acetone-washed samples show a lower 
1101 c parameter prior to relithiation, suggesting that bulk 
1102 structural rearrangement may be achieved during the solvent 
1103 washing process. Further, reduced a lattice parameter values 
1104 for washed samples as compared to unwashed samples may 
1105 be attributed to Ni-oxidation, ostensibly because of lattice 
1106 oxygen reintroduction during solvent washing. Additionally, 
1107 we hypothesize that positively charged electrolyte/additive 
1108 degradation products may accumulate within the Li layer 

1048 to form DEC. However, given previous successful reports 
1049 utilizing this solvent for end-of-life electrode analysis,50 

additional studies should be undertaken to verify the present 
1051 results and rule out compatibility issues with the PA SPME 
1052 fiber as a cause of the poor solvent performance. 
1053 While the specific impact of CEI removal on lithium 
1054 reuptake is not quantified in the present report, there is a 
1055 strong correlation between the number and breadth of 
1056 components liberated and the electrochemical performance of 
1057 the rejuvenated cells. In particular, acetone is found to most 
1058 effectively remove a chemically diverse range of CEI 
1059 components, and Ac-W-R samples show the highest capacity 

of the remediated samples; similar trends are observed for the 
1061 other washing conditions. It is anticipated that the removal of 
1062 surface- and pore-blocking species enables enhanced Li 
1063 intercalation during electrochemical relithiation, thereby 
1064 contributing to the observed increase in capacity. Quantifi-
1065 cation of Li stores following each solvent treatment will help 
1066 to more clearly delineate the synergistic effects of direct 
1067 solvent interactions (i.e., surface reconstruction) and CEI 
1068 removal (enabling increased Li uptake) on NMC rejuve-
1069 nation. Such work is the focus of ongoing studies. 

Heavily degraded commercial cathode material, cycled and 
1071 calendar aged to ∼30% state-of-health, has been significantly 
1072 rejuvenated through a combination of solvent washing and 
1073 electrochemical relithiation. In particular, sonication of spent 
1074 black mass in acetone followed by relithiation enables 
1075 capacity recovery of up to 174% relative to unwashed/ 
1076 relithiated black mass. The capacity is stable for remediated 
1077 cathodes over at least 80 cycles post-relithiation. The present 
1078 analysis implies a complex role of solvent washing in the 
1079 performance of aged cathode materials and offers a promising 

path toward the integration of washing techniques in a 
1081 broader cathode recycling protocol. 

1083 materials washed in four different solvents (acetone, diethyl 
1084 carbonate, isopropyl alcohol, and propylene carbonate) 
1085 suggest a multifold role of the organic solvent in the 
1086 observed capacity performance. Differential capacity analysis 
1087 implies a shift in the mechanism of electroactivity between 
1088 fresh and aged samples, with capacity recovery for washed 
1089 samples largely attributable to increased anionic redox, rather 

than recovery of transition-metal redox. This indicates that 
1091 anionic redox may be recovered by solvent interactions. We 
1092 propose that use of nucleophilic solvents, in conjunction with 
1093 mechanically aggressive washing conditions (sonication), can 
1094 reduce the NMC surface and allow for reintroduction of 
1095 oxygen back into the bulk lattice. 
1096 Structural analysis provides further evidence for this 

during cycling/aging, inducing steric and electrostatic 1109 

repulsion between the oxygen layers (c lattice expansion) 
and transition-metal reduction (a lattice expansion). Selective 1111 

removal of these degradation products may account for the 1112 

observed lattice parameter shifts between washing conditions. 1113 

Finally, both impedance and chemical analysis suggest the 1114 

role of surface chemistry on electrode performance. While 1115 

any form of solvent washing is found to decrease overall 1116 

impedance and reduce impedance growth during subsequent 1117 

cycling, the nature of the solvent is found to most 1118 

dramatically impact charge-transfer resistance. Specifically, 1119 

acetone- and DEC-washed samples show reduced charge-
transfer resistance, suggesting the removal of insulating 1121 

surface species. Analysis of highly concentrated wash  1122 

solutions reveals three categories of species removed from 1123 

commercial black mass by solvent washing: electrolyte 1124 

degradation products, additives, and electrolyte−additive 1125 

reaction products. The solvent structure is found to impact 1126 

selectivity for various species, and the removal of passivating 1127 

surface species via washing is believed to contribute to the 1128 

observed capacity recovery for washed samples. Acetone, a 1129 

ketone with moderate polarity and the highest nucleophilicity 
of the solvents studied, appears to enable most effective 1131 

removal of a broad scope of degradation products covalently 1132 

bound within the NMC lattice. 1133 

The simple and cost-effective solvent-washing technique 1134 

presented in this study, applied in conjunction with cathode 1135 

rejuvenation techniques, is intended to inform direct 1136 

recycling process design. However, significant work remains 1137 

to optimize this solvent-washing protocol at scale. Analysis 1138 

should be expanded to multiple commercial end-of-life 1139 

materials to verify the breadth of these findings. Further, 
the solvent properties we have identified as impactful to 1141 

capacity recovery (nucleophilicity, polarity, steric hindrance) 1142 

should be applied to the tailored solvent design, and studies 1143 

of solvent mixtures and gradient washing are warranted. 1144 

Finally, in moving toward practical scale-up of a direct 1145 

recycling process, techno-economic factors and safety 1146 

considerations (e.g., solvent flammability) will be crucial to 1147 

informing an optimal solvent choice. 1148 
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