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Abstract 

Dissolution of transition metals (TMs) from lithium-ion battery cathodes under high-voltage 

conditions is a major issue affecting battery performance that is not well understood 

mechanistically. Here, this phenomenon is studied by chemically aging pristine and charged 

LiNi0.5Mn0.3Co0.2O2 (NMC532) cathodes in the presence of different solutions. The solution 

composition was varied by 1) adding water to standard electrolytes, 2) replacing LiPF6 with lithium 

acetylacetonate (Li-acac), 3) and/or adding oxidatively unstable tris(2,2,2-trifluoroethyl) 

phosphite (TTFP) as an electrolyte additive. Our results demonstrate that while TM dissolution 

from pristine NMC532 cathodes is dominated by HF-attack, TM dissolution from charged 

NMC532 cathodes is affected by many other factors apart from HF-attack. We suggest that 

electrolyte oxidation followed by TM dissolution to form soluble TM-complexes with concomitant 

Li+ intercalation into the cathode is the dominant mechanism of TM-dissolution at high voltage.  

Introduction 

Utilizing the high capacity of LiNixMnyCoxO2 (NMC) type cathodes involves charging to high 

voltages (>4.3 V vs. Li/Li+), beyond where conventional lithium-ion battery electrolytes 

oxidatively decompose, which leads to accelerated capacity fade and impedance rise.1-4 Both of 



these phenomena are linked to increased TM dissolution at high voltages.2, 5-8 Multiple studies 

have observed that high voltage and TM dissolution are correlated. However, the dominant 

mechanisms of TM dissolution and transport to the anode are still unknown.  

The most commonly accepted mechanism for TM dissolution is by acid-attack. Acidic species are 

generated in the electrolyte either via hydrolysis of LiPF6 to form HF or via electrolyte oxidation 

at high potentials at the cathode/electrolyte interface.9, 10 It has been suggested that the acid-attack 

mechanism proceeds by disproportionation of Mn3+ cations in the presence of acid to form Mn4+ 

and Mn2+ ions.11, 12 Mn2+ ions are believed to then dissolve into the electrolyte (Mn2+ species are 

generally more soluble than Mn4+ species). The acid-attack/disproportionation mechanism is 

commonly used to explain TM dissolution at high voltage. However, it was originally proposed 

for LiMn2O4 spinels in the discharged state, where half of the Mn is in the 3+ oxidation state and 

therefore able to disproportionate.11-14 In multiple reports of the cycling and storage of NMC 

cathodes at different states of charge (SOCs), the greatest Mn dissolution occurred with the highest 

upper cut-off voltage.15-18 Both TM dissolution and acidic-species generation have been shown to 

increase under high-voltage conditions in NMC-type cathodes, so the acid-attack hypothesis has 

been suggested for these systems.2, 19, 20 However, in NMC-type cathodes, Mn is always in the 4+ 

oxidation state, making disproportionation impossible. The correlation between acid generation 

and TM dissolution is enticing, but no mechanisms have yet been proven.21 Recently, Jarry et al. 

reported an alternate mechanism in which β-diketonate ligands are generated by electrochemical 

oxidation of electrolyte solvents, facilitating removal of TM cations via formation of soluble 

Mn(II/III) and Ni(II) complexes.22 This study prompted us to look into alternate mechanisms of 

TM dissolution at high voltage, with the goal of understanding which anions support TM 

dissolution, stabilize the solvated cations, and transport them from the cathode to the anode. Here 



we provide some insights into these processes by performing chemical aging experiments on 

electrochemically charged NMC532 cathodes in the presence of different strategically selected 

ligands, anions, and solvents.  

Experimental 

Coin cell assembly  

The compositions of the electrodes used in this work are given in Table 1. Both electrodes were 

dried in a vacuum oven at ~70 ºC for at least 4 hours before being transferred into an oxygen- and 

moisture-free glovebox (MBraun). 2032-type coin cells were assembled inside the glove box, 

using 25 µl of 1.2M LiPF6 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 

weight ratio; Tomiyama) electrolyte solution, and Celgard 2325 separators. To obtain charged 

cathodes for the chemical aging experiments, coin cells were charged to 4.6 V at room temperature 

(cathode voltages of ~4.7 V vs. Li/Li+), held at 4.6 V for 3 hours and then disassembled inside the 

glove box.  

Table 1. Composition of electrode laminates. 
Cathode Anode 

90 wt% Li1.03(Ni0.5Mn0.3Co0.2)0.97O2 (Toda) 92 wt% graphite (Phillips 66 CPreme A12) 
5 wt% PVDF (Solvay) binder 6 wt% Kureha 9300 PVDF binder 
5 wt% Timcal C45 conductive additive 2 wt% Timcal C45 conductive additive 
Total material loading: 9.17 mg cm-2 Total material loading: 6.07 mg cm-2 

 

Extraction and chemical aging of charged cathodes 

All cells were disassembled using a de-crimper in the glovebox. The charged cathodes were 

extracted, rinsed three times with 2-3 ml of dimethyl carbonate (Sigma) to eliminate electrolyte 

residue, and dried at ambient conditions in the glovebox for a few minutes. For each chemical 

aging experiment, five identical cathodes were placed into a perfluoro-alkoxy-alkane vial 

(Savillex) containing 1.0 ml of the solution or mixture under study. The sealed vials were stored 



inside the glove box at room temperature for 21 days, to reach the equilibrium state of dissolution 

in the solutions. All solutions and mixtures used in this study contained a 3:7 (by weight) mixture 

of EC and EMC. Solutions E1 and E2 also contain 1.2 M of LiPF6. Mixtures E4 and E6 contain 

0.6 M of Li-acac, some of which is dissolved to form a saturated solution and most of which 

remains in the solid state at the base of the vial. Solution E2 also contains 1000 ppm of added 

water. Solutions E5 and E6 also contain 10 vol.% of tris(2,2,2-trifluoroethyl) phosphite (TTFP). 

Compositions of the solutions used are listed in Table 2. In all of the compositions, a relatively 

higher concentration of additives  was intentionally added to exaggerate the effect of electrolyte 

composition to get a better signal in the ICP-MS. Control experiments with pristine cathodes were 

also performed for all solutions. 

After 21 days, the electrodes were removed from the vials and the aged electrolytes were filtered 

through a 0.2 µm PTFE syringe filter. The filtered electrolyte samples were analyzed via ICP-MS 

to measure dissolved TM concentrations. 

Coin cell assembly with aged cathodes 

For each solution, three (out of five) aged electrodes were paired with fresh lithium metal, 

separator, and 20 µL E1 electrolyte to make new, charged cells in the manner described above. 

The OCVs of these charged cells were measured, and then the cells were discharged at 125 µA 

(~20 mA/goxide) to 3.0 V. 

Inductively coupled plasma mass spectrometry (ICP-MS) 

For each sample, a measured volume (Eppendorf) of the liquid sample was transferred to a 15 mL 

polypropylene centrifuge tube. Each sample was allowed to evaporate to a minimum volume. 

Then, 2 mL water was added and mixed, followed by the addition of 0.2 M Optima nitric acid to 

bring the final sample volume to 10 mL before analysis. ICP-MS measurements to determine Ni, 



Co, and Mn concentrations were made with a Perkin Elmer/Sciex ELAN DRC-II instrument. 

Element concentrations were calculated from the measured concentrations, the volume of solution, 

and the mass of each sample. 

X-ray absorption near-edge structure (XANES) 

An aliquot of solution E4 (EC/EMC + Li-acac) after 21 days of aging with charged cathodes was 

subjected to XANES to determine the oxidation state of the dissolved transition metals. The 

XANES study was carried out at the 20-BM beamline of Argonne's Advanced Photon Source. The 

incident beam was monochromatized using a Si(111) fixed-exit, double-crystal monochromator. 

Manganese, nickel, and cobalt foils, as appropriate, were incorporated for energy calibration with 

the threshold energy (E0) defined according to Kraft et al. Harmonic rejection was accomplished 

using a Rh-coated mirror. All of the XANES studies were carried out under constant helium flow 

in the sample chamber and the data were collected in fluorescence mode using a 4-element vortex 

detector. The 1 mm thick Teflon spacer was used to prepare the liquid samples. The 6 mm diameter 

windows were sealed with 8 um thick Kapton™ film directly taped on the Teflon holder. The 25 

µL of sample was injected into the holder. To aid in the interpretation of the XANES data, 

reference XANES spectra of Mn(TFSI)2, Co(acac)2, and Ni(acac)2 in solutions of E1 were obtained 

for comparison. Data reduction was carried out using Athena software. 

Density functional theory (DFT)  

Computational studies of isolated and solvated molecules and ions were carried out using a density 

functional theory (DFT) method with the B3LYP functional23 and 6-31+G(d,p) basis set from the 

Gaussian 09 suite.24 All calculations of the cathode material were carried out using spin-polarized 

DFT as implemented in the Vienna Ab initio Simulation Package (VASP).25, 26 The exchange-

correlation potentials were treated by the generalized gradient approximation (GGA) parametrized 



by Perdew, Burke, and Ernzerholf (PBE).27 The interaction between valence electrons and ioncores 

was described using the projected augmented wave (PAW) method.28 Furthermore, the GGA+U 

scheme was used for applying the on-site correlation effects among 3d electrons of the TM ions, 

where the parameter of (U-J) was set to 5.96, 5.00, and 4.84 eV for Ni, Co, and Mn, respectively.29 

Results and Discussion 

Results 

Table 2 lists the six different solutions/mixtures used to chemically age the NMC532 cathodes and 

the corresponding TM dissolution observed. Pristine cathodes exposed to a standard electrolyte 

(E1, EC/EMC + LiPF6) exhibited minimal TM dissolution (<1 µg/mL). However, charged 

cathodes exposed to the same electrolyte exhibited significantly more total TM dissolution (3 

µg/mL), ~90% of which is Ni. It has been shown that the addition of water to LiPF6-containing 

electrolytes leads to HF formation via PF6
– hydrolysis.30 To test the effect of water and HF, 1000 

ppm of water was added to E1 to make solution E2. The added water minimally affected TM 

dissolution from the charged electrodes (4 µg/mL total); however, the added water had a large 

effect on the pristine electrodes. The total TM concentration increased from <1 ug/mL to 18 

ug/mL, 50% of which was Mn, even though Mn comprises only 30% of the NMC532 CA’s TM 

content. As a control sample, a salt-free analogue of E1 was used to age pristine and charged 

electrodes (solution E3); both pristine and charged cathodes showed little TM dissolution under 

these conditions. 

Table 2. Composition of solutions used in this study, and the concentrations of different TMs 
detected in each solution after 21 days of chemical aging with pristine and charged NMC532 
cathodes. 

  Charged cathodes  Pristine cathodes 

ID Composition 
Mn 
(µg/
mL) 

Co 
(µg/
mL) 

Ni 
(µg/
mL) 

Total 
(µg/mL) 

 Mn 
(µg/
mL) 

Co 
(µg/
mL) 

Ni 
(µg/
mL) 

Total 
(µg/mL) 

E1 EC/EMC + LiPF6 < 1 < 1 3 3  < 1 < 1 < 1 < 1 
E2 EC/EMC + LiPF6 + H2O < 1 < 1 3 4  9 2 7 18 



E3 EC/EMC < 1 < 1 < 1 < 1  < 1 < 1 < 1 < 1 
E4 EC/EMC + Li-acac 4 5 < 1 9  < 1 < 1 < 1 < 1 
E5 EC/EMC + TTFP < 1 < 1 7 8  < 1 < 1 < 1 < 1 
E6 EC/EMC + Li-acac + TTFP 9 4 1 14  < 1 < 1 < 1 < 1 

 

To investigate the effects of β-diketonate ligands on TM-dissolution, the LiPF6 salt was replaced 

with Li-acac to form mixture E4. Removing LiPF6 eliminated both PF6
- and HF from the system. 

Pristine cathodes exposed to E4 exhibited minimal TM dissolution (<1 µg/mL). However, charged 

cathodes exposed to the same electrolyte exhibited higher dissolution than their LiPF6 counterparts 

(9 µg/mL vs. 3 µg/mL). Co was the dominant dissolved TM (~50%), followed by Mn (~40%) and 

Ni (<10%), even though Co comprises only 20% of the TM content in NMC532 cathode. The 

color of the E4 solution also changed from clear to dark reddish-brown during the 21-day exposure 

to charged cathodes. The resulting solution also exhibits fluorescence under UV illumination, 

whereas the pristine saturated solution of Li-acac in EC/EMC (before exposure to charged 

cathodes) does not. TM-acac complexes generally exhibit no luminescence,31 suggesting the 

presence of other ligands or oligomers that solubilize the TMs. The photograph in Figure 1 shows 

the pristine E1 solution and the E1 and E4 solutions after exposure to charged cathodes. 

 



Figure 1. Photograph showing the colors of the pristine E-1 solution (left), E-1 after exposure 
to charged cathodes (middle) and E-4 after exposure to cathodes (right) for 21 days. 
 
Salt-free solution E3 was further modified via the addition of 10 vol.% TTFP to form solution E5. 

Pristine cathodes showed little TM dissolution in the presence of E5, whereas charged cathodes 

exposed to E5 showed higher TM-dissolution compared to E1 (8 µg/ml vs. 3 µg/mL). Ni 

comprised 80% of the solubilized TMs, similar to E1. Solution E5 was further modified with the 

addition of 0.6 M of Li-acac to form mixture E6. Charged cathodes soaked in E6 exhibited the 

highest TM dissolution of 14 µg/mL. Minimal dissolution occurred from pristine cathodes soaked 

in E6 (<1 µg/mL). Mn was the most dissolved metal (~65%) followed by Co (~25%) and Ni 

(~10%). 

XANES was performed on the filtered E4 supernate, and the results are shown in Figure 2. The 

energy of each TM edge is compared to a TM standard in the 2+ oxidation state. A close match of 

the energy of Mn and Ni edge in the sample solution with their corresponding standards indicate 

that the soluble Mn and Ni species are in the 2+ oxidation state, while the soluble Co species is in 

a higher oxidation state, probably 3+ as its edge position is shifted to the right compared to the 

standard in 2+ oxidation state.32 The signal strengths of the Mn and Co species are significantly 

higher than that of Ni, consistent with the ICP-MS data.  



Figure 2. XANES (X-ray absorption near edge structure) of solution E-4 (EC/EMC + Li-
acac) after 21 days of aging with charged cathodes (black), and solutions of reference 
compounds MnII(TFSI)2 (red), CoII(acac)2 (green), and NiII(acac)2 (blue) in E1, to aid 
interpretation of the E4 XANES data. 
 
Discussion 

The primary goal of this study was to determine which factors are responsible for TM dissolution 

from NMC-type cathodes at high voltage. Compared with long-term electrochemical cycling 

experiments, chemical aging of extracted charged cathodes offers a simpler system for studying 

TM dissolution: The system contains only the cathode and the solution. It is also much easier to 

account for the movement of ions and electrons between the solution and the electrode without an 

external circuit. In this study, a standard LiPF6-containing electrolyte was modified for chemical 

aging of cathodes in four ways: 1) water was added to the electrolyte, 2) LiPF6 salt was removed 

from the electrolyte, 3) LiPF6 was replaced with Li-acac, and 4) an oxidatively unstable electrolyte 

additive (TTFP) was added to the electrolyte. 

Effects of adding water to the electrolyte: The generation of hydrofluoric acid or other acidic 

species at high voltage is often hypothesized to be responsible for TM dissolution. To test this 



hypothesis, 1000 ppm water was added to the standard LiPF6-containing electrolyte. Solution E1 

represents a standard electrolyte. Solution E2 is the same electrolyte with added water. Solution 

E3 is the same solvent mixture as E1 but without the lithium salt. Comparison of these three 

solutions indicates that TM dissolution from pristine cathodes (low SOC) is not affected by the 

presence or absence of LiPF6, since there are negligible differences between the observed TM 

concentrations in E1 and E3. However, HF generated through LiPF6 hydrolysis significantly 

increases the observed TM concentrations (E2), indicating that HF-attack is an important pathway 

at low voltages.33 Surprisingly, the effect of added water disappears in the charged-cathode system; 

the aged E1 and E2 solutions exhibit very similar TM concentrations, indicating that HF-attack is 

not relevant at high voltage. (Aging the E2 solution overnight prior to introducing the charged 

cathodes did not affect the result, indicating that the cathodes were not reacting with the water 

prior to LiPF6-hydrolysis.). However, removing the LiPF6 salt (E3) inhibits TM-dissolution from 

charged cathodes, indicating that lithium cations (and/or PF6
- anions) are required for dissolution 

at high voltage. 

These results can be better understood by noting that at higher voltages the organic EC/EMC 

solvent mixture is oxidatively unstable.4 The oxidative decomposition can occur both 

electrochemically and chemically; however, the latter has been shown to be predominant for 

NMC-type cathodes below 5 V.34 During electrochemical oxidation, the organic carbonates 

decompose to form small organic molecules, gases (CO, CO2) and free protons, while the released 

electrons reduce the cathode lattice and may travel through the external circuit.35 During chemical 

oxidation, reactive oxygen is released from the cathode lattice and reacts with the organic solvents 

to form CO, CO2, O2, and H2O, while the 2e- from each O atom either travel through the external 

circuit or reduce the TMs.34 Since there is no external circuit in this simplified system, in both 



cases the electrons only reduce the TMs. During electrochemical oxidation, additional cations must 

be incorporated into the cathode lattice to balance the electrons taken from the solvent.36 Unlike 

in pristine cathodes, there are plenty of available sites for Li+ or H+ intercalation in charged 

cathodes. Once the cathode lattice has been reduced, the impetus for the reduced TMs to solubilize 

depends on whether there are ligands/anions in the solution that can coordinate with the TM cations 

and whether there are additional cations available in the solution to intercalate into the cathode. 

For each TMn+ leaving the lattice, n additional Li+/H+ cations must insert into the lattice to maintain 

charge balance. PF6
- anions are readily available in E1 and E2 to solubilize the TMs, whereas no 

such anions are available in E3. Therefore, the extent of dissolution is dictated by the ability of the 

solution to solubilize the TM ions (via suitable anions and ligands), the extent of the reduction of 

TMs in the cathode via chemical and/or electrochemical oxidation, the availability of Li+/H+ 

cations in the solution, and the availability of empty intercalation sites in the cathode. This 

mechanism of dissolution also explains the small differences in TM dissolution between the 

charged E1 and E2 systems. The presence of 1000 ppm of water does not significantly change the 

oxidative stability of the electrolyte. Consequently, the number of partially reduced TMs does not 

change. Moreover, F- anions generated in the presence of water are not expected to solubilize TM 

compounds to a greater extent than the PF6
- anions.  

Effects of replacing LiPF6 with Li-acac: Greater TM dissolution was observed from charged 

cathodes when the LiPF6 salt was replaced with Li-acac (E1 vs. E4). Because Li-acac lacks 

fluorine, HF is not generated, and therefore HF-attack cannot be the mechanism of TM dissolution 

at high voltage in the E4 system. The increased TM dissolution observed with Li-acac supports 

the mechanism discussed above, where, first, oxidative decomposition of the solvents partially 

reduces the TMs,18 and then H+ or Li+ cations insert to maintain charge balance (only for 



electrochemical oxidation).36 Finally, partially reduced TMs are solubilized with concomitant 

additional cation insertion into the delithiated cathode lattice. Based on this mechanism, E4 leads 

to higher dissolution from charged cathodes than E1 for two reasons. First, Ni(II)(acac)2, 

Mn(II)(acac)3, and Co(III)(acac)3 are very soluble in organic media compared to their PF6 

analogues.37 This is relevant because the XANES results shown in Figure 2 confirm that the 

solubilized TMs have been reduced from their 4+ states. The Mn and Ni ions are observed to be 

in the 2+ oxidation state, while Co ions are in a higher oxidation state, likely 3+. Second, 

electrochemical cycling tests of NMC532/graphite full cells with Li-acac-containing electrolytes 

(details in SI) showed higher first-cycle charge capacities (and lower coulombic efficiencies) than 

standard electrolytes, indicating that the Li-acac salt increases the oxidative instability of the 

electrolyte. Whether the acac salt itself oxidizes or acts as an intermediate in electrolyte oxidation 

(as suggested by Jang et al.10) is unknown. Since the solubility of TM-acac complexes in organic 

carbonate solvents is relatively high, the limiting factor for TM dissolution must be the extent of 

oxidative decomposition of the electrolyte solution.  

Effects of adding an oxidatively unstable electrolyte additive (TTFP): Electrolyte additives are 

commonly used to increase the cycle life of lithium-ion batteries.38 The additives targeted at 

modifying cathode-electrolyte interactions are typically more oxidatively unstable than the 

electrolyte solvents, causing them to decompose during the initial cycles and passivate the cathode 

towards further electrolyte decomposition.39-41 TTFP is one such additive that has been shown to 

chemically oxidize at NMC532 surfaces under high voltage potentiostatic hold conditions (4.6 V 

vs. Li/Li+).42, 43 The P(III) lone pair of TTFP reacts with a cathode-surface oxygen to form the 

P(V)-containing tris(2,2,2-trifluoroethyl) phosphate (TTFPa) (Reaction 1). This reaction has the 

effect of converting a lattice O2- into a covalently bound O atom, freeing two electrons to reduce 



TMs in the cathode lattice and possibly travel through the external circuit. During the chemical 

aging (no external circuit), the two electrons from the O2- anions will stay in the cathode and reduce 

the TMs.42 

P(OCH2CF3)3 + O2– → O=P(OCH2CF3)3 + 2 e– (1) 

Solution E5 contains only TTFP and EC/EMC. The results from Table 2 show that TTFP promotes 

TM dissolution from the charged cathodes, as E5 exhibits greater TM dissolution than both the E3 

and E1 solutions. This is interesting because while TTFP in E5 leads to greater TM reduction of 

the cathode lattice, E5 lacks lithium ions for intercalation into the cathode in response to TM 

dissolution for charge balancing. A possible explanation of this result is that enough protons are 

generated from oxidative decomposition of EC/EMC to intercalate into the cathode and 

compensate for the dissolving TM cations. In that case, the higher TM dissolution observed in E5 

as compared to E1 could simply be a result of the higher solubility of TMs in the presence of TTFP 

(TTFP is known to be an excellent ligand for stabilizing solvated TM species44).  

Solution E6 contains both Li-acac and TTFP. The TM dissolution from charged cathodes exposed 

to E6 exceeds that of E4 and E5, both of which contain only one of these components, nearly 

reaching the sum of their observed TM concentrations. This result is consistent with the 

mechanism discussed above. In the case of E4, the limiting factor for TM dissolution was the 

number of oxidative decomposition reactions. In E6, TTFP provides additional oxidative 

equivalents, producing more partially reduced TMs that lead to increased TM dissolution, further 

enabled by excess acac anions that solvate the TMs. 

To verify whether the cation exchange occurs, the states-of-charge of all of the chemically aged 

charged cathodes were measured. The chemically aged cathodes were combined with lithium 

metal to make half-cells, and the observed OCVs and discharge capacities are shown in Table 3 



(averages of three cells). As can be seen in Table 3, all cathodes exhibited lower OCVs than the 

original charge voltage of ~4.7 V vs. Li/Li+. The lowest OCVs and discharge capacities were 

observed in the Li-acac-containing mixtures (E4 and E6): The measured OCVs were 3.73 V for 

both. This confirms that lithium intercalates into the cathode in exchange for the observed TM 

dissolution. However, for the other cases a correlation between degree of discharge and TM 

dissolution is not observed. In cases where no salt is present in the electrolyte (E3 and E5), protons 

generated through electrolyte oxidation can intercalate into the cathode instead. It is to be noted 

that, even for solution E6, that caused the highest dissolution of 14 µg from charged cathodes, the 

fraction of metals dissolved to that of the total metals in the five electrode (5 x 7.6 mg = 38 mg) is 

still insignificantly small i.e. 0.014/38 = 0.00037. The loss of capacity, however, is significantly 

higher that what the re-lithiation to compensate for the loss of TM would have caused. Hence, the 

loss of capacity might be dominated by the impedance rise of the electrodes that occurred during 

chemical aging than re-lithiation. More in-depth studies are therefore required to estimate the 

degree of Li+/H+ intercalation into the cathode. Self-discharge has been reported in multiple other 

studies as well.45, 46  

Table 3. Electrochemical properties of charged CAs after 21 days of chemical aging. 
Electrolyte OCV (V) Discharge Capacity 

(mAh) 
E1 4.43 ± 0.02 152 ± 25 
E2 4.54 ± 0.02 154 ± 0 
E3 4.33 ± 0.00 159 ± 4 
E4 3.73 ± 0.01 43 ± 10 
E5 4.42 ± 0.03 179 ± 6 
E6 3.73 ± 0.04 35 ± 16 

 

Effects of solution composition on the relative proportions of dissolved metals: NMC532 contains 

50% Ni, 30% Mn and 20% Co (by TM content). If there is no preferential dissolution of metals, 

the relative proportion of TMs in the solution should be 5:3:2. However, this result was not 



observed for any of the solutions. The results indicated that the composition of the solution used 

to age the cathodes also affects the relative ratios of the dissolved TMs. Among the six experiments 

in this study that produced solutions with total TM concentrations above 1 µg/mL, three contained 

≥80% Ni, indicating a selective Ni dissolution. These three experiments include solutions E1 

(LiPF6), E2 (LiPF6 + H2O), and E5 (TTFP) reacting with charged cathodes. In contrast, E4 (Li-

acac) contained ~50 % Co and < 10% Ni after aging with charged cathodes. The addition of 

water/HF (E2) to the pristine cathode leads to the highest measured TM dissolution, with Mn being 

the most dissolved metal (~ 50%). Theoretically, for bare surfaces the partial charges of the various 

TM metals should depend only on the cathode’s SOC (DFT calculations in SI and Figures S1 and 

S2). Therefore, the nature of the solution is not expected to affect which TMs are reduced at a 

given SOC. Hence, at a given SOC, differences between the relative proportions of dissolved 

metals likely result from different interactions between the three TMs and the available anions and 

ligands. Similar effects were observed by Gallus et al. when they observed Mn to have the highest 

dissolution in the presence of LiPF6, but Ni to have the highest dissolution in the presence of LiBF4 

or LiClO4.19 

Overall, in this work several LiPF6-free (and therefore HF-free) solutions were tested and shown 

to cause higher TM dissolution from cathodes at high voltage than a standard LiPF6-containing 

electrolyte solution. The molecules in this study (especially Li-acac) were chosen as proofs-of-

concept in order to elucidate the dissolution mechanism. However, many other lithium salts and 

ligands are likely to be important in solubilizing and mobilizing TMs in real lithium-ion batteries. 

These salts and ligands may be generated in situ during aging and may originate from either the 

cathode or the anode. Several recent works have demonstrated the detrimental effects of electrode 

crosstalk on cathodes, causing the cathode’s impedance to rise.47  



Conclusions 

In summary, TM dissolution from NMC532 cathodes in the charged state occurs via mechanisms 

beyond just HF-attack. These factors include the oxidative instability of the solution, the ability of 

the solution to solubilize TMs, and the concentration of cations available for ion-exchange with 

the cathode lattice. Partial reduction of TM cations due to oxidative decomposition of the solution, 

followed by cation exchange between the cathode and solution to form soluble TM complexes, is 

the likely mechanism for TM dissolution at high voltage. The results indicate that HF-attack is a 

dominant TM-dissolution mechanism only at low voltages. Furthermore, the nature of the solution 

affects the relative ratios of the dissolved TMs, depending on the solubility and stability of the 

soluble TM compounds. Future experiments will focus on identifying and characterizing the 

specific TM complexes that result from this cathode aging protocol and doing more in-depth 

studies to further verify the mechanism proposed in this work. 

Supporting Information  

The Supporting Information contains 1) measurement of oxidative instability of Li-acac salt at 

high voltage, 2) DFT calculations of the projected density of states of pristine and charged NMC 

532 cathodes. 
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Supporting Information 

Oxidative instability of Li-acac salt at high voltage 

To measure the oxidative instability of Li-acac salt, full cells (NMC532/Gr) were assembled using 

solutions 1) E14 (EC/EMC + 1.2M LiPF6) and 2) E4 + 0.5 wt.% Li-acac as the electrolytes. Initial 

charge capacities of the two types of cells were compared when cycled between 3.0 and 4.4 V. For 

cells made with E4, the average (of four cells) first charge capacity was 229.0±6.5 mAh/g, whereas 

for cells made with E4+0.5 wt.% Li-acac it was 241.3±5.9 mAh/s. Higher charge capacity for the 

latter indicates higher electrolyte oxidation. 

Density functional theory (DFT) method  

Figure S1 shows the DFT-calculated projected d-band density of states on the transition metals in 

a fully lithiated pristine NMC cathode. The lowest-lying unoccupied states belong to the Mn ions; 

these states are closer to the Fermi level, so they are more susceptible to accepting extra electrons 

resulting from electrolyte/additive oxidation. However, in the charged state, it is the unoccupied 

Ni d-states that are closer to the Fermi level (see Figure S2). Therefore, in the charged state Ni 

ions will be more susceptible to reduction.  



 
Figure S1. Projected density of states (PDOS) on the transition metals in fully lithiated 
(pristine) NMC. The dashed line indicates the Fermi level.  
 

 
Figure S2. Projected density of states (PDOS) on the transition metals in partially delithiated 
(charged) NMC. The dashed line indicates the Fermi level.  
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