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Abstract

Owing to their high specific capacity and suitably low operating potential, silicon-based 

anodes are an attractive alternative to graphite in next-generation lithium-ion batteries. However, 

silicon anodes suffer from low initial coulombic efficiency and fast capacity decay, limiting their 

widespread application. Pre-lithiation strategies are highly appealing to compensate for 

irreversible active lithium loss and to boost the cell energy density. In this work, we maximize 

the cell energy density by direct pre-lithiation of the NMC (LiNi0.5Mn0.3Co0.2O2) cathode to 

Li1+xNMCO2 without introducing inactive deadweight to either electrode. First, we demonstrate 

that Li1+xNMCO2 can be synthesized chemically, via reaction between NMC and lithium 

napthalide, and electrochemically. The NMC cathode is tolerant of a one-time over-lithiation up 

to 60 mAh g-1
NMC, giving capacity retention on par with untreated NMC in half cell 

electrochemical cycling. Using synchrotron X-ray absorption spectroscopy (ex situ) and 

diffraction (in situ), we demonstrate that higher amounts of over-lithiation lead to local structure 

distortion – driven by transition metal reduction to Jahn-Teller active Mn3+ and Co2+ – as well as 
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bulk structural hysteresis during over-lithiation and layer “buckling” that increases the amount of 

lithium extracted from the structure in the charged state. The Li1+xNMCO2 with low-to-moderate 

over-lithiation capacity (23, 46, and 70 mAh g-1
NMC) is proven to be a highly effective dual-

purpose lithium source and cathode material in full cell tests with a commercially relevant Si-

graphite anode. These cells show higher capacity, superior cycle life, and improved coulombic 

efficiencies when compared to those with stoichiometric NMC cathodes. This study introduces a 

new and simple method to pre-lithiate layered transition metal oxide cathodes, opening up new 

possibilities for the development of high energy density lithium-ion batteries with next-

generation anodes.

Introduction

Progress in battery energy storage is driven by focused investigations of electrode failure 

that guides research towards strategies to resolve or mitigate the problem. Electrodes for lithium-

ion batteries (LIBs) lose capacity and fail in a variety of ways. For example, layered transition 

metal oxides are the current forerunner cathode material for electric vehicles (EVs), owing to 

their high energy density and (de)intercalation stability. However, repeated charging to high 

voltages to access the full capacity is detrimental leading to energy fade.1–5 Impedance increase 

from electrolyte decomposition, surface oxygen loss, phase transitions at the particle surface, and 

cracking at grain boundaries are largely responsible for the loss in cathode performance.3,5–19 In 

addition, transition metal dissolution from the cathode is harmful to the graphite anode causing 

capacity loss due to lithium trapping.4,20,21 Selecting an optimized material composition and 

voltage window for charge-discharge has proven successful in commercializing layered 

transition metal oxides in EV batteries, with LiNi0.5 Mn0.3Co0.2O2 (NMC532) found in the current 

generation of some EVs.10 
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Potential next-generation anode materials for LIBs degrade in different ways compared to 

cathodes. One promising candidate is silicon, which is abundant, cheap, and environmentally 

benign. Silicon alloys with lithium to a theoretical electrochemical lithiation capacity of 3579 

mAh g-1.22 However, the large first cycle irreversible capacity and rapid capacity fade are major 

drawbacks for the performance of this anode material.23–26 Both problems are related to active 

lithium loss.27–29 In the first lithiation of silicon, components of the electrolyte are reduced on the 

anode surface forming a solid electrolyte interphase (SEI). As lithiation progresses, the silicon 

particles continuously expand exposing fresh, unreacted surfaces that undergo further SEI 

passivation reactions. Consequently, a sizable fraction of the lithium ions delivered to the anode 

during the first charge of the full cell are immobilized in the SEI and are electrochemically 

inactive. Active lithium depletion in later cycles, a result of repeated particle expansion and 

contraction, together with silicon particle and electrode degradation, continue to cause energy 

loss (capacity decline) in silicon-containing cells.23–26 

A common strategy to counteract the loss of lithium is to increase the amount of active 

lithium initially in the full cell. This has been demonstrated via an increasing number of methods 

(reviewed recently in ref.30). For example, anode pre-lithiation with stabilized Li powder,31–33 

anode electrochemical lithiation,34–37 sacrificial lithium containing salts or lithium-rich solid-

state compounds on the cathode or anode,38–47 and chemical lithiation of the cathode or anode.48–

52 Two important considerations here are the method practicality and the extra weight added to 

the system. From a practical standpoint, pre-lithiation of anode materials via lithium metal 

powder or electrochemical lithiation is challenging owing to their air instability and high 

chemical reactivity, which cause compatibility issues during electrode manufacture.45 For 

sacrificial lithium containing salts, residues are left in the electrode after lithium release, 
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lowering the gravimetric capacity and cell energy density.45 For example, a nanoscale mixture of 

Co/Li2O has been proposed as a pre-lithiation additive, delivering a capacity around 600 mAh g-

1.38 But after lithium release, inactive Co3O4 remains on the cathode as deadweight. Direct pre-

lithiation of the cathode active material circumvents both of the above pitfalls. In this work, we 

propose that moderately over-lithiated layered transition metal oxide, Li1+xMO2 with x<0.5, can 

act as both a lithium source and cathode material to increase the lithium inventory of the full cell 

– hence having dual-functionality.

Chemical and electrochemical over-lithiation of cathode materials has been studied since 

the early 1990s.53 While much of the early research focused on lithiation of the Li1+xMn2O4 4 V 

spinel,53–56 Johnson et al.57,58 first demonstrated over-lithiation of layered mixed transition metal 

oxides for Li2Ni0.5Mn0.5O2. (Li2MnO2
59 and Li2NiO2

60 had been synthesized in the 1980s and 

1990s, respectively.) Since then most reports of Li1+xMO2 (where M is a combination of two or 

more transition metals) focus on (i) prospective high capacity cathodes cycling greater than one 

lithium ion per formula unit,57,58 (ii) origins of first cycle irreversibility,61,62 or recently (iii) the 

effect of over-discharge.63,64 In contrast, in the present study we demonstrate that over-lithiated 

Li1+xMO2 cathodes can be used directly to increase the lithium inventory and energy density of a 

full cell with a Si-based anode. To investigate the effect of over-lithiation on NMC materials a 

NMC532 cathode is employed. This over-lithiated NMC cathode is successfully used to 

compensate for the lithium losses in Li1+xNi0.5Mn0.3Co0.2O2/Si-graphite full cells, resulting in a 

higher energy density and dramatically extending cycle life. 

Experimental

Electrodes used in this work were supplied by the Cell Analysis Modeling and 

Prototyping (CAMP) facility at Argonne. The NMC532 positive electrode has a composition of 
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90 wt.% NMC532 (Toda), 5 wt.% C-45 conductive carbon, and 5 wt.% polyvinylidene fluoride 

(PVDF) as the binder. The Si-graphite negative electrode was prepared with a composition of 15 

wt.% Si (Paraclete Energy Silicon), 73 wt.% graphite (Hitachi MagE3), 2 wt.% C-45 carbon, and 

10 wt.% lithium polyacrylate (LiPAA) binder. Punched electrodes, 14 mm diameter for the NMC 

cathode and 15 mm diameter for the Si-graphite anode, were dried in a vacuum oven overnight at 

75 °C and 150 °C, respectively. The loading of the cathode was 10.2(2) mg cm-2 (1.86(3) mAh 

cm-2) and the anode was 2.8(2) mg cm-2 (2.80(1) mAh cm-2). 

Electrochemical measurements were performed in 2032-type coin cells that were 

assembled in an argon-filled glovebox with oxygen levels less than 1 ppm. Cells were built with 

45 μL of electrolyte, which contains 1.2 M LiPF6 in ethylene carbonate (EC): ethyl methyl 

carbonate (EMC) 3:7 by weight with 10 wt.% fluorethylene carbonate (FEC). The Celgard 

separator was dried at 60 °C under vacuum prior to use. Half cell measurements used 15.6 mm 

diameter lithium metal chips (MTI) as the reference/counter electrode. All electrochemical tests 

were performed at 30 °C using a MACCOR Series 4000 Test System. Half cell testing was 

conducted at C/10 (assuming a theoretical capacity of 180 mAh g-1
NMC) and in a 3.0-4.5 V vs 

Li/Li+ potential range for NMC532, and in a 0.01-1.5 V vs Li/Li+ potential range for Si-graphite. 

Electrochemical lithiation of NMC532 was conducted in half cell configuration, where the 

cathode was discharged to a certain capacity (20, 40, 60, 80 and 100 mAh g-1
NMC) or potential 

(1.1 V vs Li/Li+) limitation. In the discharged state and in an argon filled glovebox the cell was 

decrimped. The lithiated cathode was extracted from the cell and immediately rebuilt in a 

Li1+xNMCO2/Si-graphite full cell. Li1+xNMCO2/Si-graphite full cell performance was evaluated 

in a 3.0-4.1 V potential window. The cycling protocol consisted of 100 cycles, made up of three 

C/20 formation cycles, 94 C/3 aging cycles, and three C/20 diagnostic cycles. The first and last 
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C/3 cycles applied a hybrid pulse power characterization (HPPC)65 test on discharge to measure 

the DC impedance. At pre-determined cell voltages a 3 C, 10 s discharge pulse followed 40 s 

later by a 2.5 C, 10 s charge pulse was applied; at each voltage the cell was allowed to 

equilibrate for 1 h prior to the first 10 s pulse. 

Ex-situ Ni, Co and Mn K-edge X-ray absorption spectroscopy (XAS) was performed to 

detect the change of the transmission metal valence states for pristine and over-lithiated cathodes 

at beamline 10BM (MRCAT) at the Advanced Photon Source (APS) at Argonne National 

Laboratory (Argonne). The measurements were carried out in transmission mode with a 

downstream Ni, Co, or Mn metal foil as a reference, which provides internal calibration for the 

X-ray energy. Coin cells with NMC532 as the cathode and Li metal as the anode were over-

lithiated to 1.1 V vs Li/Li+ using constant current mode. The cells were decrimped in an argon 

filled glove box and the cathode extracted. The electrodes were washed in 1 mL of dimethyl 

carbonate (DMC) to remove excess electrolyte, dried under vacuum at 70 °C, and sealed between 

two pieces of Kapton tape for measurement at the beam line. The X-ray absorption near edge 

structure (XANES) spectra were normalized and analyzed using the ATHENA software 

package.66

Cells for in situ synchrotron X-ray diffraction (XRD) measurements were constructed 

using modified 2032 coin cells with 2 or 3 mm diameter holes in the cell casing. NMC532 was 

used as the cathode and a lithium metal chip as the counter/reference electrode. To maintain 

stack pressure and conductivity, a 0.7 mm thick glassy carbon disk with a thinner 0.2 mm 

window in the center was employed on the cathode side. The cell was hermetically sealed by an 

O-ring (see schematic in Figure S1). On the counter electrode side a 0.5 mm thick glassy carbon 

disk maintained even stack pressure and the cell was sealed with an aluminized Kapton window. 
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The electrochemical protocol for the in situ cells was as follows: discharge at C/8 to a capacity 

(20, 40, 60, 80 and 100 mAh g-1
NMC) or voltage (1.1 V vs Li/Li+) limitation, charge to 4.5 V vs 

Li/Li+, and discharge to 3.0 V vs Li/Li+. Due to time constraints at the beam line the final 

discharge step did not complete for the larger over-lithiation capacity cells. The high energy 

synchrotron XRD measurements were carried out at beamline 11-ID-C at the APS (λ = 0.1173 

Å). Scans were collected in a Debye-Scherrer geometry using an amorphous-Si PerkinElmer 

1621 area detector with a 20 s exposure time and 8 min between scans. The data were integrated 

(0.25-9.25 °2θ, 0.002 °2θ step) using GSAS-II67 using a CeO2 standard (SRM674b) as calibrant. 

Background subtraction was performed based on the average of multiple scans collected for a 

cell with the glassy carbon windows, but without electrodes or electrolyte. The 2θ regions that 

include reflections from Li metal were excluded. Rietveld refinements were carried out using 

GSAS-II with a structural model based on the R-3m space group. During sequential refinements 

the refined parameters were the lattice parameters (a and c), scale factor, z position for O2- and 

an isotropic strain term. Other parameters, such as the atomic displacement parameters and 

isotropic size were refined initially and then fixed. 

NMC532 (Toda) was lithiated chemically using the procedure outlined in ref.58. In brief, 

NMC532 powder was stirred at room temperature for 4 days in a 50 % mole excess 0.1 M 

lithium naphthalide solution that had been freshly prepared from naphthalene (Alfa Aesar, 99.6 

%) and metallic lithium (MTI) in tetrahydrofuran (THF; Aldrich ≥99.9 %) solvent. The product 

was filtered and washed in diethyl ether (Aldrich, ≥99.9 %) and stored in an argon glovebox (O2 

<1 ppm). The Li, Ni, Mn, and Co molar ratio was analyzed by using an inductively coupled 

plasma−mass spectrometer (ICP-MS, DRCII; PerkinElmer, Shelton, CT). The Li1+xNMCO2 

powder was dissolved in concentrated HNO3/HCl and diluted to the low ppb level for 
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measurement. The structure of Li1+xNMCO2 was confirmed by high energy synchrotron XRD at 

beamline 11-ID-C at the APS (λ = 0.1173 Å).

X-ray diffraction was used to assess the ambient environment stability of over-lithiated 

cathodes using a Rigaku Miniflex diffractometer with Cu Kα radiation (λ = 1.5406 Å). Samples 

were placed on a silicon zero diffraction plate with an amorphous carbon-based grease and 

measured between 10-80° 2 with a 0.02° step size and 0.4 s per step.

Results and discussion

Over-lithiation of NMC

Galvanostatic cycling experiments with a lithium metal counter/reference electrode were 

performed to demonstrate the over-lithiation capacity of Li1+xNi0.5Mn0.3Co0.2O2 (Li1+xNMCO2), 

where x is the mole fraction of additional lithium. Typical charge-discharge potential profiles for 

LiNMCO2 are shown in Figure 1a, where lithium is initially extracted from the layered structure. 

Figure 1a also shows, however, than upon an initial discharge LiNMCO2 will accept an 

additional 127 mAh g-1
NMC of capacity above 1.1 V vs Li/Li+, yielding an over-lithiation 

composition of Li1.46NMCO2. Two stages are noted in the potential profile: Stage I, a short 20 

mAh g-1
NMC sloping potential region from 1.6-1.5 V vs Li/Li+; and Stage II, a longer plateau at 

1.5 V vs Li/Li+ before the potential polarizes to 1.1 V vs Li/Li+. A similar Li1+xNMCO2 

composition is also realized if the lithiation to 1.1 V vs Li/Li+ is preceded by delithiation of the 

cathode (Figure S2). Accessing the short, sloped region between 1.6-1.5 V vs Li/Li+ has been 

shown to “recover” the irreversible capacity on the first charge-discharge cycle,61,62 lost due to 

sluggish lithium diffusion kinetics.68–70 Kang et al.61,62 show that NMC111 cycled with 100 % 

coulombic efficiency has an end-of-discharge potential of ~1.5 V vs Li/Li+ that gradually 

increases to ~3 V vs Li/Li+ during a 20 h OCP relaxation period. This differs from the present 
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work where over-lithiation was performed by discharging first, thereby adding extra lithium 

(x>0) to the system. Consequently, after over-lithiation accessing only the 1.6-1.5 V vs Li/Li+ 

sloped region, 20 mAh g-1
NMC, the potential of the cell is 1.5 V vs Li/Li+ and during a 12 h rest 

the OCP quickly stabilizes to only a slightly higher potential of 1.55 V vs Li/Li+ (Figure 1b). 

Electrochemical lithiation of NMC demonstrates that Li1+xNMCO2 may be a viable pre-

lithiation source and cathode. However, for practicality and to meet today’s battery industry 

manufacturing requirements, electrode materials should be synthesized chemically, rather than 

electrochemically. LiNMCO2 can be reduced to Li1+xNMCO2 in the presence of a 0.1 M lithium 

naphthalide solution in tetrahydrofuran (THF), with x tunable by the amount of lithium available 

in solution. To demonstrate this synthetic method, we attempted to prepare the fully lithiated 

form – composition Li2NMCO2 – using a 50 % excess of lithium in the reaction. The 

synchrotron X-ray diffraction (XRD) pattern of the lithiated product (after washing) is shown in 

Figure 2. Reflections from two phases can be observed in the diffraction pattern, which can be 

indexed to unreacted Li1NMCO2 with space group R-3m and lithiated Li2NMCO2 with space 

group P-3m1. From Rietveld refinement the phase fractions are 17.4(1) % and 82.6(4) %, 

respectively, yielding a composition of Li1.83(1)NMCO2. A comparison of the R-3m Li1NMCO2 

and P-3m1 Li2NMCO2 structures is provided in Figure S3. From this schematic it is evident that 

the layered framework is maintained during over-lithiation, suggesting a certain robustness of the 

layered structural motif. The XRD analysis reveals that despite the excess of lithium in the 

reaction, the transition to Li2NMCO2 is incomplete for NMC532. This may be related to the fact 

that there are reported Li2MO2 layered oxides where M = Mn59 and Ni,60 although the 

corresponding layered Li2CoO2 has not been formed chemically or electrochemically. From 

inductively coupled plasma – mass spectrometry (ICP-MS) the composition of the washed power 
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was determined to be Li2.13(1)NMCO2, which suggests more rigorous washing procedures are 

required to remove lithium salt impurities. The air stability of Li1+xNMCO2 is an important 

consideration for practical application; however, a detailed investigation of this is beyond the 

scope of this work. Our initial experiments suggest that the reactivity of pre-lithiated NMC 

materials in ambient environment is slow (Figure S4), and thus effective surface protection 

countermeasures may facilitate the practical application of these materials. 

Electrochemical performance of Li1+xNMCO2

For Li1+xNMCO2 to be an ideal pre-lithiation source and cathode, the over-lithiation step 

should not adversely affect the electrochemical performance of the material. To identify the 

impact of over-lithiation on subsequent cycling, Li/NMC cells were first electrochemically 

lithiated to various capacity limits (20, 40, 60, 80, 100 mAh g-1
NMC and 1.1 V vs Li/Li+ (123 

mAh g-1
NMC)) and then cycled between 3.0-4.5 V vs Li/Li+. Figure 3a shows that the additional 

lithium inserted at 1.5 V vs Li/Li+ is extracted between 1.6 and 2.0 V vs Li/Li+, after which the 

cell potential increases rapidly to 3.5 V vs Li/Li+. However, not all the lithium inserted at 1.5 V 

vs Li/Li+ is recovered at potentials below 3 V vs Li/Li+. Rather, irrespective of the over-lithiation 

capacity, only 61 % of the additional lithium is extracted below 3 V vs Li/Li+ implying 

significant potential hysteresis in the insertion-removal process. The discharge capacity for 50 

cycles at C/10 between 3.0-4.5 V vs Li/Li+ is shown in Figure 3b. Compared to the baseline 

without over-lithiation, lower extents of lithiation (20 and 40 mAh g-1
NMC) show a small decrease 

in the delivered capacity, with similar rates of capacity fade. Conversely, ≥60 mAh g-1
NMC of 

over-lithiation has led to greater rates of capacity fade, particularly over the first 20 cycles.

To understand the poor capacity retention after over-lithiation, the cathode state of charge 

(SOC) in the first cycle, or z in LizNMCO2 (where z is used henceforth to be the total lithium 
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content), and the coulombic efficiency in the first two cycles are considered in Figure 3c and d, 

respectively. These are plotted as a function of the over-lithiation capacity. Firstly, over-

lithiation to 20 and 40 mAh g-1
NMC have resulted in similar, or slightly lower, degrees of lithium 

extraction at the end of the first charge to 4.5 V vs Li/Li+. Higher over-lithiation led to a higher 

SOC at 4.5 V vs Li/Li+, leaving proportionally less lithium in the layers. It is well established 

that cycling NMC to higher SOC, typically by cycling to higher voltages, is detrimental to the 

capacity retention. This is generally attributed to a combination of electrolyte oxidation, 

structural changes at the surface of the particle, and transition metal dissolution, causing an 

impedance rise on the cathode and capacity decline.3–6,12–21 While the poor capacity retention 

noted here is consistent with prior reports, it does not explain why initial over-lithiation has led 

to greater degrees of lithium removal when using the same potential termination. In addition, 

consideration of the coulombic efficiency for the first and second cycles (Figure 3d, corrected in 

the first cycle by subtracting the over-lithiation capacity from the charge capacity) shows poorer 

reversibility for higher over-lithiation capacities. A similar trend is evident in the second cycle 

efficiencies, highlighting an issue with the ongoing reversibility. In the following section, ex situ 

X-ray absorption spectroscopy (XAS) is used to understand the transition metal oxidation state 

and local structure change after over-lithiation. Further, in situ synchrotron XRD is employed to 

gain insight into the bulk structural changes during over-lithiation and in the first charge-

discharge cycle. Particularly, does the structural evolution indicate how over-lithiation has 

resulted in greater lithium removal at 4.5 V vs Li/Li+ and a lower reversible capacity? 

Synchrotron X-ray absorption spectroscopy and in situ X-ray diffraction

X-ray absorption near edge structure (XANES) spectra for the pristine NMC (0 mAh g-

1
NMC over-lithiation) and after over-lithiation to 1.1 V vs Li/Li+ (123 mAh g-1

NMC) at the Mn, Co 
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and Ni K-edge are shown in Figure 4a-c. The negative energy shift in the XANES is consistent 

with the reduction of each transition metal during discharge. Comparison of the main edge 

position with metal oxide standards indicates that the Mn oxidation state lies between 3+ and 4+ 

while the Co and Ni oxidation states are between 2+ and 3+ for the over-lithiated NMC, which is 

feasible for the Li1.46NMCO2 composition calculated from the electrochemistry. A strong 

increase in local disorder can also be seen in the Fourier transform of the extended X-ray 

absorption fine structure (EXAFS) of each metal species (Figure 4d-f). The Mn and Co show 

changes in metal-oxygen coordination as both ions become Jahn-Teller active at these 

conditions. In all cases, including the nickel sites, the second shell (metal-metal) coordination is 

affected by these distortions.

Synchrotron XRD scans collected during over-lithiation, delithiation (charge to 4.5 V vs 

Li/Li+) and relithiation (discharge to 3.0 V vs Li/Li+) at a C/8 rate are shown in Figure 5. Data 

was collected for all over-lithiation conditions, 20, 40, 60, 80, 100 mAh g-1
NMC and to 1.1 V vs 

Li/Li+, although for clarity only scans from the 20 mAh g-1
NMC and 1.1 V vs Li/Li+ cells are 

shown in Figure 5a and b, respectively. During Stage I (Figure 5a and b) the (003), (101), and 

(113) Bragg reflections (indexed based on the rhombohedral crystal system with R-3m space 

group) initially show a subtle shift in position to smaller angles. This is indicative of a solid 

solution lithium intercalation reaction, and expansion of the unit cell in the a and c directions. As 

over-lithiation proceeds into stage II (Figure 5b only), a two-phase reaction is evident. The 

intensity of reflections from the R-3m phase decrease and a new reflection at 1.31 °2θ (5.14 Å d-

spacing, assigned to the (001) reflection of the Li2NMCO2 phase with P-3m1 space group, and 

previously observed in other over-lithiated layered materials57–60,63,71) appears and grows in 

intensity. At 1.1 V vs Li/Li+ this reflection remains weak, broad, and co-exists with R-3m phase 
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reflections, indicative of a disordered P-3m1 structure in some electrode regions. Entering the 

two-phase region on over-lithiation leads to structural hysteresis on delithiation, with stage I-like 

structural behavior preceding stage II-like behavior. This is particularly evident in the lattice 

parameter evolution shown in Figure 6, which shows that while the structural changes on over-

lithiation are reversible, they follow unique pathways on over-lithiation and delithiation. There is 

clearly a significant over-potential associated with lithium extraction from the Li2NMCO2 P-3m1 

phase. This is consistent with the hysteresis noted earlier in the potential profile, with 39 % of 

the over-lithiation capacity extracted at potentials higher than 3.0 V vs Li/Li+. Conversely, over-

lithiation to 20 mAh g-1
NMC, only accessing stage I, shows structural reversibility without 

hysteresis.

Over-lithiation has affected the structural evolution on further delithiation to 4.5 V vs 

Li/Li+ and relithiation to 3.0 V vs Li/Li+ in three ways. Firstly, upon return to z=1 after over-

lithiation the c lattice parameter is, on average, larger than the pristine material (Figure 6c and 

magnified in Figure S5 – in Figure S5 data for the 20 mAh g-1
NMC and 100 mAh g-1

NMC cells are 

compared). This suggests a structural memory effect from over-lithiation, likely related to a 

buckling of the close-packed oxygen array. Transitioning from R-3m (O3) to P-3m1 (O1) 

requires the gliding of oxygen planes from cubic-close-packed (ccp) to hexagonal-close-packed 

(hcp). Irreversibility of this type of structural transformation has been reported for over-lithiation 

of Li(Mn0.46Ni0.46Ti0.05Li0.02)O2,57 as well as for the O3 to O1 phase transition for LiCoO2
72 and 

NMC11173 that takes place in the highly charged state. Partial irreversibility of this phase change 

leaves stacking faults in the crystal lattice that may yield sites less stable to lithium occupation,72 

and/or disrupt lithium ion diffusion pathways. Second, high degrees of over-lithiation change the 

c lattice behavior at high SOC. Typically, for 0.45<z<1 the c lattice parameter increases due to 
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increased electrostatic repulsion between basal and upper oxygen planes of adjacent transition 

metal-oxygen layers. Beyond z=0.45 the c lattice parameter decreases, attributed to charge 

transfer between O 2p and partially filled Ni eg orbitals resulting in a decrease of oxygen-oxygen 

repulsion.74 After high over-lithiation capacity, however, the c lattice parameter decrease is 

slowed, leaving a larger c lattice parameter, and hence inter-layer spacing, for a given SOC 

(Figure 6c and magnified in Figure S5f). A strong correlation between the c lattice parameter and 

the lithium ion diffusion kinetics has been reported in the literature.75,76 Therefore, the larger 

inter-layer distance may facilitate faster lithium ion diffusion kinetics at high SOC, and hence a 

greater degree of lithium removal below 4.5 V vs Li/Li+, as was noted in half-cells tests in Figure 

3c. Thirdly, the greater degree of lithium removal (higher SOC) yields a smaller c lattice 

parameter in the fully charged state (Figure 6c and magnified in Figure S5f). The overall volume 

change in the charge-discharge cycle is therefore greater after high capacity over-lithiation. 

Previous studies have shown that cycling layered oxide cathodes to high SOC (larger volume 

changes) alters the particle microstructure, inducing microcracking.7–9 It also leads to substantial 

structural changes at the particle surface, involving oxygen loss, transition metal reduction, site-

mixing, and spinel/rock-salt phase formation, culminating in impedance rise.3–6,12–21 Finally, the 

poorer structural reversibility after high capacity over-lithiation (see the (de)lithiation pathway 

differences in the a and c lattice parameters in Figure 6b and c and magnified in Figure S5g and 

h) reinforces that over-lithiation has permanently altered the crystal structure, possibly through 

structural inhomogeneity and inactive domains. Conversely, lower over-lithiation capacities lead 

to less severe reversibility issues, particularly when only the stage I solid-solution capacity (≤20 

mAh g-1
NMC) is accessed. We believe that developing new strategies to stabilize the NMC 

structure to over-lithiation will be a promising approach to improve these materials. Overall, our 
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investigation thus far has demonstrated that Li1+xNMCO2 is a viable lithium source for lithium 

inventory. At the same time this over-lithiated form itself acts as a fully functioning active 

cathode material, but only if the over-lithiation capacity is not too large.

Li1+xNMCO2/Si-graphite full cell evaluation

In this work, a Si-graphite composite electrode with 15 wt.% silicon and 73 wt.% 

graphite is used as the anode and paired with over-lithiated NMC cathodes in full cells; further 

details can be found in the experimental section. The addition of 15 wt.% silicon to the anode 

more than doubles the specific capacity over that of graphite alone, while the inclusion of 

graphite is intended to buffer the large volume changes of the silicon and provide better electrode 

electronic conductivity and stability than silicon alone. Representative half cell cycling data for 

this electrode is shown in Figure S6, revealing a first cycle lithiation capacity of 1024 mAh g-1
Si-

graphite, reversible capacity of 929 mAh g-1
 Si-graphite and coulombic efficiency of 90.7 % when 

cycled at C/10 between 0.01-1.5 V vs Li/Li+ (averages of two cells are quoted). 

In a full cell, the lithium irreversibly consumed by the anode (SEI formation) on the first 

cycle reduces the amount of cyclable lithium. The amount of additional capacity required to refill 

the cathode (accounting for the irreversible capacity of NMC) was calculated based on the first 

charge-discharge cycle of a NMC/Si-graphite full cell; a representative potential profile is shown 

in Figure S7). The details of this calculation are given in supplementary note S1, and shows that 

the first cycle irreversible capacity due to lithium loss is 23.1 mAh g-1
NMC for this Si-graphite 

electrode. Over-lithiation of NMC to 23 mAh g-1
NMC is only marginally greater than the 20 mAh 

g-1
NMC limit used in the half cell and in situ XRD experiments described above, which showed 

good capacity retention and structural reversibility. Two other over-lithiation amounts were 

examined as part of this study. The highest amount was designed to completely lithiate the 
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anode, leaving a safe margin to prevent lithium plating, and was calculated to be 70 mAh g-1
NMC 

(details in supplementary note S2). This condition has the advantage of adding maximum lithium 

inventory to the cell. However, this is somewhat offset by the poorer cathode capacity retention 

due to higher NMC over-lithiation (Figure 3). Given the severity of the rate of lithium loss for 

silicon anodes, we anticipate that the silicon electrode will consume lithium at a faster rate than 

the over-lithiated NMC will lose available lithium sites. Therefore, capacity fade will be a 

function of the rate of lithium loss and the degradation of the active particles within the Si-

graphite electrode. A third over-lithiation condition, between 23 and 70 mAh g-1
NMC, of 46 mAh 

g-1
NMC was also examined. Details of the NMC cathode and Si-graphite anode mass loading, 

capacity, and the areal capacity ratio of negative to positive electrodes (n/p ratio) in the full cell 

for the various over-lithiation conditions are given in Table 1.

The process of preparing the over-lithiated NMC electrodes is given in detail in the 

experimental section. In brief, NMC electrodes were lithiated to the pre-determined over-

lithiation capacity by constructing half cells and discharging to a capacity limitation. The cells 

were then deconstructed, the cathode extracted, and paired versus a Si-graphite anode in a full 

cell. The discharge capacity and coulombic efficiency from full cell cycling are shown in Figure 

7 for the baseline (no over-lithiation) and three over-lithiation conditions. Cycling was conducted 

between 3.0-4.1 V at C/20 for three formation cycles, followed by an initial hybrid pulse power 

characterization (HPPC) cycle, 92 aging cycles at C/3, a final HPPC cycle and lastly three C/20 

diagnostic cycles. More details on the cycling protocol can be found in the experimental section. 

Representative voltage profiles for the first cycle are shown in Figure S7b. Without pre-lithiation 

of the cathode, the first discharge capacity at C/20 is 136.1 mAh g-1
NMC. The capacity fades 

rapidly over 100 cycles, with 59 % capacity retention at C/20 after 100 cycles. The coulombic 
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efficiency is 97.9 % in the third cycle at C/20, slowly increases from 99.1 % to 99.4 % during the 

C/3 cycles, and is 98.3 % on cycle 100 at C/20. The slow improvement may in part be due to 

formation of a more robust SEI, but is also related to the decreasing capacity. Silicon particle 

expansion is a function of the lithiation capacity,23,25,26,77–79 and therefore a lower capacity leads 

to less particle expansion and contraction, fewer lithium consuming passivation reactions and a 

higher coulombic efficiency.80 

Over-lithiation of the cathode has clearly led to an improvement in the capacity and in 

some cases the capacity retention (Figure 7a). By compensating only for the first cycle 

irreversible capacity from lithium loss (23 mAh g-1
NMC) the initial discharge capacity (145.2 

mAh g-1
NMC) is 9.1 mAh g-1

NMC higher than without over-lithiation. The coulombic efficiency is 

slightly higher than the baseline across the first 40 cycles, although in the final 60 cycles it is 

equivalent to the cells without over-lithiation. After 100 cycles, the capacity increase over the 

baseline remains as it was initially at 9.1 mAh g-1
NMC (89.0 mAh g-1

NMC), with only a slight 

improvement to the capacity retention. The improvement for 46 and 70 mAh g-1
NMC over-

lithiation capacity is more pronounced due to the higher lithium inventory provided to the cell. In 

both of these cases, all the lithium on the cathode is delivered to the anode during the first 

charge. On discharge, the cathode fills before the anode relinquishes all the electrochemically 

available lithium, thereby leaving a reserve of lithium on the anode. This lithium can be released 

in subsequent cycles to compensate for the irreversible capacity occurring on each cycle. Since 

the capacity losses are lower after the first cycle, it takes many cycles for the lithium reserve to 

be exhausted. The rate of capacity fade and the coulombic efficiency are good indicators for 

when the lithium reserve is exhausted.80 After over-lithiation to 46 mAh g-1
NMC the capacity 

begins to fade faster and the coulombic efficiency begins to decrease from about cycle 40, 
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indicating the lithium reserve is nearly expended. This does not occur after over-lithiation to 70 

mAh g-1
NMC until approximately cycle 130. Consequently, the capacity retention after 100 cycles 

is 74 % and 89 % after over-lithiation to 46 and 70 mAh g-1
NMC, respectively, a vast 

improvement upon the baseline case (59 %). After 200 cycles the capacity retention after over-

lithiation to 70 mAh g-1
NMC is 71 %, still much higher than the baseline case after 100 cycles. 

Earlier we postulated that the capacity fade of the full cell would be determined by the 

lithium loses at the Si-graphite anode. To test this hypothesis the cathodes cycled in full cells 

(Figure 7) were extracted and rebuilt with a lithium metal counter/reference electrode. Cathodes 

without over-lithiation and with 20 mAh g-1
NMC over-lithiation were extracted after 100 cycles, 

and those with 46 and 70 mAh g-1
NMC were extracted after 200 cycles. The first discharge 

capacity in the rebuilt cell reveals the true capacity of the cycled cathode. By comparing this to 

the capacity of a cathode that has not been aged in a full cell, the cathode capacity retention can 

be determined. Without over-lithiation, LiNMCO2 aged by 100 cycles in the full cell has 97.5 % 

capacity retention. Over-lithiation to 20 mAh g-1
NMC shows 94 % retention. After 200 cycles in 

the full cell, over-lithiation to 46 and 70 mAh g-1
NMC gives 92 % and 90 % retention, 

respectively. This data is summarized in Table S1. In each case, the full cell capacity loss (Figure 

7) is greater than the cathode capacity loss (Table S1), verifying that the capacity fade in the 

Li1+xNMCO2/Si-graphite full cells is limited by the rate of active lithium loss at the Si-graphite 

anode rather than the capacity fade of the over-lithiated cathode.

While NMC over-lithiation is a viable way to introduce lithium inventory, one primary 

concern with using Li1+xNMCO2 as a lithium source and a cathode is that the structural and 

morphological changes induced as a result of over-lithiation may adversely affect the cell 

impedance. To examine this, the area specific impedance (ASI) on cycles 4 and 97 is plotted in 
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Figure S8 as a function of the open circuit voltage for baseline NMC (no over-lithiation) and 

after over-lithiation to varying degrees. The initial impedance after over-lithiation is 3.2 Ω cm2 

higher at ~3.6 V and up to 10 Ω cm2 higher at lower and higher SOCs. However, the impedance 

rise (i.e. the difference between cycle 97 and cycle 4) is roughly equivalent for all conditions – 

data for the impedance rise at ~3.6 V is summarized in Table S2. In summary, while the over-

lithiation process affects the initial impedance of the full cell, the impedance rise is minimally 

affected. Meanwhile, there is a significant gain in energy density and cyclability by increasing 

the lithium inventory in the cell by NMC over-lithiation. 

Finally, we note that when a lithium reserve is present the coulombic efficiency increases 

quickly to 99.8 %, and remains above 99.6 % in the C/3 cycles. On cycle 100, the efficiency at 

C/20 is 99.5 % for the 70 mAh g-1
NMC over-lithiation cells. It is important to further note that 

after the lithium reserve is exhausted the coulombic efficiency decreases to a value consistent 

with the baseline, no over-lithiation, condition. This implies that the inefficiencies of the Si-

graphite electrode return to baseline levels irrespective of whether the lithium reserve is 

consumed after 1, 40 or 130 cycles. We surmise that there may be some critical content of 

lithium inventory necessary that must be added to the cell to fully “break-in” a Si-containing 

electrode, after which it will cycle with satisfactorily low irreversibility. The important questions 

are what this critical amount of lithium inventory is, and can the extra lithium be included in the 

cell in a practical way. For example, we know that the maximum amount of lithium in the cell 

can only be increased by either increasing the areal capacity (laminate thickness) of the anode, or 

decreasing the areal capacity of the cathode; in both cases increasing the n/p ratio. Either allows 

more over-lithiation capacity on the cathode without risking lithium plating on the anode in the 
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first charge. The drawback is that the energy density of the cell is lowered, possibly losing any 

gain from using silicon in place of graphite.

Conclusions

In this study, we show over-lithiated Li1+xNMCO2 to be an effective lithium source and 

cathode material when paired with a Si-containing anode in a LIB full cell. The “extra” lithium 

(x) compensates for the irreversible capacity loss due to SEI formation at the silicon-graphite 

electrode and allows the “original” lithium on the NMC cathode to be cycled reversibly to give 

higher capacity and better capacity retention. Unlike many other approaches of pre-lithiation, 

direct over-lithiation of the cathode does not add deadweight to the cell in the form of inactive 

phases and thus does not adversely impact the energy density. We show that Li1+xNMCO2 can be 

formed both chemically, via a reaction between NMC and lithium naphthalide, and 

electrochemically. To compensate for the irreversible capacity of a Si-containing electrode only 

low levels of lithiation are required, and half cell electrochemical tests demonstrate that such 

levels of lithiation (up to 60 mAh g-1
NMC) give capacity retention on par with the baseline NMC 

while minimally affecting the capacity. To investigate the limits of this system, higher amounts 

of lithiation were also explored in half cells but these lead to more rapid capacity loss. Ex situ 

XAS after over-lithiation to 1.1 V vs Li/Li+ (123 mAh g-1
NMC) reveals that Ni, Co, and Mn are 

each partially reduced relative to their starting oxidation states, with the formation of Jahn-Teller 

active Mn3+ and Co2+ giving rise to a strong increase in local disorder. Bulk structure 

characterization by in situ synchrotron XRD reveals that the poorer electrochemical performance 

of highly over-lithiated NMCs is also linked to hysteresis in the structural evolution during over-

lithiation and delithiation, but also due to a “buckling” of the layered structure leading to a 

greater degree of lithium removal in the charged state. However, we illustrate that both these 
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difficulties can be avoided by low-to-moderate over-lithiation. Using Li1+xNMCO2 cathodes in 

full cells with Si-graphite anodes greatly improves the capacity, capacity retention, and extends 

cell life without affecting the cell impedance rise. The highest over-lithiation capacity tested in 

the full cell delivers 67 % more capacity after 100 cycles and greatly increases the useable 

silicon capacity. The average coulombic efficiency is increased by 0.52 % by virtue of the 

lithium reserve on the Si-graphite anode (sent there from the cathode on the first charge of the 

cell) that adds lithium ions to the cycleable inventory to compensate for the ongoing irreversible 

lithium trapping reactions. Overall, the over-lithiation method demonstrated in this work 

introduces a new approach to increase the lithium inventory and maximize the energy density of 

LIBs with NMC cathodes and next-generation anodes. This method is demonstrated for NMC 

with 50 % nickel content, but is expected to be applicable to the wider family of layered 

transition metal oxides and is therefore relevant for next-generation LIB chemistries with high-

energy nickel-rich NMC cathodes, which are on the roadmap for most automotive companies 

producing EVs.  When coupled with new advances that stabilize the silicon surface, this novel 

pre-lithiation strategy has the potential to enable the widespread application of next-generation 

LIBs. 
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Figure 1. (a) Illustration of the over-lithiation capability of a layered LiNi0.5Mn0.3Co0.2O2 
cathode. Potential profiles of LiNi0.5Mn0.3Co0.2O2 for galvanostatic lithiation (red) compared to 
the standard delithiation-lithiation (black) versus lithium metal at a rate of C/10. In (b) the 
potential relaxation after a 20 mAh g-1

NCM over-lithiation is shown.

Figure 2. Rietveld refined fit of synchrotron X-ray diffraction data of chemically lithiated 
Li1+xNi0.5Mn0.3Co0.2O2 (wavelength 0.1173 Å). Data is shown as black crosses and the fit as a red 
line. Reflection markers for the Li2NMCO2 (P-3m1 space group) and Li1NMCO2 (R-3m space 
group) phases are shown in red and blue, respectively. Li1NMCO2: a = 2.8894(7) Å, c = 
14.323(2) Å, phase fraction = 17.4(1) %. Li2NMCO2: a = 3.1239(4) Å, c = 5.1325(4) Å, phase 
fraction = 82.6(4) %. wR = 5.87 % and goodness of fit = 3.15.
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Figure 3. (a) Potential profiles for LiNi0.5Mn0.3Co0.2O2 during over-lithiation to various extents 
(inset) and the following cycle between 3.0 and 4.5 V vs Li/Li+. (b) Discharge capacity over 50 
cycles for LiNi0.5Mn0.3Co0.2O2 without over-lithiation (black data) and with over-lithiation to 
various amounts (colored data). (c) Lithium content (z in LizMn0.3Ni0.5Co0.2O2) in the first 
charged state, and (d) cycle efficiency as a function of over-lithiation capacity. In (d) the cycle 
number is indicated. The closed and open black data points show the measured and corrected 
first cycle efficiency, respectively. The corrected efficiency is calculated using efficiencycorrected = 
Qd / (Qc – Qo), where Q is the capacity, and d, c, and o represent discharge, charge and over-
lithiation, respectively.
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Figure 4. (a) Mn, (b) Co, and (c) Ni K-edge X-ray absorption near edge structure of pristine 
(black) and over-lithiated Li1+xMn0.3Ni0.5Co0.2O2 (red) together with relevant standards as 
labelled. Extended X-ray absorption fine structure of (d) Mn, (e) Co, and (f) Ni.
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Figure 5. Evolution of selected peaks from in situ X-ray diffraction data together with the 
potential profiles for the over-lithiation and subsequent charge-discharge cycle of 
LiNi0.5Co0.2Mn0.3O2. Over-lithiation step to a 20 mAh g-1 limit (a), and 1.1 V vs Li/Li+ limit (112 
mAh g-1, b) are shown. The plot to the left of (b) shows the zoomed region indicated by a 
rectangle, and tracks the position of the weak (001) reflection from the Li2NCMO2 phase.
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Figure 6. Potential profiles (a) and a and c lattice parameters (b) and (c), respectively, obtained 
from Rietveld refinements during over-lithiation (O), delithiation (D) and relithiation (R). The 
estimated errors are within the data markers. A solid line is shown over the relithiation data 
showing the hypothetical pathway without structural hysteresis, labelled the line of reversibility 
(LOR). 

Table 1. Electrode properties of the Li1+xNi0.5Mn0.3Co0.2O2 cathodes and Si-graphite anode used 
in full cells. Practical capacities for the LiNi0.5Mn0.3Co0.2O2 and Si-graphite electrodes were 
taken as 180 mAh g-1

NCM and 1024 mAh g-1
Si-graphite and were used to calculate the electrode areal 

capacities. The numbers in the brackets represent the deviation between the electrodes employed 
in this work.

Over-lithiation 
capacity 

x in 
Li1+xNMCO2 

Li1+xNMCO2 cathode Si-graphite anode n/p

mAh g-1
NMC mg cm-2 mAh cm-2 mg cm-2 mAh cm-2

0 0 1.86(3) 1.51(3)
23 0.08 2.19(1) 1.34(3)
46 0.17 2.43(1) 1.20(2)
70 0.25

10.2(2)

2.67(2)

2.8(2) 2.80(1)

1.09(2)
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Figure 7. Specific discharge capacity (a) and coulombic efficiency (b) of 
Li1+xNi0.5Mn0.3Co0.2O2/Si-graphite cells with varying degrees of electrochemical over-lithiation 
during cycling between 3.0-4.1 V and at 30 °C. The first and last three cycles of each set of 100 
cycles were performed at C/20, cycle 4 and 97 are HPPC cycles, and cycles 5-96 were performed 
at C/3. Capacity retention at cycle 100 and 200 (compared to cycle 2) are indicated. Results are 
averaged over two cells and the error bars (in many cases smaller than the symbols) represent the 
variation between the cells. 
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