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Abstract  

LiNi0.6Mn0.2Co0.2O2 (NMC622) is one of the most promising Li-ion battery cathodes as it 

delivers high capacity at high potentials. However high potentials also lead to decreases 

in capacity retention where the disintegration of the secondary particles has been 

implicated as a major driving force of this capacity fade. This has been attributed to 

anisotropic lattice changes and increased microstrain during cycling. To probe how 

these factors affect capacity fade, Li/NMC622 batteries were cycled from 3-4.3 or 4.7 V 

and probed with operando X-ray diffraction over the 1st, 2nd, and 101st cycles.  Further 

characterization with scanning electron microscopy, and inductively coupled plasma-

optical emission spectroscopy was also performed. The use of operando XRD over 

many cycles allowed for the collection of detailed structural information in real time over 

a time frame in which fading can be observed. During the first two cycles, the cells 



 

charged to 4.7 V exhibit increased anisotropic lattice changes as compared to the cells 

charged to 4.3 V. Upon the 101st cycle, when significant fade has been observed, the 

cells charged to 4.3 and 4.7 V show identical lattice changes to one another, while the 

4.7 V charge limit induces more microstrain. This shows that elevated microstrain at 

high charge limits is a major driver for particle disintegration in NMC622 cathodes. This 

study provides important insights into the mechanisms of particle disintegration and 

capacity fade in NMC/Li-ion batteries, which will enable the design of NMC electrodes 

that deliver both higher capacities and exhibit better capacity retention.  

 

Introduction 

 Lithium nickel manganese cobalt oxide (NMC, LiNixMnyCozO2 where x+y+z=1) is 

a promising lithium-ion battery cathode material due to its high reversibility, good 

practical capacity, and high energy.1-6 Much of the initial research on NMC materials 

studied the NMC111 (LiNi1/3Mn1/3Co1/3O2) chemistry, also referred to as NMC333 where 

the 3 digits generally represent the ratio of the three transition metals. In this system, Ni 

is divalent, cobalt is trivalent, and manganese is tetravalent. In recent years, Ni rich 

NMC materials, where x>y, z and both di- and trivalent nickel are present, have 

generated significant interest because of higher capacity and energy density as well as 

reduced concentration of cobalt, which is relatively scarce.7-12 

  NMC is a layered, ordered rocksalt (Figure S1a) that is isostructural to α-

NaFeO2.7, 13 NMC can be understood as a solid solution of LiCoO2, LiMnO2, and LiNiO2 

or of LiCoO2 and LiNi1/2Mn1/2O2.2, 7, 14 NMC crystallizes in a hexagonal 𝑅3𝑚 space group 

(a = 2.860 Å, c = 14.227 Å, V = 100.76 Å3).7 It is characterized by alternating AB layers 



 

along the c axis, where layer A consists of LiO6 octahedra with lithium residing in 

Wyckoff site 3a and O in site 6c, and layer B is made up of MO6 (M = Ni, Co, and Mn) 

where the M and O reside in the 3b and 6c sites respectively; the LiO6 and MO6 

octahedra are connected by edge sharing linkages through their shared oxide ions 

(Figure S1a).7 This NMC structure is designated as O3 in Delmas’ notation as the 

lithium coordination is octahedral and the unit cell is defined by three MO6 layers.15 

These relatively open lithium layers allow for high Li-ion conductivity which contributes 

to the rate capability of NMC as a Li-ion battery cathode.16-17  

 Although increasing the nickel content of NMC formulations offers an appealing 

increase in capacity and energy density as well as a cost reduction, it can worsen the 

problem of lithium-nickel site disorder.8 Octahedral Ni2+ has a similar ionic radius to 

octahedral Li+, 0.69 Å vs. 0.76 Å, while Mn4+, Ni3+, and Co3+ have significantly smaller 

radii of 0.53 Å, 0.60, and 0.61 Å respectively.18 Due to their similar radii, Li+ and Ni2+ can 

exchange crystallographic sites. In a disordered structure, a certain percentage of Li+ 

moves to the 3b site while an equal amount of Ni2+ moves to the 3a site (Figure S2); for 

example, an NMC111 material with 5% disorder would have Li0.95Ni0.05 at site 3a and 

Li0.05Ni0.283Co0.333Mn0.333 at site 3b. This disorder becomes more significant with higher 

nickel content, increasing from ~3% for NMC111 to ~6% for NMC442 to ~7% for 

NMC811.4, 8, 19-20 This disorder can have negative consequences on electrochemistry as 

nickel ions in the LiO6 layer can block the diffusion pathways for lithium ions. The 

presence of nickel in the 3a site in the LiO6 layer therefore can slow lithium diffusion and 

decrease the rate capability of the battery.8 



 

Delithiation of NMC, both chemically and electrochemically, can result in several 

structural changes to the parent material; typically, these structural changes become 

most significant at high charge voltage when delithiation is pronounced.5, 7, 21-22 These 

phases are designated H1, H2, and H3, where the H stands for hexagonal and the 

number indicates a series with increasing structural distortion (Figure S1).23 These 

three phases have varying unit cells, but crystallize in the same space group (𝑅3𝑚). H1 

NMC is undistorted and is the structure of undischarged LiNi0.6Mn0.2Co0.2O2 (NMC622). 

Upon delithiation to Li~0.6, it is converted to H2 NMC622 which is isostructural but has a 

contracted a axis and expanded c axis. Further delithiation to Li~0.3 leads to H3 NMC622 

which has a shorter c dimension. H3 NMC has a significantly lower unit cell volume than 

the other two phases leading to substantial capacity fade during cycling when this 

phase is accessed possibly due to the repeated anisotropic lattice changes that volume 

change entails.5 The implication of these phase changes is that while higher voltage 

limits (e.g. ~4.7 V) may deliver more capacity initially upon charge than lower voltage 

limits (e.g. ~4.3 V) this capacity increase will be lost over cycling due to the increased 

fade from more significant structural changes.5, 7  

Operando X-ray diffraction (XRD) is one of the most powerful techniques for 

obtaining structural information about crystalline battery materials as the cell operates. 

To this end, various NMC materials have been studied in lithium batteries using 

operando XRD.3-5, 24 Tian et al. found that when NMC622/Li is cycled once from 2.5-4.7 

V H1 NMC is reversibly converted to H2 NMC5, although it should be noted that there 

was a significant c axis contraction near the end of charge in the H2 phase, c = 

~14.46~13.94 Å, indicating that some H3 NMC is produced at high states of charge. 



 

This study determined the phases present based on unit cells obtained from the peak 

positions; detailed refinement information was not provided. In two studies by 

Kondrakov et al., NMC111 and NMC811 (LiNi0.8Mn0.1Co0.1O2) vs. Li were cycled either 

once or twice and all of the data was fit with Rietveld refinement.3-4 The studies found 

that when cycled from 3-4.3 V, NMC111 experiences a reversible a axis contraction and 

c axis expansion, while NMC811 additionally experiences a c axis contraction at high 

charge.4 Multiple phases were not considered in this study, but these changes are 

consistent with reversible H1⇌H2 and H1⇌H2⇌H3 transitions respectively. 

Furthermore, NMC111 was found to have a gradual reversible increase in microstrain 

during charge while NMC811 was found to have more severe periodic buildups of strain 

during charging.4 The authors suggest that this increase in microstrain and more severe 

lattice change results in the observed capacity fade due to particle pulverization. 

 NMC materials often aggregate in micron-scale spherical secondary particles; 

the breakdown of these particles due to repetitive anisotropic lattice changes and 

increases in microstrain upon charge4, 25 has been suggested to be a major causal 

factor toward capacity fade.4, 26-28 In the case of NMC, prior XRD studies have focused 

on either ex situ characterization after extended cycling or operando characterization for 

early cycling to show how lattice changes and strain induce particle cracking and as a 

result capacity fade.4, 27-28 The usage of operando XRD over extended cycling allows for 

the observation of fading and failure mechanisms in real time and over realistic use 

conditions; however, there are few studies using operando XRD to study NMC materials 

over extended cycling and they generally use a moderate upper voltage limit (4.2-4.3 

V).29-31 Min et al. collected operando XRD of LiNi0.91Mn0.03Co0.06O2 cycled once, 50, and 



 

100 times at a range of 3-4.3 V; in that study only unit cell information (a,c, and V) was 

extracted from the data.30 Schweidler et al. performed more detailed structural 

refinements on LiNi0.85Mn0.05Co0.1O2 cycled 750x in a voltage range of 2.8-4.2 V, 

although no treatment of microstrain was presented.29 Neudeck et al. performed 

operando XRD on a Li/NMC622 cell where the cathode had been previously cycled in a 

NMC622/graphite cell 1400 times; this operando experiment was limited to the 

discharge to 2.8 V from an open circuit potential of ~4.25 V and only unit cell information 

was considered.31  

This paper outlines a study of the Ni rich NMC622 as a cathode in a lithium metal 

anode battery cycled extensively (~100 times) with structural evolution monitored by 

operando XRD. The cells are cycled to either a moderate (4.3 V vs. Li+/Li) or a high (4.7 

V vs. Li+/Li) upper potential limit to determine how the NMC structure is affected by 

potentials known to induce high structural distortion in particular after significant cycling. 

All data were fit using the Rietveld method to ensure quantitative results were obtained. 

This study presents key quantitative structural information such as unit cells, phase 

fractions, and microstrain of the H1-H3 phases of NMC obtained in real time as a 

function of both charge potential limit and cycle number. Complementary electron 

microscopy was collected to evaluate morphological changes in the material under the 

two conditions.  To our knowledge, this report is the first to study extended cycling of 

NMC622 at high voltages (i.e. > 4.3 V) using operando XRD and the first to quantify the 

associated changes in microstrain over extended cycling. 

Experimental Section 



 

Materials Characterization. Scanning electron microscopy (SEM) images were 

collected on a JEOL JSM-6010PLUS/LA microscope with an accelerating voltage of 5- 

15 kV. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was 

performed on a Thermo Scientific iCAP 6000 series instrument to confirm the 

stoichiometry of the NMC622 material. Ex situ X-ray powder diffraction (XRD) 

measurements were collected on a Rigaku Miniflex X-ray diffractometer with a 600 W 

Cu Kα X-ray source equipped with a Kβ filter and D/tex Ultra 1D detector. 

Electrochemical Cell Fabrication. 2032 type coin cells were fabricated with 

NMC622 composite cathodes and lithium metal anodes in an argon filled glovebox. The 

NMC622 was purchased from Targray (99.6% pure) and used as received. The NMC 

composite cathode was formed by tape casting a slurry of 90% NMC622, 5% Super P 

carbon, and 5% polyvinylidene fluoride (PVDF) in N-methyl-2-pyrollidone onto a carbon 

coated aluminum foil (active mass = 11 mg/cm2). The cells were constructed with 

cathode and anode separated by a polypropylene separator and 1 M LiPF6 in 3:7 

ethylene carbonate: dimethyl carbonate electrolyte. Operando XRD compatible pouch 

cells were fabricated in order to allow for sufficient X-rays to penetrate the cell housing 

for analysis. These cells used the same cell stack as the coin cells; however, the steel 

casing was replaced with a thin polypropylene pouch. The pouch cell fabrication was 

performed in a moisture controlled dry room (~100 ppm water vapor). 

 Electrochemical Testing. Cyclic voltammetry was performed using a Biologic 

VSP multichannel potentiostat from 3-4.3 and 4.7 V for three cycles at 0.1 mV/s. 

Galvanostatic cycling was performed on a MACCOR multichannel testing system and a 

Biologic VSP multichannel potentiostat at 30 °C. Coin cells were cycled 100 times over 



 

either 3-4.3 V or 3-4.7 V vs. Li/Li+ with a current density of 35 mA/g (C/5). Pouch cells 

were cycled from either 3-4.3 V or 3-4.7 V with a current density of 17.5 mA/g (C/10) 

with a one hour rest in between individual (dis)charges. Operando XRD data was 

collected on the pouch cells as described below. It should be noted that 175 mAh/g was 

used as the theoretical capacity, this capacity would result in delithiation upon charge to 

Li0.34Ni0.6Mn0.2Co0.2O2  

Operando X-ray Diffraction. Operando XRD measurements were performed on 

pouch cells during electrochemical cycling using a Rigaku SmartLab X-ray 

diffractometer with a 1760 W Cu Kα X-ray source equipped with a Kβ filter and D/tex 

Ultra 1D detector. XRD measurements were collected from 16-70° 2θ with a step size of 

0.05° and a scan speed of 2°/min. For the pouch cells fabricated with pre-cycled 

cathodes in order to collect operando XRD on the 101st cycle, the electrodes were 

recovered within an inert atmosphere glovebox, washed with pure dimethyl carbonate to 

remove any residual electrolyte salt, then transferred to the dry room for pouch cell 

fabrication.  These electrodes experienced the same amount of exposure to the dry 

room environment as the pristine electrodes used to fabricate the pouch cells for cycle 1 

operando measurements as the coin cells used for the first 100 cycles were fabricated 

in an inert atmosphere glove box.  

Rietveld Refinements. Rietveld refinements of all patterns were performed with 

GSAS-II.32 The region from ~20-30° 2θ was excluded from the fit as it contained intense 

polypropylene peaks and no signal associated with NMC622. The lithium foil anode was 

fit as a second phase (𝐼𝑚3𝑚, a = ~3.50 Å). Microstrain, observed through peak 

broadening, was fit with an isotropic microstrain parameter indicating uniform strain as 



 

the use of multiple microstrain parameters did not yield stable fits.33-34 Errors for unit cell 

parameters, phase fractions, and microstrain were determined from the GSAS-II fit 

results. 

Results and Discussion 

ICP-OES determined the stoichiometry of the NMC material to be 

Li1.01Ni0.61Mn0.20Co0.19O2 confirming the NMC622 designation. SEM images of the NMC 

material are shown in Figure 1A and B. The NMC material is composed of large 

crystallites, on the order of 100s of nanometers, which aggregate into micron-scale 

secondary particles.  

The structure of the pristine NMC622 material was characterized with XRD and 

the pattern was analyzed with Rietveld refinement to obtain detailed information about 

the structure. The fit and the structural information are shown in Figure S3 and Table 1 

respectively.  All of the peaks can be indexed to H1-NMC (space group = 𝑅3𝑚, a = 2.86 

Å, c = 14.227 Å) with no detectable impurities. The unit cell and atomic positions are in 

good agreement with the literature.7 The material is extremely crystalline and the 

structural strain is minimal. About 3% of the lithium and nickel have exchanged sites 

indicating that the disorder is low.7  

Table 1. Structural information of NMC622 as obtained by Rietveld refinement. 
Parameter Value 

a (Å) 2.86832(7) 
c (Å) 14.21801(4) 

Microstrain (%) 0.182(8) 
Li/Ni site disorder (%) 3.1(5) 

O(z) 0.2435(2) 
% Rwp 2.17 

 



 

In order to probe the structural evolution of the NMC622 material over the first, 

second, and 101st cycles, coin cells and operando XRD compatible pouch cells were 

fabricated with NMC622 as the cathode and lithium foil as the anode. Operando XRD 

data was collected on the pouch cells during the first two cycles. In parallel, coin cells 

were cycled one hundred times, the cathodes were recovered, and pouch cells were 

fabricated with those cathodes in order to collect operando XRD on the 101st cycle. 

Using this strategy, the structural evolutions of NMC622 were monitored operando for 

the formation cycle, an early cycle, and a cycle after extended cycling. 

The coin cell cycling data is shown in Figure 2. The 4.7 V cell initially delivers 

higher charge and discharge capacities on the first cycle, 249 and 224 mAh/g, 

compared to 208 and 186 mAh/g for the 4.3 V cell. The decrease in capacity from the 

1st charge to the 1st discharge is consistent with prior reports and has been attributed to 

electrolyte interface formation and kinetic limitations in the lithiation process.35-36 On the 

other hand, the 4.7 V cell experiences significantly more capacity fade over 100 cycles, 

decreasing by 41% to 133 mAh/g by cycle 100; while, the 4.3 V cell only decreases 

5.4% to 176 mAh/g. For both cells the Coulombic efficiency remains high; although it 

does decrease somewhat more for the 4.7 V cell, 94% compared to 98% at cycle 100. 

To ensure consistency, three additional coin cells were run at each potential limit; as 

shown in Table S1, the electrochemistry of the coin cells was reproducible, although 

there was more variability at the higher charge limit. Cyclic voltammetry (CV) data was 

collected on coin cells from 3-4.3 and 4.7 V (Figure S4). From 3-4.3 V, an oxidative 

peak is observed at 3.85 V and a reductive peak is observed at 3.65 V; these peaks are 

unchanged over cycling implying that a reversible phase transition is occurring. When 



 

the window is expanded to 3-4.7 V a second pair of peaks is observed at 4.35 and 4.17 

V respectively suggesting that a second phase change occurs at high potential.  

 The galvanostatic cycling for the pouch cells is shown in Figure S5. Similar to 

the coin cell data, the 1st cycle of the 4.7 V pouch cell delivers higher charge and 

discharge capacities than the 4.3 V cell, 223 and 169 mAh/g compared to 156 and 120 

mAh/g, respectively. The lower delivered capacities compared to the coin cells is 

attributed to the somewhat lower stack pressure in the pouch cells. For the 101st cycle, 

the increased fade in the 4.7 V cell leads to the 4.3 V cell having a higher delivered 

charge capacity, 138 vs. 123 mAh/g. Overall, similar trends can be observed in the 

operando XRD pouch cells as were seen in the coin cells (Figure S6); therefore, the 

structural evolutions of NMC622 in a lithium battery could be studied using this method.  

The XRD pattern of the pristine cell is shown in Figure S7; all of the expected 

NMC622 peaks in the 2θ window scanned can be observed as well as peaks from the 

cell components. The operando XRD patterns for cycles 1 and 2 for the 3-4.3 V and the 

3-4.7 V cell are in Figure 3, and the operando XRD patterns for cycle 101 are shown in 

Figure 4. Significant, reversible changes can be observed upon (dis)charge from 3-4.3 

V (Figure 3 and 4 (top)). The (003) peak shifts to lower angle upon charge while the 

(104) peak shifts to higher angle; these changes are reversed upon discharge and are 

still observed on cycle 101 although the shifting has lessened. These peak shifts 

suggest that there is a reversible contraction in the a parameter and an expansion in the 

c parameter during charge. This change is maintained, albeit to a slightly lesser extent, 

upon cycling. Notably, at intermediate levels of charge peak splitting is observed 



 

indicating that phases of varying degrees of lithiation are present in both the discharge 

and the charge.  

As would be expected, the 3-4.7 V cell looks quite similar to the 3-4.3 V cell over the 

portion of the voltage window in which they overlap for the first two cycles (Figure 3 and 

4(bottom)). However, at potentials approaching 4.7 V during charge, there is a 

significant peak shift in the (003) and (104) peaks to higher angle. This change reverses 

upon discharge and indicates that at very high levels of charge there is a substantial 

contraction along the c axis of the material. Similarly, two phase regions can be 

observed here as well. Upon extended cycling, this high potential c axis contraction is 

no longer observed and the changes are quite similar to the 3-4.3 V cell.  

 In order to gain more quantitative information, Rietveld refinements were 

performed on all XRD patterns and the pertinent parameters are shown in Figures 5 

and 6. The visual fits (select fits are shown in Figures S8-23) and goodness of fit 

parameters, %Rwp,mean(SD)=4.1(4) (Figure S24), suggest that effective fitting has been 

accomplished across all patterns meaning, that reliable quantitative information can be 

extracted. 

At the beginning of cycle 1, the 3-4.3 V cathode is composed of H1 NMC622 (𝑅3𝑚, 

a = 2.86 Å, c = 14.227 Å). At ~3.8 V (~10 mAh/g) on the onset of the major voltage 

plateau (Figure S5), a second phase appears, H2 NMC (𝑅3𝑚, a = 2.81 Å, c = 14.375 

Å). The appearance of this phase is consistent with the a contraction and c expansion 

observed during charge. These phases coexist throughout the 1st charge, ultimately 

reaching an H1/H2 mixture of 27(6)/73(6)% (Figure 5D). The H2 weight fraction 

decreases upon discharge and disappears at ~3.6 V (~100 mAh/g) at the end of the 



 

discharge voltage plateau. This H1⇌H1&H2⇌H1 transition occurs very similarly during 

cycles 2 and 101 (Figures 5D and 6D). This shows that the structural evolution that 

occurs over the 3-4.3 V window is consistent over extended cycling. 

 On cycle 1 the 3-4.7 V cell initially undergoes a similar transition, then at ~4.3 V 

(~160 mAh/g) the H1&H2 mixture converts fully to the H2 phase (Figure 5I). At ~4.4 V 

(~180 mAh/g) a new phase appears, H3 NMC (𝑅3𝑚, a = 2.82 Å, c = 13.67 Å); the 

appearance of this phase is the cause of the c axis contraction that is observed at high 

potential. The resulting mixture of H2&H3 is converted to pure H3 at ~4.6 V (~210 

mAh/g) near the end of charge. These phase changes are sequentially reversed upon 

discharge until at ~3.6 V (~140 mAh/g) only H1 NMC remains, similar to what was 

observed in a prior report.5 The phase evolutions for cycle 2 were quite similar; 

however, significant differences were observed for cycle 101 (Figure 6I). Upon charge 

the H1 NMC is converted to H1&H2 at ~3.8 V (~20 mAh/g) similar to the onset in the 

other cells, but no further transitions are observed in the cycle. It should be noted that 

due to the high level of capacity fade observed for this cell, the discharge was quite 

short which explains the lack of pure H1 at the end of the discharge.  

 As expected for a highly crystalline, pristine material the microstrain of NMC622 

is quite low, ~0.40% prior to cycle one. During cycling significant changes are observed 

in the microstrain of the material. For the 3-4.3 V cell, the microstrain of the discharged 

states is low even after extended cycling; from the pristine state to the 101st discharged 

state the strain only increases to 0.49(3)% (Figure 5E and Figure 6E). As the cell 

charges, microstrain increases as previously reported4; this is driven by an increase in 

strain in the H1 phase. The H2 phase has essentially constant strain of ~0.5%, while H1 



 

becomes more strained at high states of charge reaching maxima of 1.3(3), 1.6(3), and 

1.8(3)% at charge at cycles 1, 2, & 101 respectively. In summary, the 3-4.3 V cell has 

moderate increases in strain at high states of charge that then reversibly decrease 

during discharge throughout the first 101 cycles, although there is a gradual increase in 

strain at high states of charge as the cell cycles. 

 The 3-4.7 V cell experiences significantly higher levels of strain during cycling. At 

the discharged state, H1 increases in strain during cycling to 0.52(3), 0.77(5), and 

0.9(1)% at the end of discharge for cycles 1, 2, and 101 respectively (Figure 5J and 

6J). In addition, during the first two cycles, the microstrain of both the H1 and H2 

phases increase to ~1.7% before converting to H2 and H3 respectively. Upon extended 

cycling the increase in strain becomes even more significant, at high levels of charge 

the H1 phase’s microstrain increases dramatically ultimately reaching 2.6(2)% at full 

charge. Overall, the 3-4.7 V cell reaches higher microstrain values than the 3-4.3 V cell 

especially after cycling 100 times.  

While initially the 3-4.7 V window delivers higher capacity, capacity fade is much 

more significant. Structural distortion likely plays a role here as from 3-4.3 V NMC622 

undergoes a volume change of less than 3% while from 3-4.7 V the change is 7%. This 

cyclical distortion can break up the NMC622 particles which causes the electrode to 

lose electrical contact decreasing delivered capacity.4, 26-28 However the data shows that 

the extent of these distortions is lessened during cycling meaning that other factors are 

critical. Specifically, microstrain is a larger factor in the observed fade in this system as 

cycling to the 4.7 V limit leads to substantially higher strain overall, and crucially this 

strain in fact increases over extended cycling. This shows that while structural changes 



 

are likely a factor in higher voltage limit capacity fade in the NMC622 system, 

microstrain increase is the primary structural driving force. 

To provide verification of the particle disintegration, SEM images of cycled 

cathodes were collected (Figure 1C-I and S25). After cycling 100 times at either 3-4.3 

or 3-4.7 V, small holes form on the surface of the secondary particles. In the case of the 

3-4.3 V cathode, these holes are the only visible changes across the cathode surface 

(Figure 1C-E, and Figure S25A-D). Further damage is observed in the cathode cycled 

in the larger voltage window; significant cracks can be seen through ~30% of the 

cathode (Figure 1G and H) in particular in the middle-left area of Figure 1G and the 

right side of Figure 1H. In addition, damage to the cathode cycled at 3-4.7 V is 

nonuniform; some locations on the cathode show minimal damage besides the 

appearance of holes (Figure S25E and F) while in other parts the secondary particles 

have entirely disintegrated (Figure 1I and Figure S25G and H). In contrast, the cathode 

cycled at 3-4.3 V is uniform with holes throughout the secondary particles but no 

significant cracking or particle disintegration observed on the surface. Cross sectional 

SEM images were collected to provide additional information in the interior of the 

cathodes (Figure S26). When cycled from 3-4.3 V, there is some particle disintegration 

in the interior of the electrode (Figure S26C and D) as compared to the pristine (Figure 

S26A and B) but the electrode remains dense and compact throughout. In contrast, 

when cycled to 3-4.7 V the electrode displays significant hollowed-out spots (Figure 

S26E and F) and micron-scale cracking (Figure S26G-I). As such the cross sectional 

SEM confirms that significantly more damage is done to the electrode when cycled from 

3-4.7 V. Therefore, the SEM images corroborate the XRD findings suggesting that 



 

secondary particle disintegration occurs more extremely at higher potentials, and this 

breakdown will lead to capacity fade consistent with prior results.4, 26-28 In addition, the 

damage observed is consistent with the variability noted in the capacity fade (Table S1); 

the cracks and disintegration will reduce capacity significantly and the nonuniformity in 

where they occur is likely to cause some variation in how quickly individual cells fade. 

Conclusions 

Li/NMC622 cells were found to deliver 20% higher capacity upon charging to 4.7 

V vs. Li/Li+ then when charging to 4.3 V. However, these higher potential cells faded 

more significantly by the 100th cycle, 41% loss of capacity from cycle two to 100 

compared to only 5% for the lower charge potential cells. To probe the structural 

changes behind these differences in capacity fade, operando XRD data were collected 

on NMC622/Li pouch cells cycled from either 3-4.7 V or 3-4.3 V vs. Li/Li+ for the 1st, 2nd, 

and 101st cycles. For all cycles the 3-4.3 V cell reversibly converts from H1 NMC upon 

discharge to a mixture of H1&H2 upon charge. The 3-4.7 V cell initially undergoes a 

series of reversible transitions from H1 to H3 upon discharge to charge, but by cycle two 

these transitions lessens and on cycle 101 the material does not convert further than a 

mixture of H1&H2.  

 The 3-4.7 V cell also exhibits higher levels of microstrain upon charge than the 3-

4.3 V cell; this is most pronounced upon extended cycling. Anisotropic changes in the 

lattice parameters certainly play a role in the increased fade experienced by NMC622/Li 

cells that are cycled with the larger 3-4.7 V potential window. However, the gradual loss 

of the highly distorted H3 phase over cycling at higher potential implies that additional 

factors are present as the higher potential cell continues to fade even as the lattice 



 

changes become more similar to the 3-4.3 V cell. The dramatic increases in microstrain 

observed for the 3-4.7 V cell especially after extended cycling is a major factor in the 

observed capacity fade of NMC622 at higher potential charging. This capacity fade may 

occur because of disintegration of secondary particles brought on by the periodic 

buildup of strain in the crystallites; this disintegration is corroborated by the SEM 

images. 

The observations made in this study will be important in designing next-

generation battery materials with desirable physical properties that can avoid significant 

capacity fade and premature failure. The design of these materials will be crucial for 

allowing new batteries to be introduced to enable the widespread adoption in vehicles 

and grid level storage for renewable energy that is needed to power a sustainable 

future. This study highlights the power of operando battery testing over extended cycling 

to gain important structural information that can determine how the battery operates or 

fails to operate and could be applied to study many other relevant battery systems. 
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Figures: 

 
Figure 1. SEM images of a pristine NMC622 electrode at (A) 500X and (B) 4000X 
magnification. Images of an electrode cycled 100 times at 3-4.3 V at (D) 500X, (E) 
4000X, and (C) 10000X  magnification. Images of an electrode cycled 100 times at 3-
4.7 V at (G) 500X, (H) 4000X, and (F,I) 10000X magnification. 



 

  

Figure 2. Galvanostatic cycling data of coin cells cycled 100 times. (A) (Dis)charge 
capacities, (B) Coulombic efficiencies, (C) (dis)charge energies, (D) (dis)charge curves 
of the cell cycled from 3-4.3 V, (E) (dis)charge curves of the cell cycled from 3-4.7 V. 
Charge curves are shown as solid lines and discharge curves are shown as dashed lines. 



 

 

Figure 3. Operando XRD patterns of (top) cycles one and two of the 3-4.3 V cell and 
(bottom) cycles one and two of the 3-4.7 V cell. The pristine and fully (dis)charged scans 
are color-coded according the legend in the top panel and the insets of the (003) and 
(104) peaks are shown on the right. 



 

 
Figure 4. Operando XRD patterns of (top) cycle 101 of the 3-4.3 V cell and (bottom) 
cycles 101 of the 3-4.7 V cell. The pristine and fully (dis)charged scans are color-coded 
according the legend in the top panel and the insets of the (003) and (104) peaks are 
shown on the right. 
 



 

 
Figure 5. (A), (B), (C), (D), (E) are the a parameters, c parameters, volumes, weight 
fractions, and microstrains respectively for the XRD patterns collected on cycle one and 
two of the 3-4.3 V cell. (F), (G), (H), (I), (J) are the corresponding parameters for cycles 
one and two of the 3-4.7 V cell. 



 

 

Figure 6. (A), (B), (C), (D), (E) are the a parameters, c parameters, volumes, weight 
fractions, and microstrains respectively for the XRD patterns collected on cycle 101 of the 
3-4.3 V cell. (F), (G), (H), (I), (J) are the corresponding parameters for cycle 101 of the 3-
4.7 V cell. 
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Figure S1. Crystal structures of the (A) H1, (B) H2, and (C) H3 phases of LiNiixMnyCozO2, 
lithium is green, oxygen is red, and the Ni/Mn/Co is blue. 
 
 

 
Figure S2. Crystal structure of NMC111 with Li-Ni site disorder (A) and without disorder 
(B). Lithium is green, oxygen is red, nickel is purple, manganese is grey, and cobalt is 
blue. 
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Figure S3.  Rietveld refinement of NMC622. The data is in black, the calculated fit is in 
red, the background is in blue, and the difference is in green. The black lines correspond 
to the expected peak positions for NMC. The NMC peaks are indexed according to a prior 
structural report.1  
 

 
Figure S4. Cyclic voltammetry data of Li/NMC coin cells cycled from (A) 3-4.3 V and (B) 
3-4.7 V. 
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Figure S5. Galvanostatic cycling data of pouch cells used for operando 
measurements. The black points indicate when XRD scans were collected. The 
colored points indicate the key states of charge. (A) Cycles 1&2 for the 4.3 V cell, 
(B) cycles 1&2 for the 4.7 V cell, (C) cycle 101 for the 4.3 V cell, and (D) cycle 101 
for the 4.7 V cell.  

 
Figure S6. Galvanostatic cycling for coin cells at cycle 100 and pouch cells at cycle 
101. (A) Cells cycled from 3-4.3 V, and (B) cells cycled from 3-4.7 V. 
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Figure S7. XRD pattern of the 3-4.3 V pouch cell prior to cycling. Peaks labelled as Li, 
CB, and PP correspond to lithium, the cell block, and polypropylene respectively. 

 
Figure S8. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell prior to cycling. The blue points mark the experimental data, the green line is 
the calculated fit, the red line is the background, and the light blue line is the difference 
between the observed and the calculated data. The background peak at 18.3° was 
consistent with a peak associated with the cell block and was used for all cycle 1 and 2 
refinements. %Rwp=4.30. 
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Figure S9. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 1st charge. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. %Rwp=4.49. 
 

 
Figure S10. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 1st discharge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=4.20. 
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Figure S11. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 2nd charge. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. %Rwp=4.45. 
 

 
Figure S12. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 2nd discharge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=4.27. 
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Figure S13. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell prior to the 101st cycle. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. A background peak was 
not used for the cycle 101 refinements as a less diffracting cell block was used. 
%Rwp=3.90. 

 
Figure S14. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 101st charge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=3.61. 
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Figure S15. Rietveld refinement of the XRD pattern collected on the 3-4.3 V NMC622 
pouch cell at the end of the 101st discharge. The blue points mark the experimental 
data, the green line is the calculated fit, the red line is the background, and the light blue 
line is the difference between the observed and the calculated data. %Rwp=3.80. 
 

 
Figure S16. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell prior to cycling. The blue points mark the experimental data, the green line is 
the calculated fit, the red line is the background, and the light blue line is the difference 
between the observed and the calculated data. %Rwp=3.78. 
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Figure S17. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 1st charge. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. %Rwp=5.31. 
 

 
Figure S18. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 1st discharge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=3.90. 
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Figure S19. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 2nd charge. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. %Rwp=4.30. 
 

 
Figure S20. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 2nd discharge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=4.20. 
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Figure S21. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell prior to the 101st cycle. The blue points mark the experimental data, the 
green line is the calculated fit, the red line is the background, and the light blue line is 
the difference between the observed and the calculated data. %Rwp=3.64 

 
Figure S22. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 101st charge. The blue points mark the experimental data, 
the green line is the calculated fit, the red line is the background, and the light blue line 
is the difference between the observed and the calculated data. %Rwp=3.50. 
 



S13 
 

 
Figure S23. Rietveld refinement of the XRD pattern collected on the 3-4.7 V NMC622 
pouch cell at the end of the 101st discharge. The blue points mark the experimental 
data, the green line is the calculated fit, the red line is the background, and the light blue 
line is the difference between the observed and the calculated data. %Rwp=3.92. 
 
 

 
Figure S24 %Rwp values for the Rietveld refinements. (A) Values for cycles 1 and 2 of 
the 3-4.3 V cell, (B) Values for cycle 101 of the 3-4.3 V cell, (C) Values for cycles 1 and 
2 of the 3-4.7 V cell, and (D) Values for cycle 101 of the 3-4.7 V cell. 
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Figure S25. SEM images of an electrode cycled 100 times at 3-4.3 V at (A,C) 500X and (B,D) 
4000X magnification. Images of an electrode cycled 100 times at 3-4.7 V at (E,G) 500X and 
(F,H) 4000X magnification. 
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Figure S26. Cross sectional SEM images of a pristine NMC622 electrode at (A) 500X 
and (B) 2000X magnification. Images of an electrode cycled 100 times at 3-4.3 V at (C) 
500X and (D) 2000X magnification. Images of an electrode cycled 100 times at 3-4.7 V 
at (E) 500X, (F) 2000X, (G) 650X, (H) 1000X, and (I) 2000X magnification 
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Table S1. Coin cell electrochemistry for cells cycled one hundred times at either 3-4.7 V 
or 3-4.3 V. Values are reported as Mean(SD). Capacities (cap.) are in mAh/g, charge is 
abbreviated C, discharge is abbreviated D, and CE is Coulombic efficiency. 
Window C1 cap. D1 cap. Cycle 1 CE C2 cap. D2 cap. 
3-4.3 V 208(2) 186(2) 89.30(8)% 187(1) 186(1) 
3-4.7 V 249(7) 224(7) 90.1(4)% 224(7) 221(7) 

Window Cycle 2 CE C100 cap. D100 
cap. 

Cycle 100 
CE 

Cap. fade 
(cycle 2100)  

3-4.3 V 99.60(8)% 175(2) 170(2) 97(1)% 6(1)% 
3-4.7 V 98.5(8)% 100(20) 100(20) 93(1)% 50(10)% 
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