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Supplemental Information

Figure S1: FESEM images representative of (a, c) cNCA and (b, d) LiNi0.8Co0.15Al0.05O2 particles at a magnification of (a-b) 40 KX 
and (c-d) 84.6 KX. Both materials were coated with a thin Au-layer to prevent charging by the electron beam.



Table SI: Rietveld calculated unit cell a and c lattice parameters and volume, Ni and/or Co occupancy, strain, and phase 
impurity percentage from the 12 h-XRD scans shown in Figure 1. Co3O4 is the impurity phase for group 1 materials (blue 
rows), while γ-LiAlO2 is the impurity phase for the group 2 (red rows) and 3 (green rows) materials. No impurity phase was 
detected for multiple materials. For each Rietveld calculation the weighted profile residual (Rwp) and goodness-of-fit (GOF) 
are provided in the two rightmost columns. The standard deviation for all Rietveld calculated parameters are in parentheses. 
Since the error in the diffraction measurements is substantially larger than in the Rietveld calculations, the error of the 
parameters in the table are likely much greater than listed.
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Figure S2: Representative observed (black) and Rietveld calculated (red) x-ray diffraction plots as well as the difference (blue) 
for LiNiO2. 

Figure S3: Rietveld calculated a (black) and c (blue) lattice parameters plotted as a function of Al content in (a) LiCo1-yAlyO2 
and (b) LiNi1-yAlyO2 materials extracted from the XRD scans shown in Figure 1. LiNi0.8Al0.2O2 (DO) is excluded because the 
disordered structure gave distorted lattice parameters. All lattice parameters were calculated based on an R m unit cell.𝟑

Effect of Al substitution on the lattice parameters of LiCoO2 and LiNiO2:

The effect of Al-substitution on LiCoO2 and LiNiO2 is mainly associated with the difference in bond 
ionicity between Al-O and either Co-O or Ni-O rather than being based solely on a steric effect.1–3 While 



both Co3+ (ri(Co3+) = 0.525 Å) and Al3+ (ri(Al3+) = 0.53 Å) have smaller effective ionic radii than Ni3+ 
(ri(Ni3+) = 0.56 Å) and will thus contract the transition metal octahedra, only Al3+ is significantly more 
ionic than Ni3+.1,4 As such, the smaller and more ionic Al3+ ions create shorter Al-O bonds than the 
original Ni-O bonds, which contract the unit cell along the a axis, but enable an expansion of the c axis by 
elongating the LiO6 octahedra.1,3 The growth of the LiO6 octahedra has been attributed to the Al ions 
which reduce the electron density around the oxygen atoms, and cause an increase in the Li-O bond 
length.5 From comparison of the unit cell parameters for LiNiO2, LiNi0.8Al0.2O2 (O), LiNi0.8Co0.2O2, and 
LiNi0.8Co0.15Al0.05O2 it was observed that 20% Al substitution contracts the a parameter similar to the 20% 
Co-substituted material, but elongates the c axis more. Intuitively, the LiNi0.8Co0.15Al0.05O2 material which 
has both Co and Al substitution has unit cell parameters between that of LiNi0.8Al0.2O2 (O) and 
LiNi0.8Co0.2O2. 



Figure S4: Percent change of the (a-c) c and (d-f) a lattice parameters calculated from in-situ XRD patterns for each material 
as a function of lithiation relative to the unit cell parameters in OCV (fully lithiated). The calculations are based on the c and 
a lattice parameters shown in Figures 4, 9, and 15. 



Ex-situ XRD on the group 1 LiCoO2-based materials:

Cells with a positive electrode from each group 1 LiCoO2-based material were charged to 4.75 V using a 
PITT profile (10 mV steps, 1 mA/g cutoff). Once fully charged, the cells were disassembled in an Ar-
filled glovebox and the positive electrode materials were retrieved to prepare ex-situ XRD samples. To 
temporarily prevent the hydrogen intercalation that rapidly occurs when highly delithiated materials are 
exposed to moisture, the positive electrode samples were sealed with a Kapton film and a short (30 min) 
XRD scan procedure was used. The ex-situ XRD results are shown in Figure S5, while the voltage 
profiles of the cells are presented in Figure S6. From the peak locations in Figure S5, it is evident that 
both cLCO and LiCoO2 transformed to the O1 structure, and are in agreement with the in-situ XRD 
results. The ex-situ XRD patterns of the Al-substituted LiCoO2 electrodes also support the in-situ 
experiments. As previously mentioned, even 5% Al substitution was sufficient to prevent the formation of 
the O1 structure, and the final (003) peak position maintained a larger d-spacing as more Al was 
substituted into the structure. Clearly, the Al concentration had a profound impact on the d-spacing 
evolution of the fully charged electrode materials. Adding Al to LiCoO2 proportionally reduced the 
maximum degree of delithiation (Figure S6), thus limiting the phase transitions that occur at the higher 
states of charge.

Figure S5: Ex-situ XRD scans of the positive electrode materials charged to 4.75 V (vs. Li metal) under PITT conditions (10 mV 
step, 1 mA/g cutoff) in the regions of the (003) Bragg peak (18-21.5o) and (104) peak (42-47o) for cLCO (black), LiCoO2 (red), 
LiCo0.95Al0.05O2 (blue), LiCo0.9Al0.1O2 (green), and LiCo0.8Al0.2O2 (orange). All cells were disassembled in an Ar-filled glovebox 
where the XRD samples were sealed with Kapton film to prevent contamination from the ambient atmosphere. 



Figure S6: Voltage profiles as a function of lithium content for materials of (a) group 1, (b) group 2, and (c) group 3. Cells (vs. 
Li) were charged to 4.75 V under PITT conditions (10 mV step, 1 mA/g current cutoff) in a 24oC incubator. 



Table SII: OCV, Li-content and Ni/Co oxidation percentage determined at the end of charge. Cells with positive electrode 
materials of group 1 (blue), 2 (red) and 3 (green) were charged versus Li metal to 4.75 V under a PITT protocol (10 mV step, 1 
mA/g cutoff) and subjected to ex-situ XRD analysis (Figures S5 and S6). The tabulated OCV was recorded 1 h after the end of 
charge. The Ni, Co oxidation percentage was calculated from the measured charge capacity and theoretical capacity. Total 
oxidation values greater than 100% can be attributed to parasitic reactions at high potentials. 



Table SIII: First cycle charge and discharge capacity (mAh/g), irreversible capacity loss (mAh/g and %), and theoretical 
capacity (mAh/g) for group 1 LiCoO2-based materials. Cells were cycled versus Li metal by charging at 20 mA/g to Vmax (4.5 or 
4.75 V), maintaining a constant potential until the current dropped below 10 mA/g, and then discharging at 10 mA/g to 2.75 
V. The theoretical capacity is based on electrochemically active Al.



Figure S7: 1st, 5th, 10th and 15th cycle voltage profiles plotted as a function of capacity (mAh/g) for (a) cLCO, (b) LiCoO2, (c) 
LiCo0.95Al0.05O2, (d) LiCo0.9Al0.1O2, and (e) LiCo0.8Al0.2O2. Cells (vs. Li metal) were charged to 4.75 V at 20 mA/g, held at 4.75 V 
until the current decreased below 10 mA/g, and then discharged to 2.75 V at 10 mA/g, all at room temperature.



Figure S8: Discharge capacity retention (%) of group 1 (a, d), group 2 (b, e), and group 3 (c, f) positive materials upon cycling 
up to 4.5 V (a-c) and 4.75 V (d-f). Cells were cycled versus Li metal by charging at 20 mA/g to Vmax, maintaining a constant 
potential until the current dropped below 10 mA/g, and then discharging at 10 mA/g to 2.75 V. Capacity retention was 
calculated by normalizing the discharge capacity of each cycle to the first cycle discharge capacity of the cell.



Figure S9: Current profiles of (a) group 1, (b) group 2, (c) group 3, and (d) reference materials used for ICP-OES 
measurements. Cells (vs. Li metal) were charged to 4.75 V at a constant current of 25 mA/g, and then held at 4.75 V for 10 h, 
at 60oC. The baseline cell, which consists of all cell parts except for a positive electrode, was used to determine that all of the 
Ni or Co measured was from the positive electrode.



Figure S10: Comparison of representative particles of (a-d) LiNi0.8Al0.2O2 (DO) and (e-h) LiNi0.8Al0.2O2 (O) using (a, e) HAADF 
imaging and EDS mapping of the (b, f) Ni, (c, g) Al, and (d, h) both Ni and Al signals. 

Crystal structures for fully delithiated layered oxides:

It has been well established that when fully delithiated, LixCoO2 has a structural transition to the P m1 3
space group which is denoted as the O1 structure. In this O1 configuration (Figure S10 (c, f)), the Co 
atoms from neighboring layers align directly above one another, and only two unique oxygen positions 
are present which gives the structure its AB AB packing sequence. However, to our knowledge this 
structure has not been observed in NiO2 (fully delithiated LixNiO2), and is generally considered to be a 
consequence of the additional divalent transition metal in the Li 3a site that is prevalent for LiNiO2-based 
materials. Instead, a structural transition from the original rhombohedral (R m) to a monoclinic (C2/m) 3
phase has been observed.6,7 

A comparison of the Rietveld determined crystal structures of delithiated NiO2
 in C2/m and R m space 3

groups as well as CoO2 in a P m1 structure is presented in Figure S11. Using in-situ X-ray measurements 3
with a high-resolution synchrotron beam line, Tarascon et al. determined that the structure of NiO2 was 
C2/m and claimed that this structure was a distortion of the CdI2 structure and could thus be considered to 
be O1.7 While it is true that NiO2 in the C2/m space group (Figure S11 (a, d)) does have an AB stacking 
sequence similar to CoO2 in the P m1 space group (Figure S11 (c, f)), there are substantial differences 3
between the two structures. The necessary distortion to the P m1 structure to form C2/m causes a 3
substantial increase in the β angle from 90o to ~126o. Relative to the (001) plane, this forces the 
neighboring NiO2 (or CoO2) slabs to shift and offset themselves. As a result of this shift, the interlayer 
octahedral environment (3a site in R m) is changed from face sharing in P m1 to edge sharing in C2/m. 3 3



The specific environment of this octahedral position is critically relevant for insertion materials, because 
it is this site which will accommodate Li ions upon reduction of the material. Because the interlayer 
octahedral sites in C2/m have edge sharing with the adjacent interlayer octahedral sites, from the 
perspective of Li+ intercalation the structure more closely resembles R m (O3) than P m1 (O1). Thus, in 3 3
the context of electrochemical positive electrode materials it is misleading to consider the C2/m structure 
as an O1-type structure when it can be more acutely described as O3-type. 

 

Figure S11: Schematization of the Rietveld calculated crystal structures (a-c) with and (d-f) without the transition metal 
octahedra for (a, d) NiO2 fit to a C2/m space group, (d, e) NiO2 fit to R m, and (c, f) CoO2 fit to P m1. O, Ni and Co atoms are 𝟑 𝟑
represented by red, maroon, and pink balls, respectively. All structures are oriented so that the a axis (red line) is directed to 
the left, and the b axis (green line) is indirectly positioned towards the reader.



Table SIV: First cycle charge and discharge capacity (mAh/g), irreversible capacity loss (mAh/g and %), and theoretical 
capacity (mAh/g) for group 2 LiNiO2-based materials. Cells were cycled versus Li metal by charging at 20 mA/g to Vmax (4.5 or 
4.75 V), maintaining a constant potential until the current dropped below 10 mA/g, and then discharging at 10 mA/g to 2.75 
V. The theoretical capacity is based on electrochemically active Al.



Figure S12: 1st, 5th, 10th and 15th cycle voltage profiles plotted as a function of capacity (mAh/g) for (a) LiNiO2, (b) 
LiNi0.95Al0.05O2, (c) LiNi0.9Al0.1O2, (d) LiNi0.8Al0.2O2 (O), and (e) LiNi0.8Al0.2O2 (DO). Cells (vs. Li metal) were charged to 4.75 V at 
20 mA/g, held at 4.75 V until the current decreased below 10 mA/g, and then discharged at 10 mA/g to 2.75 V, all at room 
temperature.



Table SV: First cycle charge and discharge capacity (mAh/g), irreversible capacity loss (mAh/g and %), and theoretical 
capacity (mAh/g) for group 3 LiNiO2-based materials. Cells were cycled versus Li metal by charging at 20 mA/g to Vmax (4.5 or 
4.75 V), maintaining a constant potential until the current dropped below 10 mA/g, and then discharging at 10 mA/g to 2.75 
V. The theoretical capacity is based on electrochemically active Al.



Figure S13: 1st, 5th, 10th and 15th cycle voltage profiles plotted as a function of capacity (mAh/g) for (a) LiNiO2, (b) 
LiNi0.8Co0.2O2, (c) LiNi0.8Al0.2O2 (O), (d) LiNi0.8Co0.15Al0.05O2, and (e) cNCA. Cells (vs. Li metal) were charged to 4.75 V at 20 
mA/g, held at 4.75 V until the current decreased below 10 mA/g, and then discharged at 10 mA/g to 2.75 V, all at room 
temperature.



Figure S14: (a) Charge and (b) discharge capacities as a function of cycle number for LiCo0.8Al0.2O2. Duplicate cells were cycled 
versus Li metal negative electrodes using either 1M LiPF6 EC:DMC (1:1) (black), or 1M LiBF4 EC:DMC (1:1) (red). Electrodes 
were charged at 20 mA/g to 4.75 V, held at a constant potential until the current decreased below 10 mA/g, and then 
discharged at 10 mA/g to 2.75 V, all at room temperature.

Theoretical Calculations for Transition Metal Migration:

The structures used in DFT calculations for the Li-Al defect in LiAlM15O32 (M = Ni or Co) are illustrated 
in Figure S15. The figure explicitly shows the in-plane octahedral ordering with an Al in the transition 
metal layer and an adjacent residual Li, as well as the Li-Al dumbbell configuration. Configurations with 
Li in other sites were higher energy. The defect energy is calculated by subtracting the in-plane octahedral 
configuration from the dumbbell, such that positive values indicate the former to be stable. 

Figure S15: (a) In-plane octahedral and (b) Li-Al dumbbell configurations for determining dumbbell formation energy, with 
formula unit LiAlM15O32 (M = Co or Ni). Some mirror-image Li and Al atoms not shown for clarity. A Li-Al dumbbell is unstable 
in LiNi15AlO32, but the two configurations have very similar energies in LiCo15AlO32.8

Interlayer migration is most detrimental when it is not reversible. Figure S16 shows a possible migration 
pathway for the metal ions that may result in the irreversible migration of Al from the transition metal 
layer to the Li layer. As long as dumbbells can form in the structure, the stability of Li-Li dumbbells can 



drive Al away from the vacancy in the transition metal layer and cause it to become stuck in the Li layer 
even upon relithiation.

Figure S16: Possible irreversible migration pathway of Al that could result in capacity loss and/or material degradation: (a) Li-
Al and (b) Li-Li dumbbell configurations in the charged state, and (c) Li-Li dumbbell configuration in the discharged state.



27Al solid-state NMR spectroscopy:

Local Al environments present in the LiCo0.8Al0.2O2 and LiNi0.8Al0.2O2 (O) samples were identified by 
27Al solid-state magic-angle spinning (MAS) NMR spectroscopy. All samples were packed into 1.3 mm 
MAS rotors in an Ar-filled glovebox, without exposure to the ambient atmosphere. The 27Al NMR spectra 
for the pristine material and the cycled LiCo0.8Al0.2O2 samples with differing upper cutoff potentials (4.2 
V, 4.5 V, and 4.75 V) are presented in Figure S17, with fitted spectral deconvolutions as described in the 
caption. The multiple features at lower frequencies (between 27 and 62 ppm) in Figure S17 represent 
octahedral Al sites with differing numbers of Co3+ neighbors, in agreement with previous studies; lower 
shifts indicate more neighboring Co3+.9 The spectral deconvolution clearly shows the development of 
another signal at ~70 ppm (broad, red peak) with increasing upper voltage cutoff, which is attributed to 
tetrahedral Al (see later).

Due to the increased internal impedance when charging to higher potentials and the increased irreversible 
capacity for those samples, an increase in the amount of Co4+ in the samples was observed with increasing 
upper cutoff potential (i.e., incomplete relithiation on discharge to 2.7 V). The presence of paramagnetic 
Co4+ is expected to result in both a shift of the 27Al resonance as well as a decrease in the spin-lattice (T1) 
and spin-spin (T2) relaxation times of the 27Al nuclei. In the initially acquired 27Al NMR spectra for each 
cycled sample, a very broad paramagnetic signal centered at 60 ppm was also observed, which is ascribed 
to 27Al sites in close proximity to Co4+, but not adjacent, since no significant hyperfine shift was 
observed.10 The very broad signal could be suppressed by using a T2 filter, and this method was used to 
acquire the spectra presented in Figure S17. A comparison showing the difference between non-filtered 
and T2-filtered spectra is presented in Figure S18. 

Figure S17 shows an increase in the intensity of the lower-frequency octahedral Al features, relative to 
the higher-frequency sharper signals, as the material is charged to higher voltages, indicative of the 
increased amount of Co4+ (i.e., decrease in Co3+ content). The increased Co4+ content also appears to 
broaden the octahedral Al features, but the asymmetric increase of the overall lineshape due to the feature 
at ~70 ppm cannot be attributed to this broad signal. This higher-frequency feature falls in the 
characteristic 60–80 ppm range of Al in tetrahedrally coordinated environments.11–13 Moreover, the signal 
is not attenuated by the T2 filter and thus has a long T2 relaxation time similar to the other diamagnetic Al 
features (i.e., the resonances of the octahedral sites). On this basis, the fitted peak (broad, red peak) 
centered around 70 ppm is assigned to tetrahedral Al. Thus, the increase in intensity at higher frequencies 
is unrelated to changes in the octahedral Al sites or the increased Co4+ content, and instead indicates the 
development of tetrahedral Al. The intensity of the fitted tetrahedral Al peak clearly demonstrates that for 
LiCo0.8Al0.2O2, Al migration to the tetrahedral site is observed even after charging to 4.2 V, and that the 
concentration of tetrahedral Al increases further when charging to higher potentials. In particular, a large 
increase in the tetrahedral Al peak is measured when charging above 4.5 V. These results can be 
contrasted to LiNi0.8Al02O2 (O), for which no increase in the tetrahedral Al signal was observed even after 
charging to 4.75 V. As shown by the cycling results of the Al-substituted LiCoO2 materials, the presence 
of tetrahedral Al will have a detrimental impact on the electrochemical performance of the positive 
electrode material. The presence of tetrahedral Al in between the CoO2 layers presumably impedes the Li+ 



diffusivity, as lower discharge capacities and higher irreversible losses are observed with increasing Al 
content in the LiCo1-yAlyO2 electrodes.

Figure S17: Experimentally measured and simulated 27Al NMR spectra of (a) pristine LiCo0.8Al0.2O2, as well as LiCo0.8Al0.2O2 

electrodes that were charged at 10 mA/g to (b) 4.2 V, (c) 4.5 V, or (d) 4.75 V and then subsequently discharged at 10 mA/g to 
2.7 V. The octahedral (oct) Al peak locations were determined from the features observed in the spectrum of the pristine 
material, and correspond to Al sites with varying numbers of neighboring Co3+ ions. The positions of the octahedral Al 
features were fixed during the fitting procedure, and only the width of the octahedral Al peaks was varied when fitting the 
spectra of the cycled samples. In fits to the cycled spectra, a broad peak at 70 ppm was introduced and assigned to 
tetrahedral (tet) Al. The increased intensity of the lower-frequency octahedral sites is attributed to the increasing amount of 
Co4+ (decrease in Co3+ content) and is consistent with the electrochemical results, i.e., incomplete relithiation. The relative 
intensity of the tetrahedral and octahedral peaks is not quantitative; the fit is presented primarily as a visual aid to show the 
tetrahedral Al feature.



Figure S18: 27Al solid-state NMR spectra of the cycled LiCo0.8Al0.2O2 (LCA) sample charged to 4.5 V and then discharged to 2.7 
V, showing an additional, extremely broad paramagnetic feature centered at ~60 ppm (in red spectrum). This paramagnetic 
feature could be suppressed through application of a T2 filter, resulting in only the diamagnetic signals (black spectrum). The 
very broad signal is assigned to 27Al sites in close proximity to Co4+, or possibly 27Al sites located in metallic regions of the 
sample. For both spectra, Hahn echo experiments were performed at a MAS rate of 55 kHz, at a field strength of 11.7 T. In 
the T2-filtered spectrum, the length of the T2 filter was 10 rotor periods, i.e., the interpulse delay in the Hahn echo 
experiment was ~182 µs.
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