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A B S T R A C T

Layered oxide LiNixMnyCozO2 (NMC) cathodes are often synthesized as polycrystalline secondary particles. Due
to intergranular fracture stemming from volume changes of randomly oriented primary particles during charge/
discharge, the synthesis of larger single-crystalline cathodes is of high interest. In this work, molten salt assisted
growth of micron-sized Ni-rich crystals is achieved with excellent crystallinity, low cation mixing, and negligible
impurities. However, electrochemical performance is compromised by high surface reactivity resulting in decom-
position of electrolyte and subsequent formation of a thick CEI layer. While intergranular fracture is eliminated,
planar gliding and severe intragranular fracture along the (003) plane occurs in the high voltage region within
the first few cycles and is associated primarily with H2 to H3 structural transitions. In addition, H2 to H3 transi-
tions are highly irreversible with cyclic voltammograms revealing polarization growth within <5 cycles. Subse-
quently, the single-crystalline material exhibited markedly reduced available capacity and enhanced capacity
fade from sharp impedance growth compared to its polycrystalline counterpart. This work furthers a fundamen-
tal understanding into the limitations of single-crystalline Ni-rich cathodes, and the obstacles limiting the advan-
tages offered by the single-crystalline morphology.

1. Introduction

Layered oxide nickel-rich NMC cathodes composed of the composi-
tion LiNixMn1-x-yCoyO2, with x > 0.6, are expected to be implemented
for next generation commercial lithium-ion batteries. Specifically,
“NMC811”, with the composition of LiNi0.8Mn0.1Co0.1O2, is of signifi-
cant interest; with a high practical specific capacity of 200mAh/g, low
cost due to decreased cobalt content, and high discharge potential of
3.8 V (vs Li/Li+), and it has the potential to meet the rising energy re-
quirements for electric vehicles, drones, and personal electronics of the
near future [1–4]. However, increasing the nickel content of NMC cath-
odes to this extent poses significant obstacles that need to be addressed,
specifically regarding calendar life and safety. Ni-rich cathode materi-
als can suffer from capacity loss from transition metal (TM) migration
to lithium sites during cycling [4–7], gas evolution from Ni4+ reactivity
with conventional electrolytes in the highly charged state [8], surface
reconstruction from the layered R-3m to spinel and highly resistive
rock-salt phases [9,10], transition metal dissolution and electrode
cross-talk [11,12], and intergranular cracking from large anisotropic

volume changes during high levels of delithiation [10]. Most of these is-
sues are exacerbated when using higher cutoff voltages above 4.3 V due
to the high valence state of Ni4+ and occurrence of the H2 to H3 transi-
tion around this region [13].

Of the various degradation mechanisms listed above, intergranular
cracking has been highlighted as a major issue that should be addressed
[14–16]. Intergranular cracking, also known as “electrochemical
shock,” typically occurs during high voltage cycling and is attributed to
large and sudden anisotropic volume changes in the c lattice parameter
associated with the H2 to H3 transition [17]. In-situ XRD data in other
studies involving Ni-rich NMC have well documented an expansion in
the c lattice parameter during delithiation until 4.3 V, after which a
sudden contraction and shrinkage of the crystal lattice along the (003)
direction occurs [13]. This mechanism is due to the gradual electronic
repulsion of the oxygen slabs and decreased shielding from Li+ ions
during initial delithiation, followed by collapse of the layer under
higher state of charge from increased Ni–O covalency and loss of Li pil-
laring [13,18]. Subsequent intergranular fracture can lead to the devel-
opment of microcracks, which can expose the interior of the particle to
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electrolyte penetration, leading to increased levels of surface-initiated
degradation mechanisms, subsequent increase in impedance, and elec-
trical disconnection in severe cases. This degradation mechanism is es-
pecially prevalent in NMC powders synthesized through conventional
high-throughput coprecipitation methods, where the final products are
secondary particles 8–16 μm in diameter and composed of many ran-
domly oriented individual primary particles 100–200 nm in size [19].
In these polycrystalline materials, intergranular fracture is well docu-
mented and exacerbated when increasing the nickel content or upper
cutoff voltage [17,18,20,21].

To mitigate or completely remove the impact of intergranular frac-
ture, an increasingly popular method is to synthesize powders com-
posed of large single crystals of NMC instead of polycrystalline sec-
ondary particles. To achieve this, previous studies have utilized a vari-
ety of different synthesis methods, ranging from molten salt flux growth
[22–24], high energy ball milling [25–27], chemical etching of sec-
ondary particles [28], and high temperature sintering [29]. Different
particle sizes and morphologies can be obtained based on a variety of
experimental parameters such as sintering temperature, flux, oxygen
and lithium chemical activity, and time [30]. Successful growth of sin-
gle crystalline NMC622 was demonstrated using a combination of
molten salt and high temperature synthesis [22,29]. Dahn et al. have
also demonstrated a variety of single crystal NMC532 and NMC622
cathodes using high temperature calcination combined with grinding
and sieving, although electrochemical performance was subpar com-
pared to their polycrystalline analogues [25,31,32]. To date, single
crystal NMC has been shown to have superior cycling performance due
to the absence of cracking [22] as well as reduced electrode crosstalk
from higher surface to volume ratio [33]. In addition, Zhao et al.
demonstrated that single crystal NMC622 pouch cells exhibited signifi-
cantly reduced transition metal dissolution and gas evolution compared
to polycrystalline counterparts [34]. However, it is even more challeng-
ing to synthesize Ni-rich single crystal cathodes such as NMC811 due to
a generally lower optimum calcination temperature [35]. Increasing
the calcination temperature is generally required to facilitate solid state
growth, but also facilitates the formation of undesirable NiO and exces-
sive cation mixing [35]. While some works have demonstrated success-
ful synthesis of Ni-rich single crystal cathodes, they require the use of
ball milling or other mechanical pulverization of agglomerates [27,36].

In this work, we demonstrate synthesis of single-crystalline Ni-rich
cathode powders ∼1–2 μm in size using a combination of high tempera-
ture synthesis, excess Li, and molten salt flux. The resulting cathode
powders exhibit excellent crystallinity, with lower levels of cation mix-
ing and increased Ni3+/Ni2+ surface compositions. The use of molten
salt flux reduces size distribution inhomogeneity and agglomeration,
with the excess molten salt flux easily washed away using deionized
water. Despite the crystallinity and surface quality of the initial mater-
ial, we demonstrate that Ni-rich single crystalline cathodes with domi-
nant (012) facets exhibit higher surface reactivity resulting in the for-
mation of a thicker cathode electrolyte interphase. The H2 to H3 transi-
tion in the high voltage is shown to be much more irreversible com-
pared to the polycrystalline counterpart, with increasing polarization
and intragranular cracking along the weaker basal plane observed
within the first few cycles. Lastly, rapid increases in charge transfer
overpotentials occur beyond moderate levels of delithiation, which is
not observed in the polycrystalline counterpart. Overall, these mecha-
nisms limit the reversible capacity and long-term stability of the single-
crystalline Ni-rich cathode, and will require further tuning through
dopants or morphology control to become competitive with traditional
polycrystalline cathodes.

2. Experimental methods

2.1. Synthesis of polycrystalline NMC811

To prepare polycrystalline NMC811 cathodes (“PC811”), spherical
hydroxide precursors are first synthesized using a coprecipitation pro-
cedure based on a prior study [37]. A solution of transition metal sul-
fates in the targeted ratio (Ni:Mn:Co = 8:1:1) is added dropwise into a
stirring glass jacketed reactor under nitrogen atmosphere. Ammonia is
added to the reactor to reduce the coprecipitation reaction rate as a
chelating agent. The pH is maintained at 11 ± 0.1 using a solution of
sodium hydroxide, which also functions as the precipitating agent/
counter anion. After a fixed reaction time, the hydroxide product is col-
lected, rinsed with deionized water, and dried thoroughly to remove ex-
cess water. The obtained powder is then mixed thoroughly with lithium
hydroxide in a 1:1.05 M ratio to account for lithium volatilization and
calcined at 450 °C. The powder is then removed and gently ground
again to homogenize possible lithium concentration irregularities, fol-
lowed by a subsequent calcination at 775 °C under flowing oxygen.

2.2. Synthesis of single-crystalline NMC811

Single crystalline NMC811 (“SC811”) is synthesized via a molten-
salt method using the same hydroxide precursors described in the previ-
ous section. The hydroxide powder is mixed with 50 mol% excess
lithium hydroxide and a eutectic mixture of lithium sulfate and sodium
sulfate (0.62–0.38) [38]. The eutectic composition has a melting point
of approximately 580 °C, and sulfate-based fluxes are effective for the
dissolution of oxides compared to other potential salt systems [38–40].
In a previous study on the molten salt growth of lead magnesium nio-
bates, the oxide solubility using a Li2SO4–Na2SO4 mixture was nearly
one order of magnitude higher than that of chloride flux [40]. It is un-
derstood that growth occurs via a dissolution-recrystallization mecha-
nism which dissolves smaller oxide particles to facilitate the growth of
larger particles through Ostwald ripening processes, with the molten
flux allowing for faster mass transport than simple solid-state growth
[24]. The presence of the larger alkali Na + ions in the flux composition
is also critical in molten salt growth by being more effective solvating
O2− anions than Li+ [41].

The mixture is calcined using a two-step high temperature/low tem-
perature profile similar to a previous study [29]; the sample is subject
to a shorter calcination at 900 °C for 2 h, followed by a longer 13-h soak
time at 775 °C to ensure good crystallinity. The collected sample is typi-
cally in the form of a “brick,” which is then ground gently, followed by
ultrasonic washing in deionized water to remove the water-soluble
salts. The resulting powder is then dried at 100 °C in a vacuum oven for
several hours, followed by an annealing step at 650 °C for 5hrs under
flowing oxygen, which is necessary to recover surface damage from the
washing process and improve electrochemical performance
[22–24,42].

2.3. Electrode/half-cell fabrication

To form electrodes, PC811 or SC811 powder is mixed with Super
C65 carbon black as a conductive additive and PVDF dissolved in NMP
(6 wt%) as a binder. The slurry is composed of 80 wt% of active mater-
ial, 10 wt% carbon black, and 10 wt% PVDF. The resulting slurry is cast
onto a 15 μm thick Al foil using a 150 μm doctor blade and dried at
70 °C in air for several hours until the surface appears dry, followed by
drying overnight in a vacuum oven at 120 °C to remove residual sol-
vents and possible moisture. Afterwards the electrode is calendered to
an approximate total thickness of 35–40 μm, punched into 12 mm
discs, and assembled into 2032-coin cells in an argon-filled glovebox
with lithium metal as the anode, 1.0 M LiPF6 in EC/EMC (3:7 wt ratio)
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as the electrolyte, and a Celgard separator. Active mass loadings are cal-
culated to be in the range of 3.5–4.3 mg/cm2.

3. Characterization methods

X-ray diffraction (XRD) profiles were obtained using a PANalytical
Empyrean X-ray Diffractometer (Cu Kα, λ = 1.5409 Å radiation source,
and step size of 0.0167°/step). Analysis of the XRD profiles was per-
formed using Rietveld refinement technique via Fullprof Suite to deter-
mine crystallographic lattice parameters, degree of cation mixing, and
I(003)/I(104) ratios, using R-3m space group as the structural reference.
Surface morphology, qualitative chemical information, and elemental
distribution of the cathode powders were examined using SEM and EDS
analysis via a JEOL JSM-7000F SEM at 10 kV accelerating voltage.
Chemical compositions were determined through ICP-OES via a
PerkinElmer Optima 8000. High-resolution transmission electron mi-
croscopy (HRTEM) is performed using a Titan cubed Themis 300 at
300 kV, with EDS mapping performed in STEM mode. X-ray photoelec-
tron spectra (XPS) analysis is performed via a PHI 5000 VersaProbe II
system (Physical Electronics). Individual scans across the Li 1s, O 1s, C
1s, Co 2p3, Mn 2p3, Ni 2p3, and F 1s binding energies were collected at
a pass energy of 23.50eV and electron escape angle of 45° to the sample
plane. Ar-ion milling for 2 min at 4 kV was utilized to remove the sur-
face material and probe subsurface regions less than ∼100 nm from the
surface. Relevant XPS spectra were deconvoluted and fitted using XPS-
Peak software to examine the surface oxidation states of the powder in
the as-synthesized state and electrodes taken from disassembled cells
after 100 cycles.

Galvanostatic charge/discharge cycling was conducted at ambient
room temperature on a LANDT CT2001A from 2.8 to 4.5 V at a C/2
rate. Electrochemical performance was also examined under different
current loads of C/10, C/5, C/2, 1C, 2C, 3C, and C/10. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) were ob-
tained using a Bio-logic SAS VMP3 multi-channel Potentiostat main-
tained at 30 °C. CV and EIS data were obtained for cells before and after

cycling. CV profiles were obtained using a scan rate of 0.1 mV/s from a
voltage range of 2.8–4.5 V. EIS was obtained using a 10 mV sinusoidal
amplitude from 1 MHz to 20 mHz. Cells were subjected to a constant
voltage hold at the desired SOC/voltage for approximately 2 h before
EIS analysis to ensure the electrode was at the desired SOC. Galvanosta-
tic intermittent titration technique (GITT) was utilized to determine
SOC dependent lithium diffusion coefficients and polarization and was
conducted using a C/10 current pulse for 0.5hrs, followed by 1.5hrs of
resting time. GITT measurements for each sample were collected across
one full charge cycle and discharge cycle.

4. Results and discussion

4.1. Morphology and crystallinity

The morphology of PC811 and SC811 are examined with SEM in
Fig. 1a–d and demonstrates the contrasting size and shape distribution
between the polycrystalline and single crystalline NMC811. Like previ-
ous works, PC811 is composed of spherical secondary particles
∼8–10 μm in diameter and consisting of elongated block-like primary
particles ∼50–200 μm in size [43]. SC811 is composed primarily of
1–2 μm crystals with well-defined facets. The cathode crystal shape is
observed to be mostly composed of octahedral-shaped crystals which,
based on DFT calculations for equilibrium shapes of NMC from a study
by Zhu et al., is assumed to be enclosed mostly by (012) facets [30].
Such shapes are expected to form when sintering under high oxygen
and lithium activity, which was achieved through use of excess Li and
flowing oxygen conditions [30]. High temperature and excess Li were
found to be necessary to synthesize single crystalline NMC811, as re-
ducing the upper temperature to 825 °C was found to still retain the
highly polycrystalline morphology [Fig. S1e].

The use of 10 mol% Li2SO4–Na2SO4 flux was sufficient in producing
well separated single crystals with consistent size and shape, due to the
solubility of oxides in sulfate molten salts [39]. Although SC811 sam-
ples synthesized without the use of molten salt flux still resulted in large

Fig. 1. SEM images of as-synthesized PC811 (a,b) and SC811 powders (c,d). SC811 powders are observed to form in octahedral shapes dominated by (001) and
(012) surfaces, although other shapes are occasionally observed. (e) Powder XRD profiles for PC811 and SC811. (f,g) Selected 2θ ranges of the (104) and (108/
110) peaks, respectively, demonstrating the smaller FWHM and well separated Kα doublet peaks of SC811 compared to PC811. (h) Table of relevant crystallo-
graphic parameters, obtained from Rietveld Refinement of XRD profiles.

3



CO
RR

EC
TE

D
PR

OO
F

L. Azhari et al. Journal of Power Sources xxx (xxxx) 231963

crystal sizes, the resulting powder exhibited severe agglomeration and
wider particle size distribution due to the lack of molten salt flux [Figs.
S1a–d]. This is also indicated from Fig. S2, where the d50 and specific
surface area of single crystal samples prepared without sulfate flux is
noticeably higher than that with 10 mol% sulfate flux, indicative of in-
creased agglomeration and wider particle size distributions. It also is
worth noting that increasing the excess LiOH is effective in reducing ag-
glomeration and breaking apart secondary particles, as LiOH in excess
will also function as a molten salt flux [Fig. S3]. An increase in the sul-
fate flux content to 50 mol% expectedly retains the well separated and
narrower size distribution, demonstrated in Fig. S1f. However, the aver-
age size is noticeably reduced due to the increased diffusion length and
oxide solvation. Therefore, by controlling the different variables of high
temperature synthesis, excess Li, and molten salt flux type and concen-
tration, 1–2 μm sized octahedral single crystals of NMC811 with nar-
row size distribution and less agglomeration could be obtained.

Both PC811 and SC811 exhibit no noticeable impurity phases,
shown in the selected XRD profiles in Fig. 1e–g. Both XRD patterns dis-
play the typical characteristic peaks of the hexagonal α-NaFeO2 layered
structure of R-3m space group, with excellent crystallinity as made evi-
dent by the clear splitting of the (006)/(102) and (108)/(110) peaks
[28]. SC811 exhibits superior long-range ordering due to the larger sin-
gle-crystalline nature; the full-width half maximum (FWHM) of selected
peaks are noticeable smaller, consistent with Scherrer relationship be-
tween crystallite size and peak width [44]. Moreover, doublet peaks
can be observed due to reflections from both Cu Kα1 and Kα2 wave-
lengths, while such resolution cannot be observed in PC811 due to peak
broadening. Both samples retain the expected composition based on
ICP data in Table S1, with no lithium deficiency.

From the XRD refinement data in the table in Fig. 1h, SC811 exhibits
slightly smaller lattice parameters compared to PC811. In addition,
SC811 samples have noticeably lower cation mixing than PC811, with
only 2.39% cation mixing in the Li layer compared to 3.19% for PC811.
The decreased cation mixing implies less Ni2+ in the Li layer for SC811,
which would also correspond to the slightly smaller lattice parameters.
The low cation mixing is further indicated by the higher c/a ratio for
SC811 and excellent (003)/(104) intensity ratios for both samples.
While the (003)/(104) ratio for SC811 is slightly lower than PC811, de-
spite the lower cation mixing determined through Rietveld refinement,
this difference is attributed to the faceted nature of SC811 with the pre-

ferred orientation during sample packing likely influencing the (003)
and (104) peak intensities. The lower cation mixing can be understood
when considering that the flux-assisted process allows for enhanced
transport of the metal cations, along with dissolution and recrystalliza-
tion suppressing the amount of nickel ions settling into lithium sites un-
der a sufficiently oxidizing atmosphere. Thus, the demonstrated synthe-
sis method can achieve excellent crystallinity with low cation mixing.
The addition of excessive amounts of sulfate flux results in a decline in
crystallinity, as evidenced by the higher degree of cation mixing deter-
mined in Fig. S4 for samples prepared with 50 mol% sulfate flux.

4.2. Surface composition and structure

The surface composition and structure are probed using XPS and
TEM techniques. Despite using sulfate fluxes containing sodium, no sig-
nificant sodium, sulfur, or aluminum impurity can be detected for
SC811 [Fig. S5], demonstrating the effectiveness of the water washing
and annealing procedure to remove the soluble sulfate flux. As shown in
Fig. 2a and b, the Ni 2p3 spectra can be deconvoluted into 4 peaks cen-
tered around 855.76, 854.6, 861, and 862.5 eV [45,46. Contributions
from Ni2+ and Ni3+ oxidation states correspond to peaks at 855.76 eV
and 854.6 eV, respectively, while others represent satellite peaks. Ni2+

exists on the surface of Ni-rich NMC as the higher energy surface is sen-
sitive to ambient conditions and lattice lithium can react with moisture
and carbon dioxide to form a residual lithium layer along with a corre-
sponding reduction of nickel at the surface/subsurface region. By com-
paring the integrated area for each peak, an estimate of the nickel va-
lence state ∼5 nm from the surface can be obtained. A higher fraction of
Ni3+ is typically associated with better ordering, surface stability, and
less cation mixing, as nickel should exist mostly in the 3+ oxidation
state in pristine NMC811 [47,48]. As shown in the table in Fig. 2e of the
areal contributions of individual peaks to the total integrated area,
PC811 has a significantly higher percentage of Ni2+ (42.5%) compared
to SC811 samples (9.5%), indicating a much more pristine surface
structure for SC811 with less inherent surface reconstruction. It also
suggests that cation mixing is easier to occur in PC811 samples than
SC811 samples, which is consistent with XRD refinement results. For
O1s spectra in Fig. 2c and d, there are two distinct peaks observed at po-
sitions of 531.9 and 529 eV [49]. The peak at 531.9 eV represents
higher energy active oxygen (Oactive), and the peak at 529.3 eV corre-

Fig. 2. Ni 2p3 and O1s binding energies for (a, c) PC811 and (b, d) SC811 as-synthesized powders, with deconvoluted peaks. A SC811 particle was prepared by FIB to
obtain a cross section for EDS and for obtaining a sufficiently thin particle section (e) Contribution of deconvoluted peaks to the overall signal. HAADF and HRTEM
imaging of a primary particle edge for (f,g) PC811 and (h,i) SC811. FFT patterns in the inset are both indexed to the (003) lattice fringes of the layered R-3m struc-
ture. FFT points are circled for clarity.
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sponding to lattice-bonded oxygen (Olattice) [49]. According to the table
in Fig. 2e, the percentage of Olattice in SC811 samples is moderately less
than that in PC811 samples, indicating that there are more defects or
broken bonds on the surface of SC811 samples, which may be a result of
the more reactive (012) facets of the octahedral morphology. While the
Oactive is also considered to be present in the form of residual lithium
such as Li2CO3, XPS analysis and deconvolution of the carbon 1S bind-
ing energies indicate similar levels of carbonate content, indicating that
the difference in Oactive is attributed to the higher energy facets [Fig.
S6]. This is also confirmed from the HAADF and HRTEM imaging of a
particle edge for as-synthesized PC811 and SC811 samples in Fig. 2f–i,
which show similar thicknesses of residuals along with clear lattice
fringes. Cross sectional EDS mapping also verifies that transition metal
distribution is homogenous across the entire particle, with no signifi-
cant segregation [Fig. S7].

4.3. Electrochemical performance

While both SC811 and PC811 exhibit similar first coulombic effi-
ciencies between 85 and 88% with similar voltage profiles and
plateaus, SC811 suffers from a noticeably higher potential drop of
83 mV upon first discharge, compared to 40 mV for PC811 [Fig. 3a]. In
addition, the first discharge capacity is noticeably lower at 199mAh/g
vs 211 for PC811. Upon cycling at a C/2 rate, shown in Fig. 3b, the re-
versible capacity of SC811 drops even lower to around 160mAh/g with
a capacity fade that is more severe compared to PC811, which was
somewhat unexpected due to the intended improvement in regard to in-
tergranular fracture.

The loss in accessible capacity is also observed at different rates of
charge/discharge, with SC811 typically exhibiting a specific capacity
10-25mAh/g lower than its polycrystalline counterpart [Fig. 3c]. How-
ever, this is not the case for 5C, where it is observed that both samples
exhibit the same reversible capacity of ∼125mAh/g. When examining
the individual capacity-voltage curves for both the 3C and 5C rate, it
becomes evident from the single slope at 5C that both PC811 and SC811
go through only the H1 → M and possibly M → H2 transitions due to the
increased mass transfer overpotential and restricted voltage operation
range. At 3C however, a plateau exists near 4 V on discharge and 4.3 V
on charge and are associated with the H2 → H3 transitions which con-
tribute an additional capacity. In contrast, this plateau is not observed

for SC811 at 3C and the capacity is subsequently lower. These observa-
tions indicate that the performance limitation and low capacity of
SC811 relative to PC811 is mostly associated with the H2 → H3 transi-
tion at high voltage and is investigated further in this work.

The increased rate of capacity fade from C/2 long term cycling is as-
sociated with a steady increase in cell polarization, which is demon-
strated by the respective increase or decrease in the median charge or
discharge voltage during extended cycling, shown in Fig. 3d and e,
which also shows an initially higher voltage difference that develops af-
ter the first formation cycles. While the cyclic voltammetry curves of
PC811 shows a moderate increase in peak-to-peak width and peak
broadening after 100 cycles, the redox pairs associated with the H1
M, M H2, and H2 H3 transitions are still observable [13]. This is in
stark contrast to cycled SC811, where only the first set of redox peaks
are observed with significant peak-to-peak width and broadening, indi-
cating the loss of electrochemically active phases [50]. Electrochemical
impedance spectra (EIS) obtained before and after cycling demonstrates
an immense increase in the charge transfer resistance of SC811 com-
pared to PC811, as evidenced by the larger second semi-circle at me-
dian frequency [51].

To probe possible degradation mechanisms, cyclic voltammograms
of the first 7 cycles are shown in Fig. 4a and b, using a slow scan rate of
0.1 mV/s. For both samples, anodic peaks can be observed in the first
charge cycle at values above 3.8 V before settling at a lower voltage
that is generally more reversible. This higher anodic peak under first
charge is typically observed and is attributed to the oxidation of resid-
ual surface impurities, surface reconstruction, and subsequent forma-
tion of a CEI layer [52,53]. This can also be considered the “activation”
of the NMC cathode. While PC811 has one clear anodic peak at 3.9 V,
SC811 takes several cycles with lower intensity peaks before the main
redox peak shifts to the expected reversible value around 3.75–3.8 V.
Additionally, there is also an increased initial anodic peak for the H2 →
H3 redox pair, which is not observed for PC811, suggesting that the for-
mation of the CEI layer and electrolyte decomposition is distinctly dif-
ferent than PC811 and may be thicker compared to that of PC811
[54,55]. More notably is the difference between the peak-to-peak width
of the redox peaks associated with the H2 → H3 transition, which oc-
curs between ∼4.0–4.2 V. While PC811 shows exceptional reversibility
of the H2 → H3 transition, as evidenced by the well overlapping CV
curves, SC811 shows an initially larger polarization which begins to in-

Fig. 3. Electrochemical analysis of half-cells for PC811 (black) and SC811 (red). (a) First charge/discharge cycle and first coulombic efficiency, (b) galvanostatic
charge/discharge cycling at 0.5C, (c) rate performance between 2.8 and 4.5 V, (d) median charge and discharge voltage over cycling, (e) cyclic voltammetry curves
before and after cycling, (f) electrochemical impedance curves before and after cycling. Inset in figure a demonstrates the higher initial potential drop of SC811 com-
pared to PC811. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Cyclic voltammograms of the initial charge/discharge and four subsequent voltammograms for (a) PC811 and (b) SC811, with (c) redox pair polarization
plotted vs cycle number. (d) Lithium diffusion coefficients and (e) overpotential vs SOC determined through GITT analysis. (f) Electrochemical impedance values
of PC811 and SC811 across different SOC obtained from EIS curve fitting.

crease within the first seven cycles. This is clearly shown in Fig. 4c,
where the peak-to-peak width of H2→H3 redox pair grows at a signifi-
cantly faster rate for SC811, demonstrating the rapid irreversibility of
these transitions. By the sixth cycle, it is also observed that the H1 → M
redox peaks already begin to increase in polarization, again in signifi-
cant contrast to the stable peak positions of PC811 and consistent with
the lower capacity and faster capacity fade of SC811 observed from ex-
tended cycling.

GITT measurements shown in Fig. 4d demonstrate no noticeable dif-
ference in the lithium diffusion coefficient between PC811 and SC811,
indicating that although SC811 naturally has longer diffusion path-
ways, it is not considered a significant limiting factor concerning elec-
trochemical performance. However, by analyzing the overpotential
upon the application of the current pulse, a clear difference can be ob-
served in the high SOC range [Figs. 4e and S9]. While SC811 generally
shows overpotential during current application compared to PC811, a
strong increase is observed after 50% delithiation, where the values for
SC811 rises from a low of ∼15 mV–90 mV at 40% delithiation. In com-
parison, the overpotential for PC811 stays well below 20 mV across the
entire SOC range beyond 20% delithiation. The overpotential associ-
ated with the immediate IR drop upon current pulse is associated with
phenomena occurring at fast time scales, primarily ohmic and charge
transfer overpotentials [56]. By examining the EIS curves at different
SOC in Fig. 4f, it is evident that while Rsf and Rohm for PC811 and SC811
remain stable across all tested voltages, the same cannot be said for Rct.
While Rct for both samples starts at similar values in the fully dis-
charged state, and decreases upon initial low levels delithiation, Rct for
SC811 begins to increase much more rapidly than PC811 above 4.0 V.
The EIS results support the observations from GITT analysis and imply
that SC811 is severely limited by high impedance, particularly in the
high voltage region associated with the H2 to H3 transition. Interest-
ingly, cycling cells only to an upper voltage cutoff of 4.0 V to avoid the
severe impedance rise results in similar capacity and retention between
SC811 and PC811 [Fig. S11].

4.4. Surface composition at high SOC

In order to further determine mechanisms for the rapid impedance
growth of SC811 samples, XPS analysis of both SC811and PC811 sam-
ples at the high voltage of 4.5 V are conducted, examining both the sur-
face and subsurface region. Both samples were initially subjected to two
formation cycles, before charging to 4.5 V and subsequent disassembly.
To analyze the subsurface components of PC811 and SC811 samples,
the surface layers are removed by Ar ion polishing for 2 min at 4 kV.

The XPS of Ni 2p3 binding energies for both PC811 and SC811 samples
are almost the same as shown in Figs. S12a and b. It is worth noting that
the Ni2+ contribution has increased for both samples, which is expected
due to the formation of a cation mixing/surface reconstruction layer
upon charge/discharge. It is also evident that SC811 forms a thicker CEI
layer; in Figs. S12c–f, Mn 2p3 and Co 2p3 peaks can only be detected af-
ter ion polishing for SC811 samples. In contrast, Mn 2p3 and Co 2p3
signals for PC811 can still be observed before polishing, indicating that
the CEI layer is relatively thinner after the first formation cycles and un-
der high SOC than for SC811.

To determine the components of the surface layer, XPS spectra of Ni
2p3, O 1s, F 1s, P 2p, and Li 1s are analyzed. As shown in Fig. 5a and d,
the appearance of a peak at 857.8 eV is observed and is attributed to the
decomposition of electrolyte and subsequent formation of NiF2 surface
species [57]. The XPS of Ni 2p3 binding energies of PC811 are rela-
tively unchanged when compared to after polishing. However, the XPS
of Ni 2p3 for the SC811 surface is dominated by the NiF2 peak, suggest-
ing higher severity of electrolyte decomposition, and confirming the de-
velopment of a thicker CEI layer just after formation cycles at high
charge, with lattice Ni–O contributions barely observable. The develop-
ment of higher amounts of metal fluorides is also shown in the F 1s
spectra in Fig. 5c and f, with noticeably higher metal fluoride signal
compared to the organic fluoride signal that comes from the PVDF
binder. Meanwhile, in Fig. 5b and e, the Olattice cannot be detected at
the surface of SC811 in the charged state while it is still observable for
PC811, which also indicates the difference of the CEI thickness. There is
a new peak, representing the organic compounds, can be observed in
the spectra of O 1s, at the position of 533 eV and is likely due to some
residual electrolyte [58].

Examination of the Li 1s and P 2p, and Li 1s in Fig. 5g and h further
reveals extensive formation of CEI surface species. A significantly
higher peak in the Li 1s and P 2p spectra related to LiF and LixPOyFz is
observed for SC811 compared to PC811, respectively. These residual
surface species are well documented to be highly ionically resistive
[59], and thus, with more surface species forming on the surface for
SC811, the impedance and polarization growth of SC811 samples grad-
ually increase during cycling, consistent with CV and EIS analysis. The
difference in the CEI growth rate must be attributed to the higher sur-
face reactivity of SC811, due to the known higher energy of the (012)
facet compared to other possible facets and demonstrated by the higher
Oactive contribution.
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Fig. 5. Ni 2p3, O 1s, and F 1s XPS spectra from (a–c) PC811 and (d–f) SC811 electrode surfaces from disassembled half-cells after holding at 4.5 V. (g,h) P 2p and Li 1s
XPS spectra the charged electrodes.

4.5. Structural integrity vs SOC

Besides the thick CEI layer growth, intragranular cracking is also a
possible reason for the fast-increasing impedance of SC811 samples,
due to the generation of additional surfaces for electrolyte penetration
and possible electrical disconnection. As shown in Figs. 6, S15, and S16,
cracks in both PC811 and SC811 samples occur at voltages at 4.3 V and
higher and are analyzed by SEM. When the voltage is less than 4.0 V,
little to no cracks were observed for both samples [Fig. 6a, b, e, and f].
Once the voltage reaches 4.3V, obvious cracks can be observed on the
PC811 samples in the form of intergranular cracks along grain bound-
aries, as shown in Fig. 6c, with most of the cracks being recoverable
upon discharge as shown in Fig. 6a. For SC811 samples, rather than in-
tergranular cracking, intragranular cracking and planar gliding can be
observed in Fig. 6g and h and are assumed to be mainly along the
weaker (003) basal plane, which becomes more mechanically compro-
mised at higher levels of delithiation [60,61]. The retaining effects of
planar gliding was observed for several crystals after lithiation [Fig.
6e]. Overall, it is demonstrated that at a high voltage state, significant
amounts of intergranular in the case of polycrystalline NMC811, or in-
tragranular cracking in the case of single-crystalline NMC811, can oc-
cur even just after the first formation cycle. No cracking of the individ-
ual primary particles is observed for the polycrystalline samples, as slip
planes are held in place due to the neighboring grain boundary network

[61,62]. The long-term impacts of these contrasting mechanisms differ
from each other; intergranular cracking is limited to only the grain
boundaries and would expectedly crack along the same grain bound-
aries during cycling, eventually leading to microcrack propagation. In
contrast, intragranular cracking or planar gliding affects the (003) basal
plane, which can occur multiple times in different locations along a sin-
gle crystal cathode particle, running parallel to each other as observed
in Fig. 6e–h. With each cycle, numerous new surfaces are possibly gen-
erated and exposed to electrolyte penetration and surface-initiated re-
actions. In addition, these defects are produced by strain within the
crystal lattice at high voltage, which likely affects the lithium intercala-
tion process and resulting in the high impedance at moderate levels of
delithiation observed in Fig. 4. This contrast between intragranular and
intergranular fracture is likely a defining feature that contributes to the
rapid impedance growth and fast capacity fade for SC811 observed
from electrochemical analysis.

The previously proposed mechanisms of CEI layer growth and intra-
granular cracking on PC811 and SC811 samples are further confirmed
by HRTEM. PC811 and SC811 samples charged to 4.5 V after the first
formation cycle are examined in Fig. 7. From Fig. 7a and b, it was ob-
served that the CEI layer for SC811 samples is noticeably thicker
(∼5 nm) than that of PC811 samples (∼1 nm), consistent with conclu-
sions drawn from XPS results and would result in the poorer electro-
chemical performance of SC811 compared to PC811. Meanwhile, in

Fig. 6. SEM images of (a–d) PC811 and (e–h) SC811 electrodes retrieved from disassembled cells after holding at various upper cutoff voltage. Intragranular cracks
in PC811 can be observed to being at 4.3 V, whereas gliding planes or intergranular cracks can be clearly seen spanning the entire length of the single crystalline
grains. Note that all cells were subjected to 1 formation cycle between 2.8 and 4.5 V before holding at target voltage.
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Fig. 7. TEM images of (a) PC811 and (b–d) SC811 taken from electrodes charged and held at 4.5 V after one formation cycle. Surface reconstruction is observed for
both samples based on the FFT patterns in the inset. The occurrence of intragranular fracture and planar gliding is evident for SC811.

Fig. 7c and d, evidence of intragranular cracking and planar gliding is
observed. While the severity of planar gliding observed in Fig. 7d is
likely exacerbated by TEM sample preparation techniques (ultrasonic
dispersion in NMP and ethanol), it is further indication of the
anisotropic structural instability of Ni-rich single crystal cathodes,
which occurs within the first cycle during high voltage regions and re-
sults in further exposure to electrolyte penetration and expected detri-
mental surface reactivity.

5. Conclusion

In summary, a facile molten salt assisted synthesis approach to-
wards single crystalline NMC811 is demonstrated. The addition of ex-
cess lithium and high temperature was necessary for crystal growth,
with the use of alkali sulfate minimizing agglomeration. The resulting
cathode material composed of 1-2μm crystals with significant octahe-
dral faceting exhibits excellent crystallinity, surface nickel valence, and
minimal impurities. However, the higher reactivity of the surface due to
the dominant (012) facets compared to its polycrystalline counterpart
leads to the formation of a thick CEI layer within the first few formation
cycles which dramatically increases the charge transfer resistance as
demonstrated by the large polarization drops during GITT analysis and
probed using CV and EIS techniques. Lithium diffusion was not found to
be a significant limiting factor. In addition, the single crystal cathode is
susceptible to intragranular cracking, especially within the high voltage
region above 4.2 V associated with the H2 → H3 transition, exhibiting
significant irreversibility and increasing polarization again within just
the first few cycles. The intragranular cracking is preceded by planar
gliding of the (003) basal planes, which can occur across the entire
length of the NMC particle and expose new surfaces to electrolyte with
each cycle. The irreversibility and capacity loss mainly associated with
the high voltage region may also be influenced by surface/bulk strain

issues limiting proper lithium intercalation and rendering significant
fractions of the material inactive, which has been proposed as a general
limitation of Ni-rich cathodes and would require further study [63].

In order to develop high performing single-crystalline Ni-rich cath-
odes, these obstacles must be overcome, with the use of dopants or
coatings as a possible solution, a variety of which is already demon-
strated for polycrystalline morphologies [64–68]. Future work should
focus on coating selection and methodology, and/or dopant selection
and concentration with an objective towards stabilizing the single-
crystal cathode surface. Modification approaches must achieve the for-
mation of a thinner and stable CEI as well as better H2 → H3 reversibil-
ity. Recent work by Fan et al. utilized a coating of a NASICON-type
Li1.4Y4Ti1.6(PO4)3 onto single crystal Ni-rich cathode powder to form a
both protective and ionic conductive network with moderate Ti-doping,
which is a promising approach [69]. The utilization of other types of
dominant facets should also be studied, although other works imply
that the (012) facet is the most suitable for high-capacity Ni-rich crys-
tals [30]. This work demonstrates some limitations of single crystalline
morphology of Ni-rich cathodes and provides guidance towards im-
provement and the development of Ni-rich cathodes for next generation
lithium-ion batteries.
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