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LiNi0.8Mn0.1Co0.1O2 (NMC811) can deliver a high capacity of ∼200 mAh/g with an average discharge potential of ∼3.8 V
(vs. Li+/Li), making it a promising positive electrode material for high energy density lithium ion batteries. However, electrochemical
tests from half cells and full cells show poor cycling performance when charged to potentials above 4.2 V. The calendar and cycle
lifetimes of cells are affected by the structural stability of the active electrode materials as well as the parasitic reactions that occur in
lithium ion batteries. In order to explore the major failure mechanisms of the material, half cells (coin cells) with control electrolyte
and full cells (pouch cells) with control electrolyte and with selected electrolyte additives were tested over four different potential
ranges. Isothermal microcalorimetry was used to explore the parasitic reactions and their potential dependence. In-situ and ex-situ
X-ray diffraction and scanning electron microscopy were used to investigate the structural and morphological degradation of the
materials over cycling. It was found that the dramatic c-axis change of the active material during charge and discharge may not be
the major problem for cells that are cycled to higher potentials. The parasitic reactions that arise from the interactions between the
electrolyte and the highly reactive delithiated cathode surface at high potentials are suggested as the main reason for the failure of
cells cycled above 4.2 V. It should be possible to further improve the performance of NMC811 at high potentials by modifying the
cathode surface and/or identifying and using electrolyte blends which reduce parasitic reactions.
© The Author(s) 2015. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.1011507jes] All rights reserved.
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High energy density lithium ion batteries (LIBs) that are cheaper,
safer, and with longer lifetimes need to be developed in order to meet
the increasing demand for applications such as electric vehicles and
large scale stationary energy storage. The energy density of LIBs can
be increased by increasing the specific capacity and average potential
of the cells. The calendar and cycle lifetimes of cells are affected by
the structural stability of the active electrode materials as well as the
parasitic reactions that occur in lithium ion batteries. The degree of
lithium utilization of LiCoO2 is limited to ∼70% in order avoid the O3
– H1-3 – O1 phase transformation when charged above 4.45 V.1 Para-
sitic reactions such as electrolyte oxidation at the cathode-electrolyte
interface can ultimately cause cell failure.2–5 The rate of the parasitic
reactions is related to both the catalytic role of the cathode surface
which depends on its composition and surface area,3,6 as well as on
the stability of the electrolyte.2–5 Methods such as the use of elec-
trolyte additives7–11 and core-shell positive electrode materials12–14

have been developed and studied to reduce the rate and extent of par-
asitic reactions, and hence increase capacity retention and lifetime of
high-voltage Li-ion cells.

The layered lithium Ni-Mn-Co oxides Li1+x(NiyMnzCo(1-y-z))1-xO2

(NMC) are considered to be promising positive electrode
materials.15–23 In our previous report24 and in numerous literature
reports,6,14,16,17,19,25–32 it has been shown that the electrochemical per-
formance of these lithium-rich layered materials is dependent on their
structure and composition. The lithium-rich manganese-rich NMC
materials with excess lithium in the transition metal layer can have
extraordinary high specific capacity of more than 250 mAh/g with an
average potential of ∼3.6 V (vs. Li+/Li) after an irreversible oxygen
release activation process at ∼4.5 V (vs. Li+/Li).19,22,23 However, to
obtain such a capacity, these materials must be cycled over a wide po-
tential range of 2.5–4.6 V (vs. Li+/Li), which may be challenging for
the current carbonate-based electrolytes. Major issues such as large
irreversible capacity (IRC),19,33,34 voltage fade upon cycling22,35–40

and poor rate capability22,41,42 have hindered the application of these
materials.
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Conversely, Ni-rich oxides such as LiNi0.8Mn0.1Co0.1O2

(NMC811) can also deliver a high capacity of ∼200 mAh/g with an
average discharge potential of ∼3.8 V (vs. Li+/Li), but over a much
narrower potential range of ∼3–4.4 V (vs. Li+/Li), and have there-
fore drawn much attention.41,43–46 The main difficulty of synthesizing
Ni-rich materials is the minimization of the degree of cation mixing
which requires an excess of lithium source prior to sintering.24 How-
ever, lithium compounds remaining after synthesis, like Li2CO3, have
a negative impact on the cell.43,47 It was shown that Ni-rich materials
have poor charge-discharge capacity retention, which could be related
to the electrolyte oxidization at the positive electrode surface7–9,48,49

and/or structural changes of the material, such as large c-axis shrink-
age, at high potentials.43,46,50,51 This work is therefore aimed at de-
termining the failure mechanism of NMC811 as a function of the
potential range chosen for cycle testing, the results of which will aid
in further developments.

In this work, half cells (coin cells) with control electrolyte and full
cells (pouch cells) with control electrolyte plus additives such as viny-
lene carbonate (VC) and a prop-1-ene-1,3-sultone (PES) based blend
were tested over four different upper cutoff potential ranges. Isother-
mal microcalorimetry was used to explore the parasitic reactions and
their potential dependence while in-situ and ex-situ X-ray diffraction
(XRD) and scanning electron microscopy (SEM) were used to in-
vestigate the structural degradation of the materials during cycling.
Safety issues associated with the reactivity of the charged electrode
material and electrolyte at elevated temperature were studied using
accelerating rate calorimetry (ARC).

Experimental

Reagents used in this investigation included LiNi0.8Mn0.1Co0.1O2

(NMC811) (LiFun Technology, Hunan, China), N-methyl-
pyrrolidone (NMP, 99.5%, Sigma-Aldrich), poly(vinylidene) fluoride
(PVDF, Kynar 301F, Arkema), Super-S carbon black (Timcal), 1:2 v/v
ethylene carbonate:diethyl carbonate (EC:DEC) (BASF), lithium hex-
afluorophosphate (LiPF6) (BASF, 99.9%). Vinylene carbonate (VC)
(BASF, 99.97%), prop-1-ene-1,3-sultone (PES) (Lianchuang Medic-
inal Chemistry Co., 98.20%), tris(trimethylsilyl)phophite (TTSPi)
(TCI America, > 95%), and methylene methanedisulfonate (MMDS)
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(Guangzhou Tinci Co. Ltd., 98.70%) were used as electrolyte
additives.

Coin cells.— A slurry with a mixture of 92 wt% active material, 4
wt% Super-S carbon black and 4 wt% PVDF with NMP as the solvent
were first prepared. Electrodes were made by coating the slurry on
an Al foil with a 150 μm notch bar spreader, which were pressed
with a pressure of 200 psi after dried in air. The electrodes were
dried overnight at 120◦C in a vacuum oven before use. The elec-
trolyte used was 1.0 M LiPF6 in 1:2 v/v ethylene carbonate:diethyl
carbonate (EC:DEC). The separators used were one Celgard 2320
(Celgard) on the lithium electrode and one polypropylene blown-
microfiber separator (3M) adjacent to the positive electrode. Galvano-
static charge/discharge cycling, using standard 2325 coin cells with
lithium metal as the anode, was done using an E-One Moli Energy
Canada battery testing system. All the cells were tested with a current
density of 10 mA/g (∼C/20) for one cycle and 40 mAh/g (∼C/5) at
the following cycles. Cells were tested between 3.0 – 4.1, 4.2, 4.3 or
4.4 V (vs. Li/Li+) at 30◦C, respectively.

Pouch cells.— NMC811/graphite pouch cells (220 mAh) were ob-
tained dry (no electrolyte) and sealed from LiFun Technology (Xinma
Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou
City, Hunan Province, PRC, 412000). Details about the NMC811 can
be found in Figure S1 and Table S1 in the supporting information.
The cells were opened and placed in a heated vacuum oven at 80◦C
overnight (approximately 14 hours) to remove any residual water. Af-
ter drying, the cells were directly transferred to an argon-filled glove
box without exposure to ambient air, where they were filled with
0.90 g electrolyte.

The control electrolyte was 1M LiPF6 in 3:7 v:v ethylene car-
bonate (EC):ethylmethyl carbonate (EMC) (BASF, max < 20 ppm
water). Electrolyte additives used in this work were VC, PES, TTSPi
and MMDS. The combinations of the above additives studied were 2
wt% VC and 2 wt% PES + 1 wt% MMDS + 1 wt% TTSPi (PES211).
Once cells were filled with electrolyte, they were sealed with a com-
pact vacuum sealer (MSK-115V, MTI Corp.) to 94% of full vacuum
(−95.2 kPa gauge pressure or 6.1 kPa absolute pressure) with a 6
second sealing time at 165◦C.

All cells were placed in a temperature-controlled box at 40. ±
0.1◦C and held at 1.5 V for 24 hours to ensure complete wetting.
Then cells were charged at C/20 to 3.8 V using a Maccor series
4000 automated test system (Maccor Inc.), where C/20 is the current
required to complete a full charge or discharge in 20 hours. The cells
were transferred back to an argon-filled glove box and cut back open
under the previous seal to release any gas that was produced. The
cells were then vacuum sealed again as previously described. The
cells were tested at C/20 for two cycles and followed by running at
C/5 for 200 cycles at 30. ± 0.1◦C in temperature-controlled boxes.

Isothermal microcalorimetry.— Heat flow measurements were
performed using a TAM III isothermal microcalorimeter (TA Instru-
ments) as described in Ref. 48. All data were collected at 40.00◦C with
a heat flow measurement uncertainty of <±1.0 μW, a noise level of
about 100 nW, and a baseline drift from 0.00 μW to less than 500 nW
over the experimental time frame. While inside the calorimeter, cells
were charged and discharged using a Maccor series 4000 automated
test system (Maccor Inc.). The NMC811/graphite cells were first left
under open circuit conditions for 24 hours to allow for complete
thermal equilibration. These cells were then charged and discharged
between 2.8–4.1 V four times at 10 mA (C/20) to allow for partial
stabilization of the SEI layers. The cells were then charged to 4.0 V at
10 mA, then proceeded through a charge-discharge segment between
4.0–4.1 V at 10 mA, then 5 mA, then 2 mA, then finally 1 mA. The
cells were charged to 4.1 V at 10 mA, then proceeded through four
charge-discharge segments between 4.1–4.2 V at 10 mA for partial
SEI stabilization in that voltage range, then were cycled between the

same voltage limits for 10 mA, 5 mA, 2 mA, then finally 1 mA. This
variable rate procedure was repeated for 4.2–4.3 V and 4.3–4.4 V.

In-situ X-ray diffraction.— In-situ X-ray diffraction was carried
out using a Siemens D5000 diffractometer equipped with a Cu target
X-ray tube and a diffracted beam monochromator. The aforemen-
tioned slurry, which was purposely made thicker with less NMP, was
casted using a 660 μm notch bar directly onto a 2 cm diameter beryl-
lium window. The electrodes were dried overnight at 120◦C in a
vacuum oven before use. The beryllium window was attached using
Roscobond pressure sensitive adhesive to the positive electrode side
of the cell case that had a pre-cut 1.5 cm diameter hole. The in-situ
cell was then assembled in the same away as coin cells. The cell was
cycled at a rate of C/100 between 3.0–4.4 V for two cycles using
the E-one Moli charger system, while diffraction patterns were col-
lected in the scattering angle (2θ) range of 17–20◦, 35–50◦, 57–60◦

and 62–70◦ at 0.05◦ intervals with a dwell time of 15 s. Each scan was
approximately 2.5 h.

Ex-situ X-ray diffraction and scanning electron microscopy.—
Pouch cells with electrolyte containing 2% VC were discharged to
∼0 V after 200 cycles (between 3–4.1, 4.2, 4.3 or 4.4 V with a
rate of C/5) and then disassembled. The electrodes were rinsed with
dimethyl carbonate (DMC) (99%, Sigma) to remove any residual elec-
trolyte. Ex-situ XRD was carried out using a zero-background silicon
wafer sample holder. Diffraction patterns were collected using the
same Siemens D5000 diffractometer discussed above, in the scatter-
ing angle (2θ) range of 15–70◦ at 0.05◦ intervals with a dwell time
of 5 s.

Scanning Electron Microscopy (SEM) was carried out using a
Hitachi S-4700 SEM equipped with a 80 mm2 silicon drift detector at
Dalhousie University.

Accelerating rate calorimetry (ARC).— The single-point BET sur-
face areas of NMC811 and NMC111 (LiNi1/3Mn1/3Co1/3O2) powders
were measured with a Micromeritics Flowsorb 2300 instrument and
were found to be 0.38 ± 0.01 m2/g and 0.48 ± 0.01 m2/g, respec-
tively. Pellet-type electrodes were made with a weight ratio of active
material: Super-S carbon black: PVDF binder of 92:4:4. Pellet-type
electrode coin cells were made using control electrolyte and charged
to 4.2 V using a “signature charge” protocol as described in Refs. 52
and 53. At 4.2 V the specific capacity of the NMC811 and NMC111
electrodes were 185 ± 5 mAh/g and 160 ± 5 mAh/g, respectively.
The coin cells were then opened in an argon-filled glove box. The
electrode was ground lightly and rinsed four times using DMC to
remove any residual electrolyte. The powder was then dried overnight
in the vacuum antechamber of a glove box before being used for the
ARC tests. 94 mg of delithiated NMC111 and 30 mg of electrolyte
were used for the ARC tests. To keep the same capacity with NMC111
and the same ratio between electrode material and electrolyte, 81 mg
delithiated NMC811 and 26 mg electrolyte were used during the ARC
test. The ARC starting temperature was set at 70◦C. ARC tests were
tracked under adiabatic conditions when the sample self-heating rate
(SHR) exceeded 0.03◦C/min. Experiments were stopped at 350◦C or
when the SHR exceeded 20◦C /min. To test the reproducibility of
the ARC sample construction and measurements, two identical ARC
samples were made and tested for every condition.

Results and Discussion

Figure 1a shows the voltage versus capacity curves of Li/NMC811
coin cells with an upper cutoff potential of 4.1 V in red, 4.2 V in blue,
4.3 V in yellow, and 4.4 V in black. For all cells, the electrolyte used
was 1.0 M LiPF6 in 1:2 v/v EC:DEC and the lower cutoff potential
was 3.0 V. The cells were tested at C/20 for 2 cycles and then cycled
at C/5 at a constant temperature of 30◦C. The first charge curves in
the range of 3.0–3.9 V show a different pathway than the second
charge, whereas there is good overlap between the first and second
charge pathways in the 3.9–4.4 V region. Irreversible capacities of
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Figure 1. (a) The voltage versus capacity curves of NMC811/Li coin cells
with an upper cutoff potential of 4.1 V, 4.2 V, 4.3 V and 4.4 V (vs. Li+/Li)
respectively. (b) Differential capacity (dQ/dV) as a function of cell potential for
the first cycle with the four upper cutoff potentials respectively. (c) Differential
capacity (dQ/dV) as a function of cell potential for the second cycle with the
four upper cutoff potentials respectively. The cells were tested at a rate of C/20
for 2 cycles and then cycled at a rate of C/5 under a constant temperature of
30◦C.

about 20–25 mAh/g were observed and reversible capacities of 159,
178, 195, and 203 mAh/g from 3.0–4.1 V, 4.2 V, 4.3 V, and 4.4 V
(vs. Li/Li+), respectively, were measured. The potential increased
very rapidly between 4.3 V and 4.4 V such that the capacity in this
range is only ∼10 mAh/g.

Figure 1b shows the corresponding differential capacity (dQ/dV)
as a function of cell potential for the first cycle for each of the four
upper cutoff potentials. A weak charge peak at ∼3.65 V and an intense
charge peak at ∼3.75 V, together with two charge peaks at ∼3.95 V
and ∼4.2 V were observed. There were no obvious peaks between 4.3
and 4.4 V, which agrees well with the small capacity observed in this
region.

Figure 1c shows the dQ/dV curves of the second cycle for each
of the four upper cutoff potentials. A relatively more intense charge
peak at ∼3.65 V and a relatively weaker peak at ∼3.75 V were
measured when compared with the first charge. Conversely, there
were no significant differences of the peaks at ∼3.95 V and ∼4.2 V
between the first and second charge in the 3.9–4.4 V region. The
corresponding discharge peaks at ∼3.65 V, 3.75 V, 3.9 V, and 4.2 V
match well with those observed for the first discharge.
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Figure 2. Discharge capacity of NMC811/Li coin cells with control elec-
trolyte as a function of cycle number for four different potential ranges.

Figure 2 shows the measured discharge capacity of the Li/NMC811
coin cells as a function of cycle number. The cells tested with an
upper cutoff potential of 4.1 V, 4.2 V, 4.3 V and 4.4 V (vs. Li/Li+) are
shown in green inverted triangles, black triangles, blue circles and red
diamonds, respectively. Second discharge capacities of ∼161, 180,
198, and 207 mAh/g at C/20 were measured from 3.0–4.1 V, 4.2 V,
4.3 V and 4.4 V, respectively, whereas the second discharge capacities
at C/5 within the same potential ranges were ∼150, 169, 188 and 197
mAh/g respectively. After 57 cycles, measured capacities were 149,
166, 180, and 146 mAh/g with corresponding capacity retentions of
99%, 98%, 95% and 74% (comparing to the second discharge at C/5),
respectively. Cells that cycled above 4.2 V showed poor capacity
retention. Moreover, a very significant and discontinuous increase
in capacity fade rate was observed between cells that were cycled
between 3.0–4.3 V and 3.0–4.4 V, despite a small 0.1 V difference in
upper cutoff potential.

Figure 3 shows the discharge capacity as a function of cycle number
for NMC811 pouch cells (full cells) containing control electrolyte with
2% VC in red symbols and with PES211 in blue and black symbols.
The cells were tested with a lower cutoff potential of 3.0 V for the 2%
VC cells and 2.8 V for PES211 cells, while the upper cutoff potentials
were 4.1 V, 4.2 V, 4.3 V and 4.4 V, respectively. The cells were cycled
at C/20 for two cycles and then cycled at C/5 at 30◦C for the duration
of the experiment. Cells containing 2% VC had capacities of 167,
186, 177, and 161 mAh after 70 cycles, with corresponding capacity
retentions of 98%, 98%, 91%, and 88% compared to the third cycle at
4.1 V, 4.2 V, 4.3 V and 4.4 V respectively. Cells containing PES211
had capacities of 154, 156, 163 and 148 mAh after only 40 cycles
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Figure 3. Discharge capacity of NMC811/graphite pouch cells with elec-
trolyte additives in the control electrolyte as a function of cycle number. The
cells were tested with a lower cutoff potential of 3.0 V for 2% VC cells and
2.8 V for PES211 cells, while the upper cutoff potentials were 4.1 V, 4.2 V,
4.3 V and 4.4 V for both electrolytes. The cells were cycled at a rate of C/20
for two cycles and then cycled at a rate of C/5 in a temperature box at 30◦C.
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with capacity retentions of 91%, 82%, 82% and 74% at 4.1 V, 4.2 V,
4.3 V and 4.4 V respectively. PES211 cells showed worse capacity
retention compared with 2% VC cells cycled to the same potential.
This surprised us because NMC442/graphite and NMC111/graphite
cells with PES211 electrolyte show significantly better performance
than cells with 2% VC,54,55 suggesting the Ni-rich surface of NMC811
behaves differently. Cells containing 2% VC cycled to and above 4.3 V
showed much worse capacity retention performance compared to cells
cycled to and below 4.2 V.

In order to explore what was happening inside the cells, the average
polarization, �V, was calculated by subtracting the average charge
potential and the average discharge potential. The average potential
was determined by dividing the charge/discharge energy (Wh) by the
charge/discharge capacity (Ah) respectively.

Figure 4 shows �V as a function of cycle number, which tracks
the increase in the polarization of the cells. Cells cycled at lower
potentials showed smaller initial �V, beginning at the fourth cycle.
�V was found to be 0.046 V at 4.1 V, 0.046 V at 4.2 V, 0.056 V at
4.3 V and 0.079 V at 4.4 V for 2% VC cells, while it was 0.055 V at
4.1 V, 0.062 V at 4.2 V, 0.067 V at 4.3 V and 0.073 V for PES211
cells. Cells containing PES211 showed larger initial �V when cycled
to a potential lower than 4.4 V comparing to 2% VC cells, indicating
larger cell impedance. After 50 cycles, 2% VC cells at 4.1 V showed
very stable �V of 0.045 V, while a small increase to ∼0.051 V was
observed for cells cycled to 4.2 V. Meanwhile, the � V increased
rapidly to 0.086 V and 0.116 V for cells cycled at 4.3 V and 4.4 V
respectively, suggesting significant impedance growth for cells cycled
to higher potentials. Conversely, PES211 cells in general showed
much larger increases in polarization with continued cycling. �V was
0.072 V, 0.114 V, 0.145 V, and 0.169 V after 40 cycles at 4.1 V, 4.2 V,
4.3 V, and 4.4 V respectively.

The observed impedance growth upon cycling could explain the
poor cycling performance of 2% VC cells at higher potentials, as well
as PES211 cells even at 4.1 V. The difference in the impedance growth
rates shows that different electrolyte additives have different parasitic
reaction rates and products which can significantly impact the cell
performance.

In order to further examine the parasitic reaction rate of the cells
with different electrolyte additives, cells with PES211 and 2% VC
were tested with isothermal microcalorimetry and the data were ana-
lyzed. Figure 5 shows the extracted polarization, entropic, and para-
sitic heat flow components of the total heat flow as a function of the
relative state of charge (rSOC) for 2% VC and PES211 pouch cells
operating during charge at 5 mA. rSOC is defined as running from 0
to 1 over each potential range studied. For each of the four potential
ranges explored, 4.0–4.1 V, 4.1–4.2 V, 4.2–4.3 V, and 4.3–4.4 V, the
total measured heat flow was collected for four currents (charge and
discharge), 10 mA, 5 mA, 2 mA, and 1 mA. The total measured heat
flow for all currents was fit using a three-component model described
by Downie et al.48,56 that included the irreversible heat flow due to
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(green) heat flow components of the total heat flow (black) as a function
of the relative state of charge (rSOC) for 2% VC (solid lines) and PES211
(dashed lines) cells for a 5 mA charge segment.

polarization, the reversible heat flow due to changes in entropy as a
function of lithium content, and the time-dependent heat flow result-
ing from the sum of all parasitic reactions occurring in the cell. In this
model, each contribution was described using a simple polynomial
function of rSOC. The extracted fitting parameters then gave the rela-
tive contributions of each term as a function of rSOC. This method is
described in detail in Refs. 48 and 56.

Figure 5 shows the extracted results for cells containing 2% VC
in solid lines and PES211 in dashed lines for a 5 mA charge segment
in each potential range. Both cells have similar heat flows due to
polarization throughout the entire potential range examined during
these early cycles. At 5 mA (C/40) the cell polarization is small,
which is reflected in the magnitude of polarization heat flow. The
heat flow associated with changes in entropy was found to be nearly
identical for both electrolyte blends, as would be expected since the
electrode materials are nominally identical for machine-made pouch
cells. Both cells show a large entropic heat flow beginning above
4.2 V. This can be understood with a simple lattice gas model57–60 of
the cathode, where the configurational entropy decreases dramatically
as small amounts of lithium are removed from the already highly
delithiated cathode material (the rate of change of lithium content is
negative, resulting in an endothermic heat flow).

Figure 5 also shows that below 4.2 V, cells containing 2%VC and
PES211 have very similar parasitic heat flows that increase minimally
as a function of potential. Between 4.2 V and 4.3 V, the heat flow
due to parasitic reactions begins to increase dramatically for both
electrolytes. As an order of magnitude reference point, a sustained
parasitic heat flow of 100 μW/Wh would consume all the electrolyte
in these cells within one year.48 Above 4.3 V, the parasitic heat flow
continues to increase very rapidly, but the addition of the PES211
additive blend reduces the parasitic heat flow as compared to the cell
containing 2% VC. The rapid increase in parasitic heat flow above
4.2 V suggests that the highly delithiated cathode surface becomes
very reactive toward the electrolyte at high potentials. This is one
reason why cells cycled above 4.2 V showed worse capacity retention
than those cycled to lower upper cutoff potentials. It is not easy to
explain why the cells with PES211 show worse capacity retention than
those with 2% VC based on the microcalorimetry results alone, which
predict the opposite. Detailed knowledge of the reaction products, in
addition to the rate of parasitic heat generation is required.

In order to explore if there is any serious structural change of
NMC811 during charge/discharge and whether this change has a sig-
nificant impact on the cells for long term cycling at the rates tested, a
series of in-situ and ex-situ experiments were performed.

Figure 6 shows the diffraction patterns from the in-situ XRD ex-
periments with a sequential offset in intensity for clarity. The right
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Figure 6. Diffraction patterns from in-situ XRD experiments, displayed with
a sequential offset in intensity for clarity. The right panel shows the voltage
curve of the cell as a function of time, which is aligned with the diffraction
patterns. The cells were cycled between 3.0–4.4 V at a rate of C/100 for two
cycles. Each XRD scan took about 2.5 h.

panel shows the voltage curve of the cell as a function of time, which
is aligned with the diffraction patterns. The cells were charged and
discharged between 3.0–4.4 V at a rate of C/100 for two cycles, while
each XRD scan was about 2.5 h. The crystal structure of the material
can be indexed in a R3̄m space group. As the diameter of the active
material coated on the beryllium window was smaller than the beam
width at lower angles, the intensity of the detected (003) peak was
much lower than expected. The (003) reflection at about 18.96◦ contin-
ually shifted to lower scattering angle during the first charge, however,
it began to shift rapidly to higher scattering angle after the cell reached
∼4.0 V. The scattering angle was ∼19.09◦ when the cell eventually
reached 4.4 V, indicating a significant decrease in the c-axis of the
hexagonal structure between 4.0 V and 4.4 V. Moreover, the scatter-
ing angle decreased rapidly at the beginning of discharge to ∼4.0 V
and then gradually increased to ∼18.93◦ when the cell was eventually
discharged to 3.2 V. This process was mostly reversible during the sec-
ond cycle. A similar trend was observed for the (104) peak at ∼44.5◦,
the (015) peak at ∼48.8◦ and (108) reflection at ∼64.6◦. The (110)
peak at ∼65.12◦

, as highlighted in the red box, gradually disappeared
at the beginning of the first charge, which cannot be observed in the
same position after the cell was discharged to 3.2 V, nor in subsequent
cycles. Meanwhile, a new peak at a higher angle (near 65.3◦) appeared
at the beginning of the first charge and a new (110) peak at ∼65.19◦

was detected at the end of the first and second discharges. This indi-
cates that there was a two hexagonal phase co-existence region at the
beginning of the first charge. Figure S2 in the supporting information
shows a two-phase Rietveld refinement during this coexistence region
during the first charge. The structure changed in a different way at the
beginning of the second charge where only single phase behavior was
observed. This agrees well the electrochemical results of the half cells
shown in Figure 1, where the voltage and dQ/dV curves were different
for the first charge and second charge in the 3.0–3.9 V region.

Rietveld refinements were performed on the data assuming
one/two hexagonal layered phases in the R3̄m space group (α-
NaFeO2-type structure) to extract the lattice information. It was as-
sumed that Li was on the 3a sites (lithium layer), transition metals
were on the 3b sites (transition metal layer), and oxygen was on the 6c
sites. The exchange of Ni and Li atoms between 3a and 3b sites was
allowed with constraints such that the stoichiometry of the phase was
fixed to the values assumed from the target composition. Preferred
orientation parameters were fit in order to compensate for the low
intensity of the (003) peak, which will not significantly impact the
extraction of the peak position and lattice constant.
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of cell potential during the second cycle, and dQ/dV of the second cycle as a
function of cell potential (b3).

Figures 7a1 and 7a2 show the c-axis and a-axis lattice constants
as a function of the specific capacity, respectively, while Figure 7a3
shows the voltage of the in-situ cell as a function of the specific
capacity of the cell. The green diamonds show the first charge and the
blue diamonds show the first discharge, while the red circles show the
second charge and the black circles show the second discharge. The
green dashed arrow indicates the direction of the change starting from
the first charge. It shows that the initial c and a lattice constants were
∼14.21 Å and 2.873 Å, respectively, which were slightly different than
the lattice constants (14.20, 2.871) Å that were directly obtained from
the powder samples due to the off-axis displacement of the in-situ
electrode.

There was a two phase co-existance region at the beginning of
the first charge, which has been discussed in the previous sections,
where the two phases called phase 1 and phase 2 are identified with
black arrows in Figures 7a1 and 7a2, respectively. At the beginning of
charge, phase 1 showed a relatively larger a-axis lattice constant than
that for phase 2.

With further charging of the cell, phase 1 disappeared while the c-
axis of phase 2 kept increasing to ∼14.49 Å when the capacity reached
∼150 mAh/g. However, upon further charging of the cell, it began to
dramatically decrease. The c-axis was ∼13.96 Å at the end of the first
charge when the capacity was ∼ 210 mAh/g. The a-axis of phase 2
smoothly decreased during the whole charge process. The change
of the lattice constants for phase 2 was reversible in the following
cycles. The lattice constants of the active material at the end of the
first discharge were about (2.870, 14.23) Å.

Figures 7b1 and 7b2 show the c and a axes as a function of cell
potential for the second cycle, while Figure 7b3 shows dQ/dV of the
second cycle as a function of cell potential. The red circles show the
data for the second charge and the black circles show the data for the
second discharge. The color-matched arrows indicate the direction of
change for the charge and discharge processes. The c-axis continually
increased from 14.23 Å to 14.47 Å until the cell potential reached
4.01 V (first vertical blue dashed line). It then started to smoothly
decrease with further increase of cell potential. However, a rapid drop
in the c-axis (13.96 Å at 4.4 V) was observed after the cell potential
reached 4.2 V (second vertical blue dashed line). The a-axis gradually
decreased with increasing potential throughout the charge process.
This change in the lattice parameters with potential was mostly re-
versible, though a small hysteresis was detected between charge and
discharge above 4.2 V. Figure S3 in the supporting information shows
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the percentage changes of the lattice constants as a function of voltage
during the second cycle.

The dramatic change of the c-axis at higher potential could lead
to the cracking of particles and poor connections between particles as
well as macrostrains61 in the electrode after extensive cycling, which
might be one of the reasons for the poor cycling performance of cells
that cycled to a potential higher than 4.2 V. In order to confirm if this
could be the case for the NMC811cells, pouch cells with 2% VC were
cycled for 200 cycles. The active materials were carefully recovered
after discharging the cell to ∼0 V for ex-situ experiments. This is
very important as it is meaningless for comparison if the cells were at
different states of charge.

Figure 8 shows (a) the capacity and (b) �V of the 2% VC pouch
cells as a function of cycle number for 200 cycles at a rate of C/5 for
tests at 30◦C. Cells were cycled to varying upper cutoff potentials of
4.1 V, 4.2 V, 4.3 V, and 4.4 V, which are shown with green inverted
triangles, black triangles, blue circles and red diamonds respectively.
Figure 8a shows that the capacity for cells cycled to 4.1 V, 4.2 V,
4.3 V and 4.4 V after 200 cycles was 163 mAh, 175 mAh, 162 mAh,
and 146 mAh corresponding to a capacity retention of 96%, 91%, 83%
and 80%, respectively, comparing to the second discharge capacity at
C/5. Figure 8b shows that �V for cells cycled to 4.1 V, 4.2 V, 4.3 V
and 4.4 V after 200 cycles was ∼0.052 V, 0.077 V, 0.126 V and
0.184 V respectively. A larger value and more rapid increase in �V
were detected for the cells that cycled to a higher potential.

Figure 9 shows SEM images of the fresh electrode (a1, a2), and
recovered electrodes that were cycled to upper cutoff potentials of 4.1
V (b1, b2), 4.2 V (c1, c2), 4.3 V (d1, d2) and 4.4 V (e1, e2) after 200
cycles at a rate of C/5. Images of the NMC811 cathode particles with
lower magnification are shown on the left and images with higher
magnification are shown on the right. The images of the electrodes
cycled to 4.1 V, 4.2 V, 4.3 V and 4.4 V were very similar to those of
the fresh electrodes. No significant damage to either electrode, such as
particle cracking or disconnections between particles, was observed
from these top-view SEM results
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Figure 9. SEM images of the fresh NMC811 electrode (a1, a2), and recovered
electrodes that were cycled to 4.1 V (b1, b2), 4.2 V (c1, c2), 4.3 V (d1, d2)
and 4.4 V (e1, e2).

Figure 10 shows XRD patterns of the fresh electrode (A) and the
recovered electrodes that were cycled to 4.1 V (B), 4.2 V (C), 4.3
V (D) and 4.4 V (E), respectively. The black symbols show the col-
lected data and the red lines are the fits to the data for a R3̄m space
group. The right panel shows an expanded view of the (104) reflec-
tions. There were no observable differences in either the peak shape
or position between electrodes which were cycled to different upper
cutoff potentials. The results of the refinements are presented in Ta-
ble I. The fresh electrode had lattice constants of (2.8710, 14.204) Å,
which were the same as those measured from the NMC811 pow-
der within uncertainty. The recovered electrode that was cycled to
4.1 V (A) had lattice constants of (2.8711, 14.216) Å. There was
slight increase in the c-axis compared to that of the fresh electrode
due to the change that occurs after the first charge that was observed
in the in-situ results. The c-axes of the recovered electrodes that were
cycled to 4.2 V, 4.3 V and 4.4 V were 14.217 Å, 14.217 Å, and
14.221 Å, respectively, which are consistent with that of electrode A
(4.1 V) within uncertainty (0.004 Å). The a-axes increased slightly
for the recovered electrodes that were cycled to higher potentials (4.3
and 4.4 V). Additionally, there was no significant difference in the Ni
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content in the lithium layer. Electrode A (4.1 V) showed a slightly
larger full width at half maximum (FWHM) at 44.5◦, while it was
very close for the other electrodes (C, D and E). The recovered elec-
trodes that were cycled to higher potentials (4.3 and 4.4 V) did not
show any significant structural differences compared to the recovered
electrodes that were cycled to lower potentials (4.1 and 4.2 V).

Previous results showed that there was a large c axis contraction
and expansion at high potentials during charge and discharge pro-
cesses. However, the results presented in Figures 9, 10 and Table I
show that this did not cause any significant morphological changes to
the electrodes or the atomic structure of the recovered active material
after extensive cycling at a rate of C/5 and temperature of 30.0◦C. The
structural changes in the active material during charge and discharge
may not the major contributor to the poor cycling performance of the
cells cycled at high potentials. Instead, we suggest it is the onset of
severe parasitic reactions between electrode material and electrolyte
above 4.2 V (as shown by Figure 5) that is responsible for the poor
capacity retention for cells cycled to 4.3 or 4.4 V.

Figure 11 shows the self-heating rate (SHR) versus temperature
for charged NMC811 (4.2 V) and charged NMC111 (4.2 V) with
control electrolyte tested between 70◦C and 350◦C, which are shown
in blue and black lines respectively. The dashed lines show results
from duplicate samples. An exothermic onset was detected at around
105◦C for NMC811 samples, while it was not observed for NMC111
samples up to about 200◦C. Additionally, the SHR for NMC811 sam-
ples increased rapidly after about 120◦C, which was much higher
than that for NMC111 at the same temperature. The SHR at 200◦C
was about 1◦C/min for NMC811 whereas it was ∼0.05◦C/min for
NMC111. The delithiated NMC811 samples showed severe reactiv-
ity with the control electrolyte at elevated temperature. This suggests
that NMC811/graphite cells may be very difficult to design to pass

Table I. Rietveld refinement results of the recovered electrodes.

NMC811

a (Å) c (Å) NiLi FWHM Bragg
ID Sample (± 0.0001) (± 0.004) (%) (44.5◦) R-factor

Powder sample 2.8708 14.202 3.0 0.128 3.01
A Fresh electrode 2.8710 14.204 1.1 0.139 2.14
B 4.1 V (200 cycles) 2.8711 14.216 0.76 0.188 3.15
C 4.2 V (200 cycles) 2.8717 14.217 1.26 0.128 2.46
D 4.3 V (200 cycles) 2.8722 14.217 0.94 0.122 3.34
E 4.4 V (200 cycles) 2.8721 14.221 1.26 0.125 1.79

Figure 11. Self-heating rate (SHR) versus temperature for delithiated
NMC811 (blue) and NMC111 (black) with control electrolyte tested between
70◦C and 350◦C.

mandatory Li-ion cell safety tests such as the oven exposure test,
among others. It will probably be necessary to modify the cathode
surface and/or identify and use electrolyte blends to dramatically im-
prove the safety of NMC811 electrodes.

Conclusions

NMC811 can deliver a high capacity of ∼200 mAh/g with an av-
erage discharge potential of ∼3.9 V (vs. Li+/Li), which could be a
promising cathode electrode material for high energy density lithium
ion batteries. However, electrochemical tests from NMC811/Li coin
cells and NMC811/graphite pouch cells showed poor cycling perfor-
mance for cells that were cycled to potentials greater than 4.2 V. Pouch
cells containing control electrolyte with 2% VC showed much better
capacity retention and lower �V than cells with PES211when cy-
cled to the same upper cutoff potentials. However, severe impedance
growth was observed for all the cells that cycled to above 4.2 V.
Isothermal micro-calorimetry results showed that the parasitic heat
flow increased as a function of potential, dramatically so above 4.2 V,
for both 2% VC and PES211 cells. A significant c-axis contraction
from ∼14.47 Å to ∼13.96 Å during charging between 4.0–4.4 V
was measured using in-situ XRD. However, no significant changes
of the morphology of the electrodes or the atomic structure of the
recovered active materials after 200 cycles at a rate of C/5 were ob-
served from the top-view ex-situ SEM, and ex-situ XRD results. The
dramatic structural change of the active material during charge and
discharge may not be the major contributor to the poor cycling per-
formance of the cells that cycled to higher potentials. The parasitic
reactions that arise from the interactions between the electrolytes and
the highly reactive delithiated cathode surface at high potentials are
suggested to be responsible for the failure of cells cycled to above
4.2 V. Charged NMC811 showed much stronger reactivity with elec-
trolyte than NMC111 at elevated temperatures suggesting it may be
difficult to prepare NMC811 Li-ion cells that can pass mandatory
safety tests such as the oven exposure test. It is essential to improve
the performance of NMC811 at high potentials by modifying the
cathode surface and/or identifying and using electrolyte blends which
reduce parasitic reactions and improve safety.
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