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Li-ion batteries capable of extreme fast charging (XFC) are in demand to facilitate widespread electric vehicle (EV) adoption.
While the impact of fast charge on the negative electrode has been studied, degradation of state-of-the-art NMC811 under XFC
conditions has not been studied in detail. Herein, cathode degradation is probed in NMC811/graphite batteries by analysis of
structural and chemical changes for recovered samples previously cycled under XFC conditions and during typical cycling. NMC
surface reconstruction, as determined by soft X-ray absorption, was not detected for recovered electrodes. However, bulk redox
activity from X-ray absorption near edge structure measurements showed more change in the oxidation state of Ni and Co under the
1C charge rate compared to the 4C rate consistent with the electrochemistry. Increased unit cell volume contraction under the 1C
rate as determined by operando X-ray diffraction suggests that higher charge rates may provide a protective effect on the cathode
by reducing structural distortion due to less delithiation.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
ac51f5]
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Li ion batteries have become the electrochemical energy storage
technology of choice for many portable electronics and transporta-
tion applications because of their high energy, high power density,
and long lifetime.1–3 After invention of framework structures which
enabled fast alkali ion transport4,5 by John Goodenough in the
1970’s, he built upon the concept by establishing that layered lithium
oxides LiMO2 (M = Ni, Co) could be used to reversibly intercalate
lithium with voltages near 4.0 V vs Li/Li+,6,7 approximately twice
the voltage of the previously demonstrated LixTiS2 cathode.

8 These
developments paved the way for the first commercialization of a
rechargeable Li-ion battery by Sony in 1991 using lithiated metal
oxides paired with carbon-based anodes.9–11 Since then, batteries
using lithium cobalt oxide (LCO) cathode materials have dominated
the consumer electronics market due to their high initial Coulombic
efficiency and high cycle stability.12 However, LCO materials
cannot be highly delithiated through charge above 4.2 V without
incurring side reactions and structural instability,12,13 thus limiting
their practical capacity. For electric vehicle (EVs) applications,
where high energy density is a critical requirement, layered metal
oxides based on lithium nickel manganese cobalt oxide
(LiNixMnyCozO2, NMC) have been increasingly adopted.14–18 In
these materials, the inclusion of a high Ni content increases both
capacity and operating voltage, Co functions to stabilize the layered
structure for enhanced cycle life, and Mn improves the overall
thermal and structural stability.16,19–21

While consumer adoption of electric vehicles with Li-ion
technology continues to increase, a significant barrier to more
widespread implementation is the need for extreme fast charging

capability (XFC, ⩽15 min), which would allow EV charging times
to be competitive with the refueling times for vehicles powered by
conventional internal combustion engines.22,23 Recently a major
field of study has been devoted to understanding the graphite anode
as the limiting electrode under XFC rates where Li plating reactions
result in the electrochemical isolation of Li inventory, resulting in
loss of capacity with continued cycling.24 However, the degradation
mechanisms occurring under fast charge rates at the positive
electrode are understudied, especially for state-of-the-art NMC
materials with high Ni content.

Under lower charge rates ( <1C) causes of capacity fade in NMC
materials are known to include (1) large volume changes during
cycling resulting in cracking and pulverization of the active material
particles25–28 and (2) crystal lattice distortion with related cation
disordering at particle surfaces resulting in structural transformation
of the initial layered rhombohedral ( ¯R m3 ) phase to cubic spinel
( ¯Fd m3 ) and rocksalt ( ¯Fm m3 ) phases, leading to impedance rise
accompanied by increased polarization thereby reducing electro-
chemical reversibility.16,17,29–31 Limited studies of NMC positive
electrode material degradation have been performed during charging
at high rates.32–36 Disagreement exists in the literature as to whether
particle degradation is more prevalent under higher32,33,35 or lower34

rates. It has been shown that Li+ loss due to Li-plating can result in
higher cathode potentials being accessed, which could result in
increased electrolyte oxidation or surface reconstruction, though this
has not been verified through experimentation.36 Additionally,
capacity fade mechanisms under XFC have not been reported for
state-of-the-art Ni-rich LiNi0.8Mn0.1Co0.1O2 (NMC811) cathodes.
With the future of EV batteries moving towards fast charge
capability, it is vital to understand the influence of charge rate on
positive electrode degradation mechanisms.

The use of synchrotron radiation combined with operando
methodology provides the opportunity to shed significant insight
into the degradation mechanisms occurring at the positive electrode
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by elucidating the structural and chemical changes that occur during
cycling.13 While the evolution of oxidation state and long-range
order in NMC materials have been determined at low rates,25,37,38 it
is unclear how these fundamental processes are altered under fast
charge conditions and if they impact capacity fade. In this work, the
operando X-ray absorption spectroscopy (XAS) and X-ray diffrac-
tion (XRD) measurements on NMC811/graphite batteries under
XFC rates are used to quantify unit cell volume and oxidation state
evolution during cell cycling. Comparative measurements are also
performed under 1C rates, before and after cycling, providing insight
into the effect of rate on positive electrode aging.

Experimental Methods

Cell fabrication.—NMC811 cathodes were prepared from a
slurry of 90% NMC811, 5% carbon, and 5% polyvinylidene fluoride
(PVDF) in N-methylpyrrolidone (NMP) that was tape-cast on
aluminum foil (1.6 mAh cm−2, 60 μm thick, 8 +/− 4 μm particle
size). Graphite anodes were prepared from a slurry of 90% graphite,
3% carbon, and 7% PVDF in NMP that was tape-cast on copper foil
(1.6 mAh cm−2, 50 μm thick, 12 +/− 5 μm particle size). These
electrodes were fabricated into pouch cells with polyethylene
separator and a 1 mol L−1 LiPF6 3:7 (by volume) ethylene
carbonate: dimethyl carbonate (EC:DMC) electrolyte. The cell
stacks were vacuum sealed in aluminized plastic housings.

Electrochemical testing.—Cells were cycled on a Biologic VSP
multichannel potentiostat and MACCOR multichannel testing
system at 30 °C. All cells underwent three formation cycles at C/
10 (1C = 190 mA g−1) from 3 V to 4.3 V. Cells were then cycled
150 times from 3 V to 4.3 V at a 1C discharge rate and a charge rate
of either 1C or 4C. Operando XRD and XAS measurements were
conducted at the Quick X-ray Absorption and Scattering (QAS, 7-
BM) beamline at the National Synchrotron Light Source II at
Brookhaven National Laboratory. XRD and XAS scans each took
approximately sixty seconds. Cells were cycled once according to
the cycling conditions noted above while XRD and XAS measure-
ments were collected. Additionally, one cell was cycled twice at
QAS after formation; the cell was cycled from 3.0 V to 4.3 V at a
discharge rate of 1C and a charge rate of 6C for the first charge and
8C for the second charge. XRD measurements were collected with
an amorphous Si detector with a CsI scintillator; the wavelength was
calibrated to 0.6204 Å with an SRM660 LaB6 standard. All patterns
were analyzed by Rietveld refinements using the GSAS-II
software.39 XAS data was collected at the Ni and Co K-edges,
8333 eV and 7709 eV, respectively. Duplicate XAS scans were
collected and all data processing was done in Athena.40 Linear
combination fitting in Athena was performed on all X-ray absorption

near edge structure (XANES) spectra using a fit range of (−30 to 30)
eV in a μ(E) fitting space. Three electrode cells were fabricated
using a cell configuration with a working electrode area of 7.1 cm2.
The reference electrode in the three electrode cells was lithium
metal. The 3-electrode cells underwent formation cycling in a 2-
electrode configuration followed by a charging step to 50% state of
charge (SOC). Charge pulse testing was performed at 4C and 6C
rates starting at 50% SOC for each pulse train.

Soft X-ray absorption spectroscopy (sXAS) characterization.—
Positive electrodes were harvested in the discharged state from
graphite/NMC811 cells post formation or post cycling under 1C or
6C charge rates and 1C discharge rate. Cathodes were rinsed, dried,
and kept under inert atmosphere prior to analysis. sXAS measure-
ments were collected at beamline 7-ID-1 at the National Synchrotron
Light Source II at Brookhaven National Laboratory. The Ni L-edge
was measured in the range (840 to 880) eV under 10-9 Torr vacuum.
Measurements were collected in three detection modes: partial
electron yield (PEY), total electron yield (TEY) and fluorescence
yield (FY). Data processing was done using the software program
Athena and Origin.40

Results and Discussion

The effect of charge rate and cycle number on the structural and
chemical evolution of Ni-rich LiNi0.8Mn0.1Co0.1O2 (NMC811) was
investigated through the study of cells after formation and after 150
cycles at 1C discharge and charge at either 1C or 4C to 4.3 V prior to
synchrotron measurement (Fig. 1). Charging at the slower 1C rate
resulted in 7% higher delivered capacity initially, while after 150
cycles the delivered capacities were 158 mAh g−1 and 147 mAh g−1

for cells cycled using the 1C and 4C charge rates, respectively.
Operando XRD and XAS measurements were collected on four

cells where both cycling condition (post formation vs. post 150
cycles) and charge rate (1C vs. 4C) were considered (Table I). The
electrochemical behavior of the cells during the operando XRD and
XAS measurements are shown in Fig. 2. The observed electro-
chemistry was consistent with the formation cycling data, showing
that 1C charging results in higher delivered capacity both before and
after 150 cycles, but the amount of capacity fade was similar
independent of charging rate, at ca. 11%. Excellent temporal
resolution for the XRD and XAS measurements was achieved
even under the 4C charging condition due to the short (≈ 60 s)
data collection times enabled by the synchrotron.

Unit cell evolution in NMC materials during charging occurs in
two phases. In the first phase occurring during moderate delithiation
(≈ 0.67 electron equivalents), the a lattice parameter contracts and the
c parameter expands leading to a small volume contraction; in the

Figure 1. (A) Discharge capacity and (B) Coulombic efficiency vs. cycle number for graphite/NMC811 cells cycled 150 times between 3.0 V and 4.3 V at 1C or
4C charge rates, with 1C discharge. (C) Voltage curves for the first and 150th cycles.
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second phase which occurs during deep delithiation (>0.67 electron
equivalents), there is a sharp drop in the c parameter and a significant
contraction in the unit cell volume.25,37 These changes were tracked
by the operando X-ray diffraction measurements (Fig. 3). For the cells
charged at 1C, more significant shift to higher angle of several of the
diffraction peaks was observed, indicative of greater contraction in the
NMC unit cell during charging as compared to cells that were charged
at 4C. For example, the peak shown in the insets (Fig. 3), initially

shifts to lower angle during charge and then at higher states of charge
shifts to a significantly higher angle. This suggests an expansion along
the c axis followed by a substantial contraction that is more
pronounced for 1C charging. This greater contraction is consistent
with the higher delivered capacities at the 1C charging rate, 190 mAh
g−1 vs 180 mAh g−1.

To gain quantitative insight into the observed unit cell evolutions,
all XRD patterns were fitted using Rietveld refinement. The key

Table I. Formation and beamline cycling conditions for graphite/NMC811 cells measured using operando XRD/XAS.

Formation cycling condition Operando beamline cycling condition Cell designation

Formation cycling (3 to 4.3) V, C/10, 4 cycles) 1C charge, 1C discharge 1C Charge Formation
Formation cycling (3 to 4.3) V, C/10, 4 cycles) 4C charge, 1C discharge 4C Charge Formation
Formation + 150 cycles, 1C charge, 1C discharge 1C charge, 1C discharge 1C Charge Cycled
Formation + 150 cycles, 4C charge, 1C discharge 4C charge, 1C discharge 4C Charge Cycled

Figure 2. Galvanostatic cycling during (A), (B) operando XRD and (C), (D) operando XAS measurements of the (A), (C) formation cells and (B), (D) cycled
cells.
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Figure 3. Operando XRD of the (A) 1C Charge Formation cell, (B) 4C Charge Formation cell, (C) 1C Charge Cycling cell, and (D) 4C Charge Cycling cell.
Red is the initial state, green is the charged state, and blue is the discharged state. The intense peaks at 28 and 33˚ are associated with the copper current collector.
The magenta arrow in (A) indicates the initial c axis expansion, while the green arrow indicates the subsequent, sharp c axis contraction.
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results of these refinements are shown in Fig. 4. In all four cells
during charging, the a lattice parameter contracts from 2.86 Å to
2.82 Å, the c parameter expands from 14.28 Å to 14.48 Å and then
contracts sharply to ≈14 Å, where the volume contracts first slowly
and then more quickly at deeper levels of delithiation. These changes
were reversed upon discharging (lithiation) indicating good reversi-
bility in the system. Notably, greater volume changes were observed
for the 1C charging cells: 5.8% for 1C Charge Formation and 5.1%
for 1C Charge Cycled, compared with 4.6% and 3.5% observed for
the 4C Charge Formation and 4C Cycled cells respectively. Greater
volume changes during cycling have been linked with detrimental
impact including pulverization of the micrometer-scale NMC
particles, causing capacity fade through loss of electrical contact,
rising impedance, and additional side reactions on the new surfaces
generated.17,25,37 The increased volume contraction for cells cycled
under 1C charge rate may account for the initially surprising
similarity in capacity retention for the two conditions. 4C charging
likely leads to increased loss of capacity through lithium plating at
the negative electrode,41,42 however this loss may be offset by the
better structural integrity of the positive electrode at the lower level
of delithiation demonstrated at the high current charge conditions.

Operando XANES spectra were collected on all four cell types to
probe the differences in redox behavior of the metal centers as a
function of charge rate and cycle number (Fig. 5). A significant shift
towards higher energy in the nickel K-edge was observed during
charge for all four cells tested, and the edge positions returned to
their initial position during discharge. Similarly, a shift towards
higher energy at the Co K-edge upon charge occurred that reversed
during discharge, indicating reversible redox activity at the Ni and
Co metal centers.

Linear combination fitting was performed to determine quantita-
tively the redox evolution during the operando measurements,
Fig. 6. The oxidation state of manganese was confirmed to be 4+.
This was accomplished by fitting the Mn K-edge of an NMC811
standard with Mn K-edge spectra from Mn2O3 and MnO2 standards.
The LCF results show that the NMC811 Mn K-edge can be best fit
as the summation of 100% MnO2 (Mn4+) and 0% Mn2O3 (Mn3+)
suggesting that Mn in NMC811 is Mn4+. Cobalt K-edge operando
data was fit using two standards: a LiCoO2 standard and an
electrochemically delithiated Li0.389CoO2 standard (Co3.611+). The
charged standard data was obtained by charging LiCoO2 where the
stoichiometry was determined from the electrochemical data. Nickel
oxidation state was calculated based on electroneutrality, where Mn
and Co oxidation state were determined using linear combination
fitting, and lithium content was calculated based on the electro-
chemistry. Consistent with the qualitative observations, significant
reversible Ni redox (≈3.1 + to 3.9+) and Co redox (≈3 + to 3.6+)
occurred during cycling. The 1C Charge Formation cell exhibited
the highest levels of Ni and Co redox activity, with changes in
oxidation state of 0.8 and 0.6 respectively, consistent with the higher
delivered capacity for this cell. The 4C Charge Formation cell
showed only slightly lower redox activity, 0.7 for Ni and 0.5 for Co.
Notably, these results indicate that electrochemical activity of Ni vs
Co was not significantly different under 1C vs. 4C charge rates. For
cells tested after 150x cycles, the total redox activity decreased, with
changes in oxidation state of 0.7 and 0.5 of Ni and Co redox for the
1C Charge Cycled cell and only 0.6 and 0.5 for the 4C Charge
Cycled cell.

To test the oxidation state evolution at even higher XFC rates,
operando XAS data were collected on a cell, post-formation, that

Figure 4. (A), (D) a lattice parameters, (B), (E) c lattice parameters, and (C), (F) unit cell volumes obtained by Rietveld refinement of the operando XRD data.
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was charged under 6C and then under 8C rate with a 1C discharge
rate (Figs. 7, 8). The cell delivered a capacity of 163 mAh g−1 under
6C charge and 142 mAh g−1 under 8C charge with moderate

decreases in delivered capacity following the 6C and 8C charge steps
(Table II). The XANES data showed a slight decrease in nickel and
cobalt oxidation in the charged state as rate increased from 1C to 8C,

Figure 5. Operando XANES spectra collected on the Ni
and Co edges of the 1C Charge Formation cell (A), (E), the
4C Charge Formation cell (B), (F), the 1C Charge Cycled
cell (C), (G), and the 4C Charge Cycled cell (D), (H).

Journal of The Electrochemical Society, 2022 169 020545



where charging at 1C resulted in Ni and Co oxidation states of 3.91
+ and 3.61+, while 8C led to 3.74 + and 3.40+, respectively.

To probe the contributions of the negative and positive
electrodes under fast charge rates, 3-electrode cells were intermit-
tently charged under 4C and 6C rates starting at 50% SOC. For
each rate, 4 charge segments were performed, where each segment
was 30 s followed by a 10-min open circuit rest period. Between
charge segments, the cells were charged at C/10 rate for one hour,
where high rate intervals were collected at 50%, 60%, 70%, and
80% SOC. Representative voltage responses for the cell, positive,
and negative electrodes are shown in Fig. 9, and quantified DC
resistances are shown in Fig. 10. At high rates, signficant
polarization of the positive electrode occurs, reaching 4.3 V at
≈80% state of charge under the 4C rate and by 60% state of charge
under the 6C rate. The positive electrode contribution to cell

resistance is significant ranging between 50% and 80% depending
on state of charge. It is also noted that negative electrode voltage
polarization was below 0 V vs. Li/Li+ at 60% SOC, indicating
opportunity for Li plating.

sXAS measurements were collected on positive electrodes in the
discharged state post formation and post cycling with 1C and 6C
charge rates, 1C discharge rate, to probe the possible presence of
reduced surface oxidation states associated with surface reconstruc-
tion phases, that have been implicated in impedance buildup and
reduced electrochemical reversibility.43,44 Measurements were col-
lected in three detection modes: partial electron yield (PEY), total
electron yield (TEY) and fluorescence yield (FY) with depth
sensitivities of ca. (1 to 2) nm, 5 nm, and (50 to 100) nm,
respectively.15,45 These measurements probe dipole allowed 2p-3d
excitations (L2,3-edges) for the transition metals, where the edges are

Figure 6. Oxidation states of nickel and cobalt as determined by linear combination fitting of the XANES data. (A) The oxidation state of nickel during
charging, (B) the oxidation state of nickel during discharging, (C) the oxidation state of cobalt during charging, and (D) the oxidation state of cobalt during
discharging.
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sensitive to the occupancy of the 3d orbitals.46 Ni L-edge measure-
ments are presented in Fig. 11 for PEY, TEY, and FY detection
modes. Closer inspection of the Ni L3-edge reveals that the multiplet
is split into two peaks. Changes in the intensity ratio of the Ni L3 High

to L3 low peaks, denoted as γ, are an indicator for Ni oxidation state,
where γ increases as Ni is oxidized.15,47 The γ values for the samples
as well as Ni2+ and Ni3+ standards are presented in Fig. 11D. The
electrode cycled using the 1C charge rate had a similar γ value as the
formation cycled electrode, indicating similar oxidation state.
However, there was a significant increase in γ value for the electrode
cycled using the 6C charge rate, indicative of increased Ni oxidation
state in the discharged state. These results suggest that (1) surface
reconstruction is not a significant degradation mechanism during
cycling under high charge rate as this would be indicated by a

reduced surface charge which was not observed, and (2) instead, loss
of active lithium due to irreversible Li plating at the negative
electrode is an important cause of capacity fade.

Figure 7. Galvanostatic cycling during operando XAS measurements of the formation cell charged to 6C and 8C with 1C discharges. Black dots indicate time
points where XAS data was collected.

Figure 8. Operando XANES spectra collected on the (A) Ni and (B) Co edges of the formation cell in the discharged state (red), after charging at 6C (orange),
after discharging at 1C (green), after charging at 8C (blue), and after discharging again at 1C (purple).

Table II. Charge capacities and Ni and Co oxidation states in the
charged state for four charge rates.

Charge Rate Charge Capacity (mAh/g) x (Nix+) x (Cox+)

1C 190 3.91 3.61
4C 180 3.86 3.61
6C 163 3.78 3.43
8C 142 3.74 3.40
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Figure 9. Intermittent charge testing under (A)–(C) 4C and (D)–(F) 6C rates using 3-electrode cells with NMC cathode, graphite anode, and Li reference.
Representative voltage response is shown for (A), (D) the cell, (B), (E) the working electrode, and (C), (F) the counter electrode. The charge protocol consisted of
four 30 s steps at the XFC rate, with C/10 galvanostatic charge for 1 h in between steps. Insets in (A)–(C) show the representative voltage profiles during the first
step at each rate.

Figure 10. Total DC resistances of (A) the cell, (B) cathode, and (C) anode as well as (D) anode voltage drop during 4C and 6C pulses using 3-electrode cells
(n = 3). Error bars represent one standard deviation.
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Conclusions

The results presented include operando XRD and XAS experi-
ments on graphite/NMC811 batteries while cycling under a fast
charge protocol. The XAS results reveal that the electrochemical
activity of Ni in NMC811 is different under 1C vs. 4C charge rates.
Three-electrode cell measurements under XFC conditions indicate
polarization of the anode below 0 V, while ex situ sXAS measure-
ments of the positive electrode show no evidence of surface
reconstruction as a capacity fade mechanism. The most notable
difference was an increased volume contraction for cells cycled
under 1C rate as determined by X-ray diffraction consistent with the
higher reversible capacity. This may result in reduced structural
integrity of the positive electrode over extended cycling due to
higher levels of delithiation compared to higher rates of charge.
Thus, the fast charge rates may have a protective effect on the
positive electrode by preventing high levels of structural distortion
that occur during deep delithiation.
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