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Abstract

To discern the influence of Cu?>" as a dopant on both the structural and electrochemical
characteristics of LiNiosMno2C00202 (NMC622), Cu**(ag) was added to the co-precipitation
synthesis from the constituent ions. At 5 mol-% Cu?*, a single-phase Cu-NMC product results,

evidenced by an increase in d-spacing along the [003] and [104] directions and a slight increase in



the crystal volume of the R—3m hexagonal (rock-salt superstructure) lattice. XRD data and high-
resolution TEM imaging support Cu?" doping on the transition metal 3b Wyckoff sites.
Galvanostatic cycling of Cu-NMC shows a reversible gravimetric capacity of 102 mAh/g
compared to 136 mAh/g for undoped NMC. Despite the lower capacity, the discharge capacity
retention of Cu-NMC is 89% after 100 cycles, compared to only 70% for NMC. XPS analysis
reveals that this lower capacity is due to an increase in the concentration of Ni** ions at the surface,
while XRD data collected at the top and bottom of charge show a smaller decrease in crystalline
domain size for Cu-NMC (40.5% decrease) compared to NMC (74.7% decrease), translating to

pulverization of the secondary particles.
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Introduction

The adoption of electric vehicles (EVs) has increased drastically, and this demand is expected to
exponentially increase over the next two decades.! The most common cathode active material used
in today’s EVs is LiNi;Mn,C0.0; (x + y + z= 1, NMC).?> NMC has many benefits including long
cycle life (100 reversible cycles with 94.6% capacity retention cycled from 3.0 V to 4.3 V vs.
Li*?), large potential window (3.0 V —4.3 V vs. Li"?), high observed specific capacity (200 mAh/g
at 4.6 V when coupled with a graphite anode, with a theoretical capacity of 268 mAh/g, assuming

1 mole of electrons is donated), power density of 100 — 650 W/Kg, and safety.®!> The primary



electrochemically active ions are formally Ni**, Ni**, and Ni*’, which couple to Li"

extraction/insertion from NMC during charging/discharging, respectively.!* However, NMC does
have an issue with capacity loss due to irreversible structural rearrangement to a spinel phase that
is expedited at the top of charge (potentials greater than or equal to 4.3 V vs. Li"?).!*!> The addition
of dopants have been shown to improve capacity retention and overall cycle life. For example,
when silicon as Si*" is added in a co-precipitation synthesis, the doped material shows a 10%
increase in capacity and lower resistance at the SEI interface and charge-transfer resistance, but
there is still a significant capacity fade.'® Upon adding Mg?" and AI**, there is a drop in capacity
due to anti-site defects.!” In work to make zero-strain cathodes, Zhang et al. have used co-
precipitation to replace cobalt with high entropy mixtures of Ti, Mg, Nb, Al, and Zr ions, and the
resulting cells show a significant increase in capacity retention, with cycle life of 85% after 1,000
cycles in coin cells using a Li-metal anode.'® This improvement is thought to arise as cobalt is

replaced with redox inactive metal ions that reduce the total irreversible volume change.

In this manuscript, we focus on adding Cu?* to the NMC structure. The hypothesis is that Cu?*
is Jahn-Teller distortive, which could minimize strain upon cycling. In layered materials for
sodium-ion batteries, adding Cu®" gives rise to 55% capacity retention after 100 cycles, compared
to only 31% capacity retention in the undoped material. In this case, the Cu?" inhibits the phase
transition from P2-O2 to P2-O4, which has lower volume expansion.!*?** Adding Cu?" to sodium-
ion battery cathode materials also decreases the capacity by 17% as Cu?" ions replace the Ni-ions,

thereby reducing the amount of Na* that can be reversibly extracted.?!?* In addition to this testable



hypothesis for NMC, we selected Cu®>" for a practical reason. To recycle batteries by
hydrometallurgy at the end of their usable lives, they are shredded, and Cu?* can be leached from
the Cu-foil current collector into solution. 2> One benefit of adding copper is that its addition
shows a decrease in capacity fade during cycling by changing the surface and particle size of the
NMC, although there remains the tradeoff of a decreased discharge capacity.?®?® The exact
mechanism for the decrease in discharge capacity and increase in capacity retention has yet to be
thoroughly understood in the Li-case. In this work, we show an increase in the Ni oxidation state
at the surface, which makes the electrochemical oxidation and reduction of Ni less reversible.
Moreover, adding Cu?* gives rise to a smaller crystalline domain size in the synthesized material.
Consequently, there is a smaller propensity for particle fracture when the material is oxidized

(charged) and reduced (discharged).

Experimental Section

Experimental Synthesis

NMC materials were synthesized by a co-precipitation method. In a typical reaction, 0.6 moles
nickel (II) sulfate hexahydrate (Acros Organics), 0.2 moles manganese (II) sulfate monohydrate
(Thermo Scientific), and 0.2 moles cobalt (II) sulfate heptahydrate (Alfa Aesar) were dissolved in
100 mL Milli-Q water (18.2 MQ-cm) with vigorous stirring for 30 min. The pH of the solution
was adjusted to 11 using 3 M ammonium hydroxide (Fisher Chemical), while stirring was

continued for 30 min to give a dark brownish-green suspension. Then 2 M oxalic acid (Alfa Aesar)



was added to adjust the pH to 2, and the solution was stirred for another 2 h, giving rise to a
whiteish-gray colored suspension. For samples doped with copper, either 0.05 moles or 0.1 moles
of copper (I1) sulfate pentahydrate (Fisher Scientific) were added to the starting aqueous mixture.
This suspension was vacuum filtered and dried overnight at 120°C. The dried precursor was then
ground down by mortar and pestle. The fine powder obtained was further ground by mortar and
pestle with 1.05 moles anhydrous lithium hydroxide (Sigma-Aldrich) and subsequently annealed
at 860 °C for 12 h with a 2 °C/min ramp rate to make the final cathode active material (CAM). The
typical isolated reaction yield is 3.22 g, 74.5% based on the Nig.sMno2Coo2(OH).. The annealed

material was again pulverized by mortar and pestle prior to making electrodes.

Electrode Preparation

The binder was made by adding 8 wt-% Solef 5130 poly (vinylidene fluoride) (PVDF) to N-
methylpyrolidinone (NMP) in an N»-filled-glovebox. Then, a planetary mixer (THINKY AR-100
Conditioning Mixer) was used until PVDF was completely dispersed. In a nitrogen-filled
glovebox, a 96:2:2 ratio mixture of CAM / carbon / binder was made and dispersed in NMP to
make a 50 wt-% dispersion. Specifically, Timcal Super P Li carbon was combined with the binder
to make a carbon dispersion and half the NMP was added along with five 5 mm zirconia milling
beads, which was then mixed by hand with a glass pipette. Then, a THINKY mixer was used to
disperse the carbon by mixing over 5 min in 1 min intervals at 2000 rpm. Next, the CAM and the
remaining half of NMP were added. Then, hand mixing and THINKY mixing were performed

again, with the latter for another 5 min in 1 min intervals at 2000 rpm. This slurry was coated on



battery grade Al foil (All Foils) with a 6-mil drawdown bar (BYK Instruments) and dried for 5
min at 120 °C in an oven. >>* After drying, the cathode was pressed to 30% porosity using a lab

roll press (Tob New Energy Technology Lab Roll Press Machine TOB-SG-100).

Battery Assembly

A 10 mm diameter punch of the cathode was punched, and vacuum dried overnight at 60 °C before
being brought into an argon-filled glovebox. 2032-size 316 stainless steel coin-cell parts from Pred
Materials were used for battery assembly. In an argon-filled glovebox, half-cell (Li metal
combined anode and reference electrode) coin cells were assembled. First, the cathode was placed
in the coin-cell cap, followed by the addition of 37.5 uL 1 M LiPFs in a 50/50 v/v ratio of ethylene
carbonate and dimethyl carbonate electrolyte (Sigma-Aldrich). Next, an ENTEK 18 mm diameter
x 12 um thick separator was placed on top of the electrolyte and cathode. A plastic gasket was
placed down, followed by the addition of 37.5 uL electrolyte. A 16 mm diameter x 0.06 mm thick
punch of polished lithium metal from MSE supplies was placed next, followed by a 15.5 mm
diameter x 0.5 mm thick spacer and a wave spring. Finally, the coin cell was capped with the base.
Once the coin cells were assembled, they were crimped shut at 0.8 T using an electric crimper

(MTI digital pressure controlled electric crimper MSK-160E).

Electrochemical Testing

Cyclic voltammetry (CV) was performed with a CH Instrument 1000A potentiostat at a 0.1 mV/s

+/0

scan rate over a potential window of 3.0 to 4.3 V vs Li"". All potentials in the remainder of this
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manuscript are referenced vs. Li
calculated for a 1 C charge was used for the chronopotentiometry (CP). Electrochemical
impedance spectroscopy (EIS) measurements were conducted using a 10-mV amplitude and a
frequency range of 100 KHz to 1 Hz on a Solarton ModuLab Impedance Analyzer. The collected
data was then modeled using ZView software.>! CV, CP, and EIS tests were carried out with
assembled half-cell coin-cells. Battery testing by CP was performed on a Neware battery cycler.
One hundred total cycles, (three charge / discharge cycles of 0.1 C from 3.0 to 4.3 V for formation
followed by ninety-seven 1 C charge / discharge cycles from 3.0 to 4.3 V) were used for cycle-life
testing. Rate capability was tested using 3 cycles each at of 0.1 C, 0.2 C,03 C,0.5C, 1 C, 3 C,

and 6 C, followed by one final 0.1 C cycle. The current for all C-rates was calculated using 175

mAh/g as the reversible capacity.

Materials Characterization

X-ray diffraction (XRD) was measured on a Panalytical Empyrean diffractometer at a power of
1.8 kW (45 kV, 40 mA) with Cu Ka (A = 1.5418 A) radiation using a zero-background holder
made of single crystal silicon. The detector was an X’Celerator Scientific, a position-sensitive 1D
detector equipped with Bragg—Brentano HD X-ray optic delivering only Ka radiation. Patterns
were collected with a sampling step of 0.0084 and a scan rate of 0.018°'s™! from 5 — 80° 20. All
peak areas and all planes were calculated in the lithium nickel manganese cobalt oxide (NMC)

powder using Jade software®? and the lattice parameters for the R-3m space group.’> GSAS-II**



with an instrument parameter file created using NIST SRM 660c (LaBs)* was used for X-ray
diffraction data Rietveld refinement®® and VESTA?®” was used to create structural models. High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was
performed on a Thermo Fisher Scientific Spectra 300 probe-corrected STEM operated at 300 kV
and the HAADF images were collected in a range of 62-200 mrad with a convergence angle of 22
mrad and analyzed using Gatan. The TEM sample was prepared using a Thermo Fisher Scientific
Helios G4 UXe focus ion beam (FIB). X-ray photoelectron spectroscopy (XPS) was collected on
a Kratos Axis Ultra using a monochromatic Al source at a pass energy of 20 eV with emission of
10 mA and anode HT of 14 kV. The spectra were corrected for charging by referencing the C(1s)
peak to 284.8 eV. All peaks were fitted in Casa XPS*® with the Shirley-type background. X-ray
fluorescence spectroscopy (XRF) for elemental analysis was measured with a Thermo Scientific
ARL QUANT’X using a KitachiSDD detector using a Cu K-a source under vacuum. Scanning
electron microscopy (SEM) was done on a JEOL-7800FLV FE SEM coupled with an energy-
dispersive X-ray spectrometry (EDX) operated on an Oxford XMaxN 80mm? silicon-drift energy-
dispersive X-ray spectrometer using Oxford Aztec v3.3 EDX acquisition and processing software

for analysis.

Results and Discussion

Synthesis, Structure, and Composition. NMC compounds were prepared in two steps: (equation

1) precipitating a hydroxide precursor containing the transition metal (TM) cations in the desired



stoichiometric ratio using soluble sulfate salts, and (equation 2) calcining in air with lithiation.
The details of the precursor synthesis have been recently reviewed,* and the balanced equations

for preparing NMC are:

0.6 Ni**(aq) + 0.2 Mn**(aq) + 0.2 Co**(aq) + 20H (ag) — Nio.sMno2Coo2(OH)x(s) (1)

Nio.sMno2Coo2(OH)a(s) + LiOH(s) + ¥202(g) — LiNio.sMno2C0020x(s) + 3/ H2O(g) (2)

For the doped material, we add Cu®(aq) directly to the precipitation reaction in equation 1 (as

CuSOs4). This material is referred to as Cu-NMC throughout the remainder of the manuscript.

The XRD patterns in Figure 1 show that when 5 mol-% Cu?’ is added to the TM precursor
mixture, no additional Bragg reflections appear in the final product. As an internal standard for
assigning peak positions, we rely a Si standard of SRM 640e.** However, there are increases of
0.004 A and 0.0003 A in the d-spacing for the (003) and (104) planes, respectively. These planes
are illustrated in Figure S1, and the increases hint that Cu?" substitutes for the TM ions on the 3b
Wyckoff sites. As prepared, the TM ions are present formally as Mn*, Co**, and Ni is mixed
valent between Ni?* and Ni** in NMC622.*! We note that Ni*" and the added Cu?* are Jahn-Teller
active and replacing Ni*" with the Jahn-Teller active Cu?* should result in a c-axis change. The
change may be subtle since the local Jahn-Teller axis is not confined only to the ¢ direction, and
Cu?" is a larger ion regardless of the direction of Cu—O bond elongation/compression. The Shannon

ionic radii of Ni**, low-spin Ni**, and Cu?" (all as 6-coordinate ions) are 0.69 A, 0.56 A, and 0.73



A, respectively.*> The c/a ratio and unit cell volume are larger in Cu-NMC. It is known that Li*
and Ni can partially substitute for each other in NMC.*® Furthermore, c/a ratios higher than 4.9
and the peak splits of the (006)/(012) and (018)/(110) reflections indicate a highly ordered layered
structure.* The extent of Wyckoff 3a/3b (Li/TM cation) mixing is assessed by the integrated peak
ratio of loo3/l104.Within the unit cell, the (003) plane is composed solely of Li-ion and the (104)
plane is composed of both Li-ion and the TM ions (along with oxide anions as well; %4 Li", 1 TM,
3/, 0%). In a polycrystalline NMC sample with no Li/TM cation mixing, the calculated Zoo3//104
ratio is 1.34. As the extent of Li/TM mixing increases, loo3/l104 decreases. Experimentally, the
loo3/l0saratios of NMC and Cu-NMC are 1.06 and 1.15, respectively, indicating that there is Li/TM
cation mixing in both compounds, but that the extent of Li/TM cation mixing is smaller in Cu-

NMC.
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Figure 1. XRD patterns of NMC and Cu-NMC. Miller indices for NMC are provided and a Si

standard of SRM 640e** denoted by (*) was used to confirm peak positions.

The Rietveld refinement of the XRD data in Figure 2 reveals these subtle differences,
highlighted in Table 1: 1) NMC has a slightly smaller c-axis; the c/a ratio increases when Cu?" is
added; and 2) there is a small volumetric increase with added Cu?*, both expected changes with

the increased d-spacing for (003) and (104) Bragg planes. Also, these structural changes are

45,46

consistent with a change in Ni**/Ni*" ratio in doped Ni-rich materials, and motivates the

combined structure/spectroscopy experiments that follow in this paper. In addition to hints at
electronic structure changes, the Rietveld refinement also reveals a larger crystalline domain size

(t) and greater microstrain for 5 mol-% Cu-doped NMC, expected for greater lattice distortion



present in the doped material. We note that although these changes are small, they are statistically

significant.
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Figure 2. XRD pattern and Rietveld refinement of a) NMC and b) Cu-NMC.



Table 1. Crystal parameters obtained from Rietveld refinement of NMC and Cu-NMC.

3 icro-
Compound alA c/A cla V/CI,Ill To03/104 7/ pum Micro %wR %R
mol strain
NMC 2.86112 14.21166 4.9672 100.75 1.06 0.236 2273.4 3.32 2.20
Cu-NMC 2.86105 14.22284 49712 100.83 1.15 0.348 2697.8 3.10 2.04

SEM images and their associated EDX maps (Figures S2 — S3) show a uniform distribution
of the TM ions, according to the Grubbs outlier test, used to detect a single outlier in a univariate
data set following an approximately normal distribution.*”*® XRF elemental analysis data provide
a stoichiometry of LiNig.63Mno22Co00.1502 for the synthesized NMC622 and stoichiometry of
LiNio.56Mno22C00.17Cu0.0402 for 5 mol-% Cu-NMC, which shows that Cu?* addition results in
decreasing Ni-content. We note that doping is limited to 5 mol-%; when 10 mol-% Cu?" is added
into the precursor reaction mixture, an impurity phase, LioCuO», appears (Figure S4). Figure 3
shows the high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of Cu-NMC used as an additional probe to the structural changes induced by Cu?**
doping NMC. The image shows no evidence of copper localization in the Li layers or introduction
of new grain boundaries, supporting the XRD refinement and lower degree of Li/TM cation

mixing.



Figure 3. High-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM) of Cu-NMC viewed along the [110] zone axis, highlighting the [003] and [104]

crystallographic directions.



Electrochemical Characterization. Figure 4 shows the CV trace of NMC and Cu-NMC. On the
first scan starting from open circuit and sweeping to more positive potentials at a scan rate of 0.1
mV/s, NMC shows the expected anodic wave with a peak potential of 3.94 V and the
corresponding reverse cathodic wave at 3.67 V, which is assigned to the formal Ni*"?* couple and
Co*"3* couple. The Ni oxidation state slightly increases after each cycle as the Ni-based redox
couple is not fully reversible; Ni redox chemistry accounts for ~67% of the battery capacity. On
the other hand, the Co redox couple is fully reversible, and Co oxidation does not occur until ~3.8
V, while accounting for ~33% of the battery capacity. > Upon subsequent cycling, the NMC
anodic peak shifts to more negative potential, 3.87 V, with virtually no shift in the corresponding
cathodic peak. Adding 5 mol-% Cu?" shifts the anodic wave to a higher positive potential (beyond
the 4.3 V switching potential) during the 1% cycle and shifts the cathodic wave to a more negative
potential (3.54 V) relative to that observed for NMC. Upon subsequent CV scans, an anodic wave
emerges within the scan window, with peak potential 4.05 V. This ~500 mV peak separation

4+/2+

indicates larger overpotential for accessing the Ni redox couple when 5 mol-% Cu?" is added.
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Figure 4. CV trace (IUPAC convention) from 3.0 — 4.3 V vs. Li"® sweeping in the positive
direction starting at 3.0 V at 0.1 mV/s scan rate for NMC and Cu-doped NMC in half-cell coin

cells.

Figure S shows the chronopotentiometry curves at 1 C current (175 mA/g) for NMC and Cu-
NMC for the first cycle (i.e. - after assembling fresh cells and allowing them to rest for 6 h). NMC
shows a relatively flat £ — ¢ charging profile with constant potential of ~3.8 V, consistent with 2-
phase cycling, as has been reported.>! Cu-NMC requires greater potential to oxidize, indicating a
delocalized electron model where there are distinct waves for Ni compared to Cu altering the
potential at which Li inserts and extracts.>? This can be corroborated with Figure 4 as there are

shifts in the anodic and cathodic waves.
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Figure 5. Chronopotentiometry (first charge at 1 C current) of NMC and Cu-NMC half-cell coin

cells.

The potential vs. capacity plots (Figure 6a, b) and the discharge capacity plots (Figure 6¢, d)
show that the capacity increases initially from 197 mAh/g (0.81 mAh/cm?) in NMC to 216 mAh/g
(0.91 mAh/cm?) in Cu-NMC, but during the higher 1 C current cycling, the specific discharge
capacity drops to 102 mAh/g (0.43 mAh/cm?) for Cu-NMC compared to 136 mAh/g (0.58
mAh/cm?) for NMC. Cu-NMC does have less capacity fade as the specific discharge capacity is
91 mAh/g (0.38 mAh/cm?) after 100 cycles, compared to 96 mAh/g (0.39 mAh/cm?) for NMC.
Also, when the discharge capacity retention is normalized to that observed for the 1% 1 C cycle,
the capacity fade is only 11% after 97 cycles, compared to 30% for NMC. From previous studies,

the Ni oxidation accounts for the majority of capacity and the Co*"?* couple has been shown to be
JOr1ty pacity p



reversible.’® The overall drop in capacity is rationalized by replacing Ni sites with Cu®*, and the
increased capacity retention is explained by the irreversible Ni redox couple accounting for less of
the battery capacity during cycling in Cu-NMC. Moreover, with the increased crystalline domain
size (Table 1) Li" diffusion becomes limiting at higher current. Figure 7 shows that At higher
current (0.5 C, 1 C, and 3 C), Cu-doping appears to slightly increase capacity, but at lower current
(0.1 C,0.2 C, and 0.3 C) NMC has higher capacity indicating that Cu-doping can be charged and
discharged faster. Overall, both NMC and Cu-NMC recover well from the C-rate test by starting
at 134 mAh/g (0.84 mAh/cm?) and 106 mAh/g (0.37 mAh/cm?) and ending at 120 mAh/g (0.75

mAh/cm?) and 107 mAh/g (0.37 mAh/cm?), respectively, for 0.1 C cycling.
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Figure 6. Potential vs. capacity plots of the three 0.1 C current formation cycles and the subsequent

97 1 C current cycles for (a) NMC and (b) Cu-NMC cycled in half-cell coin cells. Comparison of



NMC to Cu-NMC by (c) discharge capacity retention of 97 1 C cycles normalized to the 1st 1 C
cycle and (d) specific discharge capacity of the cells cycled in half-cell coin cells from 3.0 - 4.3 V
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Figure 7. Specific discharge capacity at varying current (three cycles of 0.1 C, 0.2 C, 0.3 C, 0.5
C,1C,3C,and 6 C) of NMC and Cu-NMC cycled in half-cell coin cells from 3.0 —4.3 V vs
Li+/0-

Electrochemical impedance spectroscopy (EIS) data for Li-ion battery half-cells were modeled
using a common two RC equivalent circuit model with a Warburg element.>® The Nyquist plot in
Figure 8 (and corresponding Bode plots in Figure S5a, b) shows that when Cu** is doped onto
the 3b Wyckoff TM sites, the resistance associated with forming the SEI (Rsgi) increases from 22
Q to 310 Q and the charge-transfer resistance (R) increases from 162 Q to 1044 Q. The larger
Rsgr is observed in the first galvanostatic charge cycle of Figure 5 as more energy per unit charge
is required to form the SEI in Cu-NMC indicated by the feature at ~30 s. Also, the resistance

portion of Warburg impedance (W) increases from 38 Q for NMC to 4983 Q for Cu-NMC with



a decrease in the slope (—1.37 —Z/Z) for Cu-NMC compared to NMC slope (—3.53 —Z/Z), showing
that Cu-NMC is Li" diffusion limited. The full fitting parameters for this model are presented in
Table S1. Equation 3 provides the diffusion coefficient for Li (Dv;), where Vi is the molar volume
from Table 1, dE/dx is the slope from the coulometric titration (Figure SSc, d), F' is Faraday’s
constant, A is the electrode area of 0.7854 cm?, and Zy is the average Warburg element from
frequency 100 Hz to 10 Hz (Figure S5b).>* Cu-NMC shows slower diffusion kinetics (DLi = 1.03
x 1071% cm3/mol) compared to NMC (D = 7.91 x 107'° cm?/mol).We note that these diffusion
coefficients are on the same order of magnitude as those previously reported Li-ion battery cathode

materials, including NMC.>
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Figure 8. Nyquist plot of NMC and Cu-NMC EIS data with an amplitude of 10 mV and a
frequency range of 100 KHz to 1 Hz. The equivalent circuit model is included in the inset. Ry: bulk

resistance of the cell (electrolyte, separator, and electrodes), Rsei, CPEsgr: resistance and



capacitance (modeled as a constant-phase element, CPE) of the interfacial layer, R, and CPEe¢iec:

charge-transfer resistance and double-layer capacitance (modeled as a CPE), and W, Li" diffusion.
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Changes in Structure and Composition after Galvanostatic Cycling.

To assess how added Cu?" results in different behavior in galvanostatic cycling, we analyze
XPS of Ni, specifically the 2P lines (Ni 2p core electrons) at varying states of charge. The XPS of
the synthesized materials in Figure 9 shows three features in the energy 845 — 890 eV energy
range, a broad satellite peak and nickel present as both Ni** and Ni*". Integrating the higher binding
energy 2P lines shows that the relative ratio of Ni**:Ni** on the surface increases from 1.56 in
NMC to 1.89 in Cu-NMC. This increase in Ni*":Ni*" ratio for Cu-NMC is consistent with
aliovalent ion doping, which is corroborated by the XRD data. In the control experiment (Figure
S6), the XPS for the TM hydroxide precursors resulting from the co-precipitation reaction in
equation 1 shows much narrower 2P lines with binding energies consistent only with Ni**. In
Figure S7, XPS of Cu, specifically the 2P lines (Cu 2p core electrons) of Cu-NMC, confirms that
Cu is in its 2+ formal oxidation, and the CV data in Figure 4 indicates no change in oxidation state
for Cu during cycling. For the materials that have been cycled at constant current, the XPS of Cu-
NMC shows a smaller increase in surface oxidation state Ni as the material is charged from 3.0 —
4.3 V (Figure 10 and Table 2). The smaller changes in Ni oxidation state ratio can account for the

lower specific discharge capacity of the material, as there is less Ni** to oxidize.
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Figure 9. Ni-XPS spectra of synthesized NMC and Cu-NMC.
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Figure 10. Post-cycling ex-situ Ni-XPS for (a) NMC and (b) Cu-NMC electrodes cycled in half-

cell coin cells after formation cycles and charged at 1 C current to 3.0 V and 4.3 V vs. Li*°.

Table 2. Ex-situ surface Ni oxidation state ratio of integrated XPS Ni 2P, lines for electrodes cycled in half-cell
coin cells after formation cycles and charged at 1 C current to 3.0 - 4.3 V.

Compound 3.0 V Ni*":Ni** 4.3 V Ni*":Ni?*

NMC 0.59 1.09
Cu-NMC 0.77 0.83




At different states of charge, XRD is also measured to understand the changes in structure. As
is shown in Figure S8a and b, there is an additional Bragg reflection at 65.6° 26, at slightly higher
angle than where the (110) reflection appears in the 4.3 V data. This new Bragg reflection
represents the change from hexagonal phase 1 (H1) to hexagonal phase 2 (H2);*¢ this H2(110)
reflection indicates a change in the NMC layered structure at the top of charge. This structural
change ultimately leads to a phase change to spinel, and the spinel gives rise to decrease in
discharge capacity retention over time.’’ The presense of two (110) planes stems from the
orientation created from mechanically pressing the electrode during cell assembly. Typically, the
March-Dollase factor is used to account for texture (perfered orientation), and a single Bragg
reflection internsity can be varried.’® In this case, there are multiple reflections that change
intensity, so a single factor is not valid. We scraped the electrode off of the current collector, and
the XRD pattern from this experiment shows the H2 (110) plane disappear, illustrating the problem
of assigning a second phase at the top of charge. Rather, the XRD patterns suggest a loss in prefered
oreintation rather the presense of a true secondary phase. Table 3 presents the relevant parameters
from XRD data collected from pre-cycled NMC and Cu-NMC electrode powders (Figure 11a and
b) compared to the post-cycled electrode powders (Figure 11c¢ and d). This is greater Li/TM cation
mixing at the top of charge for NMC, while Cu-NMC shows lower Li/TM cation mixing than
would be expected with any site substituion, meaning there is no Li in the TM 3b Wyckoft sites;
rather Li vacancies occur only on the 3a Wyckoff sites. The domain size for NMC also decreases
substantially (74.7%) at the top of charge indicating electrode pulverization that results in higher

capacity fade. This pulverization is supported at the secondary particle level as well. SEM imaging



in Figure 12a and b of the pre-cycled NMC and Cu-NMC electrode powders have particle sizes
~ 6 um and 10 pm, respectively. Figure 12 ¢ and d show that after charging to 4.3 V, the particle
size of NMC decreases to ~1.5 pm and Cu-NMC particles remain larger, ~5 um. Cu-NMC has a
larger volumetric change and lower change in microstrain, but the overall domain size decreases
only by 40.5% at the top of charge acounting for the increased capacity retention. The smaller
change in microstain and smaller change in domain size for Cu-NMC could have large impacts on
solid-state batteries, as the maintaining both the macro- and microscale structures of the cathode
mixture is critical for promoting ion transfer without fracture at the solid electrode-solid ionic

conductor interface.>”¢!
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Figure 11. XRD Rietveld refinement of pre-cycled (a) NMC and (b) Cu-NMC electrode
powders and post-cycling ex-situ XRD of (¢) NMC and (d) Cu-NMC electrode powders cycled

in half-cell coin cells after formation cycles and charged at 1 C current to 4.3 V vs. Li™.

Table 3. Crystal parameters obtained from Rietveld refinements of pre- and post-cycled NMC and Cu-NMC electrodes.

3
Compound alA clA cla I;n/o(if To03/104 T/ pm Micro-strain ~ %wR %R
NMC Pre-Cycled 2.86206 14.22373 4.9698 100.9 1.12 0.2125 2466.2 3.19 2.34
NMC 4.3V 2.84407 14.36858 5.0521 100.7 1.30 0.0538 383.4 4.21 3.03
Cu-(I;I}I]\(/:Il(édPre- 2.86419 14.2357 4.9702 101.1 1.15 0.1742 3008.9 4.16 2.68

Cu-NMC 4.3V 2.84243 1437832  5.0584 100.6 1.42 0.1036 3634.3 3.06 2.35
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Figure 12. SEM images of pre-cycled (a) NMC and (b) Cu-NMC electrode powders and post-
cycling images of (¢) NMC and (d) Cu-NMC electrode powders cycled in half-cell coin cells after

formation cycles and charged at 1 C current to 4.3 V vs. Li™.

Conclusions

When doping NMC with Cu®" ion at 5 mol-%, phase pure R—3m layered material results, supported
by XRF elemental analysis, XRD, and HAADF-STEM imaging. The degree of Li/TM cation
mixing is smaller for Cu-NMC, and the unit cell volume is slightly larger as Jahn-Teller active
Cu?" is added. Electrochemically, Cu?*" doping gives rise to a decrease in capacity due to an
increase in the oxidation state of Ni at the surface, illustrated by XPS. Cu®* also leads to an increase

in both the resistance across the SEI layer as well as the charge-transfer resistance. Nevertheless,



the capacity retention in Cu-NMC is greater because the domain size decrease is smaller, leading
to less pulverization of the particles upon repeated cycling. Future efforts in our group focus on

identifying new chemical compositions that mitigate particle fracture.
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