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Abstract:

In this work, we report solution-based doping and coating strategies to improve the
electrochemical performance of the Co-free layered oxide cathode LiNiysMngysO, (NM-50/50).
Small amounts of d° dopants (e.g., Mo%"and Ti#*, 0.5-1 at. %) increase the cathode’s specific
capacity, cycling stability, and rate capability. For example, a Mo-doped cathode with the nominal
composition LiNig 49sMng 49sM0g 91O, exhibits a high reversible capacity of 180 mAh/g at 20 mA/g
compared to only 156 mAh/g for undoped NM-50/50. Effects of 1 at.% Mo dopant on the cathode
structure have been studied using a suite of characterization tools including X-ray diffraction
(XRD), Raman spectroscopy, transmission electron microscopy (TEM), X-ray Photoelectron
Spectroscopy (XPS) and X-ray absorption spectroscopy. These measurements demonstrate that
Mo®* dopant is enriched near the particle surface and improves the electrochemical performance
of LiNigsMngsO, by: (i) reducing Li*/ Ni?>* cation mixing which facilitates Li* transport, (ii)
mitigating undesirable phase transformations near the cathode surface, and (iii) altering the
cathode/electrolyte interfacial chemistry. This work also reports the use of an inorganic Mn,P,04
coating which enhances the cycling stability of Mo-doped NM-50/50, presumably through
formation of a stable cathode electrolyte interphase (CEI) layer. Overall, the synthesis approaches
reported herein are quite general and can potentially be expanded to other high voltage Li-ion
battery cathodes.



1. Introduction

As demand for electric vehicles continues to rise, development of high energy density cobalt
free cathodes for Li-ion batteries is critical. LiNiysMngsO, (NM-50/50) has been extensively
studied since first reported by Ohzuku and coworkers'. A major short coming of such Mn and Ni
containing transition metal (TM) layered oxides is related to the high degree of Ni**/Li" cation
mixing. Due to the similar ionic radius of Li* and Ni2*(0.76 and 0.69 A, respectively), Ni2*
typically migrates to 3a sites in the Li layer while Li" migrates to 3b sites in the transition metal
(TM) layer?. These anti-site defects hinder Li* diffusion throughout the structure which ultimately
decreases the cathode’s capacity and cycle life. Depending on the synthesis method, pristine NM-
50/50 typically has ca. 8-11% anti-site defects®*, and the defect concentration increases during
electrochemical cycling. One common approach to overcome cation mixing and improve NM-
50/50 performance is to substitute Co in the TM layer which facilitates Li* diffusion and increases
the active material’s electronic conductivity>.

Breuer et.al. and Susai et.al recently reported®’ that substituting a nominal amount (1-3 mol%)
of Mo®" in NMC layered cathodes improved the cathode’s 15t cycle reversibility, cycle life, and
rate performance. DFT calculations showed that Mo®" energetically favors occupying Ni sites.
Similarly, our team recently reported on Mo-stabilized NMC cathodes with the general formula
xLi,M00O;¢(1-x)LiMO, (M = Ni, Mn, Co and 0.10 <x<0.15) in which the Li,Mo0Oj3 unit improved
the material’s oxidative stability at high states of charge®. In another study, Urban et. al® showed
that d° transition metals (e.g., Ti*", Mo%", Zr*", V3*and Nb>") stabilize cation disordered rock-salt
cathodes by allowing Ni?* sites to remain close to their preferred geometry. Atomistic calculations
showed that d° cations have low energy penalties in the distorted sites which allows other TMs to
minimize their distortion.

In this study, we report the effects of two d° cations (Ti*" and Mo®") on the structure and
performance of Co-free LMNO cathodes. A primary objective of this work is to determine whether
such early TM dopants can reduce Li*/Ni** cation mixing and thereby improve electrochemical
performance. Dopant distribution throughout the particles is also discussed, and we show that
enrichment of Mo®" near the particle surface alters the cathode/electrolyte interfacial chemistry.
Structural and spectroscopic characterizations of pristine and cycled Mo- and Ti-doped NM-50/50
were performed using a suite of methods including: X-ray diffraction (XRD), Raman
spectroscopy, X-ray Photoelectron Spectroscopy (XPS), X-ray absorption spectroscopy (XAS),
and high-resolution transmission electron microscopy (HR-TEM). In addition to studying effects
of d° dopants, an inorganic manganese pyrophosphate (Mn,P,0-) coating was applied to Mo-
doped NM-50/50 to stabilize the cathode/electrolyte interface at high states of charge. The doping
and coating strategies presented here can be applied to a wide range of cathode chemistries to
address key issues regarding the bulk structure and cathode/electrolyte interface.



2. Experimental Methods
2.1 Material Synthesis

Cathode Synthesis: For LiNigsMnysO, (NM-50/50)-5g, stoichiometric amounts of
Li(OCOCH3),°2H,0 (5 mol% excess), Ni(OCOCHj;),°4H,0, Mn(OCOCH;),°4H,0, and citric
acid were dissolved in 300 mL deionized water. Detailed quantities of precursors for each cathode
are listed in Table S1.The resulting solutions were heated in an oil bath at 60 °C for 35 — 40 hr.
while stirring to produce a dry gel. The gel was ground into a fine powder before first phase heating
at 400 °C for 4 h in air (5 °C/min ramp rate) followed by second phase heating at 850 °C for 15 h
in air (5 °C/min ramp rate). For Mo- and Ti-doped materials, the same procedure was used except
for the addition of either (NH4)¢M070,4 (0.5-5 at.% Mo) or TiO, (1-5 at.% Ti) to the precursor
solution. Nominal stoichiometry of the Mo-doped and Ti-doped NM-50/50 cathodes were LiNi 5.
v2Mng 5.4, M0,O; (x = 0.005 — 0.05) and LiNig 5.xxMng 5.2 TixO; (x = 0.01 — 0.05), respectively.

Manganese Pyrophosphate Coating: Mo-doped NM-50/50 was coated with 2 wt.% Mn,P,0,
to stabilize the cathode/electrolyte interface. To prepare the coated cathode, 0.0327 g
Mn(OCOCHj3;),°4H,0 was dissolved in deionized water (10 mL) before adding the as-synthesized
1 at. % Mo-doped NM-50/50 (0.98 g) under continuous stirring (Solution A). Meanwhile, 0.0176
g of NH4H,PO, was dissolved in deionized water (10 mL, Solution B). Solution B was
subsequently added dropwise to Solution A within 1 h of continuous stirring. The prepared
suspension was dried at 60 °C, and the resulting powder was heated in air at 300 °C for 5 h (2
°C/min ramp rate).

2.2 Material Characterization

X-ray Diffraction (XRD): XRD measurements were conducted on Scintag XDS 2000 powder
diffractometer with Cu Ka radiation (A = 1.5406 A) in the 20 range of 10 - 80°. Integrated peak
areas were determined using OriginLab software to quantify [(003)/I(104) peak ratios which are
related to the degree of cation mixing.

Raman Spectroscopy: Raman spectra were acquired with an Alpha 300 confocal Raman
microscope (WITec, GmbH) using a solid-state 532 nm excitation laser, a 20x objective lens, and
a grating with 600 grooves per mm. The laser spot size and power were approximately 1 pm? and
100 uW, respectively. Raman spectra were analyzed using WITec Project Plus software.

X-ray Photoelectron Spectroscopy (XPS): Samples were placed in a hermetically sealed holder
before transferring to the XPS instrument (Thermo Scientific Model K-Alpha XPS) which
contained a monochromated, micro-focusing Al K, X-ray source (1486.6 eV) with a variable X-
ray spot size (30 — 400 um). This work used the 400 um X-ray spot size to maximize the signal
intensity and to obtain an average surface composition over a large area. The instrument used a
hemispherical electron energy analyzer equipped with a 128 channel detector system. The base
pressure in the analysis chamber was 3 x 10-'° mbar. Wide energy range survey spectra (0 — 1,350
eV) were acquired for qualitative and quantitative analysis using a pass energy setting of 200



eV. To assess the chemical bonding of identified elements, narrow energy range core level spectra
were acquired with a pass energy setting of 50 eV. Data were collected and processed using the
Thermo Scientific Avantage XPS software package (v 4.61). Spectra were charge corrected using
the C 1s core level peak set to 284.8 eV.

X-ray Absorption Spectroscopy (XAS): X-ray absorption fine structure (XAFS) spectroscopy was
performed at beamline 20-BM of the Advanced Photon Source. Studies on the Mo dopant were
performed in fluorescence mode using a 13-element germanium energy dispersive detector, and
the Ni and Mn spectra were obtained using the transmission mode. The X-ray beam was
monochromatized using a fixed-exit, double-crystal monochromator. Harmonic rejection was
accomplished using a rhodium-coated mirror. Energy calibration was performed using the
appropriate metal foil standard. Data reduction and fitting analysis followed standard procedures
and was performed using the DEMETER XAFS analysis software!©.

Transmission Electron Microscopy (TEM): Cathode powders were not exposed to any solutions
during TEM sample preparation. Post-mortem cathode particles were removed from the current
collector and dispensed onto TEM lacey carbon grids inside an Ar-filled glovebox. Scanning
transmission electron microscopy (STEM), high-angle annular dark-field (HAADF) imaging,
annular bright-field (ABF) imaging, and energy-dispersive X-ray spectroscopy (EDS) mapping
were performed on an aberration corrected JEOL JEM-ARM200CF with an operating voltage of
200 kV. The convergence semi-angle was 20.6 mrad, and the signals with semi-angles spanning
from 68 — 280 mrad and 8 — 17 mrad were collected for STEM HAADF and STEM ABF imaging,
respectively. The EDS data analysis was performed using the software “pathfinder”, where the
overlapped peaks were deconvolved by using the stored standard reference spectra and employing
a multiple, linear least-squares fitting method.

2.3 Electrochemical Measurements

Cathode slurries were prepared by mixing 80 wt.% active material, 10 wt.% Super P carbon
black, and 10 wt.% poly (vinylidene fluoride) (PVDF) (80:10:10 by weight) in N-methyl-2-
pyrrolidone (NMP). The slurries were cast onto a carbon-coated Al current collector and dried
overnight at 80 °C under vacuum. The active material loading in the dried electrodes was ca. 5-6
mg/cm?. The cathodes electrochemical properties were evaluated in CR2032 half cells containing
a Li metal auxiliary/reference electrode. The electrolyte was 1.2M LiPF¢ in a mixture of ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) (EC:EMC 3:7 by weight). Cells were
assembled in an Ar-filled glovebox. Galvanostatic charge/discharge experiments were performed
between 2.0-4.5 V at specific currents of 20-200 mA/g using a MACCOR Series 4000 battery
tester. Cyclic voltammetry studies were performed between 2.0-4.5 V at scan rates of 0.1 — 1.5
mV/s using a Biologic MPG2 system. For post-mortem analysis, cycled coin cells (terminated in
the discharged state, 2.0 V) were dissembled inside an Ar-filled glovebox. The harvested cathodes



were rinsed several times with dimethyl carbonate (DMC) and dried overnight at room temperature
under vacuum without air exposure.

3. Results and Discussion
3.1 Electrochemical Properties of d’-Doped NM-50/50 cathodes

Figure 1 shows the galvanostatic cycling performance of pristine NM-50/50 and NM-50/50
doped with either 1 at.% Mo®" or 1 at.% Ti*". All cathodes exhibited similar voltage profiles with
a sloping plateau ~3.7 - 4.5 V vs. Li/Li*, indicating charge compensation occurred primarily
through the Ni redox center. The initial discharge capacity for Mo-doped NM-50/50 (180 mAh/g)
was significantly higher than that of Ti-doped NM-50/50 (155 mAh/g) and undoped NM-50/50
(156 mAh/g). On the other hand, Ti-doped NM-50/50 exhibited superior cycling stability with
~77% capacity retention after 100 cycles compared to 65% and 63% retention for Mo-doped NM-
50/50 and undoped NM-50/50, respectively (see Figure 1a). The effect of Mo®" and Ti*" dopant
concentration on cycling performance is shown in Figure S1. It is noteworthy that higher Mo
dopant levels (3-5 at.%) negatively impacted electrochemical performance due to formation of
impurity phases (e.g., Li,MoO,4 and Mn,03 as shown in Figure S3 and discussed later in the text).
While a wide range of cathode compositions can be prepared using the sol-gel processing route
reported here, the remainder of this work largely focuses on characterization of NM-50/50 doped
with 1 at.% Mo.

The higher capacity of 1 at. % Mo-doped NM-50/50 is partially attributed to faster Li* transport
through the cathode structure as a result of fewer Li"/Ni*" anti-site defects (as is shown later via
XRD and TEM measurements). To quantify Li* transport in NM-50/50 and Mo-doped NM-50/50,
apparent Li* diffusion coefficients were estimated using cyclic voltammetry and a Randles-Sevcik
analysis (see Figure S2). Compared to NM-50/50, Mo-doped NM-50/50 exhibited higher specific
currents (normalized by the active material mass) at a given scan rate which is consistent with the
higher gravimetric capacities measured during galvanostatic cycling. Figure S2c shows that the
anodic peak currents varied linearly with the square root of the scan rate, which is a hallmark of a
diffusion-controlled process. Based on this analysis, the Li* diffusivity for Mo-doped NM-50/50
was ~3-fold greater than that of undoped NM-50/50 (6.7x10-° and 2.9x10 cm?/s, respectively, see
Table S2). It is important to note that these results should only be used for qualitative comparisons
of Li* transport in undoped vs. Mo-doped NM-50/50 since the electrochemically active surface
area of the porous electrodes is not known. Nonetheless, the results in Figures 1, S1, and S2 clearly
demonstrate that small amounts of d° dopants have a positive impact on the electrochemical
performance of NM-50/50 cathodes. To better understand these effects, a primary focus of this
study is to evaluate how 1 at.% Mo dopant affects the cathode’s structure before and after cycling.



3.2 Structural Characterization of Pristine and Mo-Doped NM-50/50

XRD patterns of NM-50/50 and 1 at. % Mo-doped NM-50/50 are given in Figure 2a. The
cathodes had the expected hexagonal layered structure with trigonal symmetry (space group R3m,
see Figure 2b), and the broad peak near 26 = ~22° corresponds to a monoclinic Li,MnQOj structure.
1 at.% Mo-doped NM-50/50 showed no impurities within the diffractometer’s sensitivity limits,
but higher Mo dopant levels (3 and 5 at.%) resulted in Li,M0O4 and Mn;0,4 impurities (see Figure
S3) which may be the reason for the lower capacity of these materials (Figure S1). The relative
intensity of the (003) and (104) peaks provides a qualitative assessment of Li*/Ni** cation mixing
where a higher 1(003)/1(104) ratio is indicative of fewer anti-site defects!!. Doping NM-50/50 with
1 at% Mo increased the 1(003)/I(104) ratio from 0.53 to 0.56 which suggests that Mo doping
slightly decreased the extent of cation mixing. This finding is consistent with our previous report
on Mo-doped NM-50/50 studied using STEM.!?

Figure S4 shows the Raman spectra of NM-50/50 and 1 at.% Mo-doped NM-50/50 electrode.
LiMO; layered oxide cathodes typically contain two Raman active vibrational modes between 400-
700 cm!, A, and E, which correspond to M-O symmetrical stretching and O-M-O bending,
respectively®!3. These features are consistent with the Raman analysis of LiNiy sMng 50, cathodes
reported previously!*!3. D and G bands of the conductive carbon additive were detected at ~1350
and ~1600 cm!, respectively!¢. No additional Raman-active vibrational modes were detected for
Mo-doped NM-50/50 which confirms that the material contained no/few phase impurities.
Similarly, the lack of distinct Mo-O bands is attributed to instrument sensitivitiy limits and the low
dopant content.

X-ray photoelectron spectroscopy (XPS) and X-ray absorption edge energy spectroscopy
(XAS) experiments were performed to determine the transition metal oxidation states near the
cathode surface and in the bulk, respectively. Figure 3a shows the XPS survey scans for NM-50/50
and Mo-doped NM-50/50 with all the expected core level signals including Li 1s, Ni 2p, Mn 2p,
O 1s, and Mo 3d. Figure 3b shows the Mo 3d core level spectra for Mo-doped NM-50/50 with
3ds; and 3ds); peaks at binding energies of 232.7 and 235.6 eV, respectively. These features are
similar to that of MoOj; which indicates Mo is primarily in the +6 oxidation state.'”!° The 2p core
level spectra for Mn and Ni (Figure 3¢, 3d) exhibited the usual spin-orbit doublets corresponding
to 2p1» and 2p;/,. For Mn 2p, there was no binding energy shift between NM-50/50 and Mo-doped
NM-50/50, and Mn 2p;,, and Mn 2p;,, peaks were at 653.8eV and 642.4 eV, respectively. These
features are similar to that of MnQO,,?*2 indicating Mn has an average oxidation state of +4 in
both cathodes. Similarly, the Ni 2ps3,, peak in NM-50/50 and Mo-doped NM-50/50 had a binding
energy of 855 eV with a satellite peak at 861 eV which is consistent with the presence of Ni*? 26,
Interestingly, as shown in Table S3, the Mo dopant content near the surface was ~18x higher than
expected based on the nominal bulk stoichiometry. This discrepancy is attributed to the surface
sensitivity of XPS which only probes depths of approximately 50-70A 27.This finding suggests
that, in addition to decreases in Li*/Ni?* cation mixing, the improved performance of the Mo-doped
NM-50/50 is partially due to changes in the cathode/electrolyte interfacial chemistry.



The oxidation state and electronic structure of transition metals in Mo-doped NM-50/50 were
also evaluated using X-ray absorption spectroscopy. Figures 4a and 4b show Mo K-edge X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
data (presented as a k*>-weighted Fourier transform) for Mo-doped NM-50/50 compared with that
of Li;,M00; and Li;Mo00Q, standards containing Mo*" and Mo®", respectively. The pre-edge and
absorption edge position of Mo-doped NM-50/50 are similar to that of Li,MoO,4 which confirms
the cathode contains Mo®" 28, The high intensity of the pre-edge peak strongly suggests that the
Mo dopant is present predominantly as a tetrahedrally coordinated (MoQO,)* entity, similar to the
nature of Mo in the standard Li,MoO,4. EXAFS analysis shows that there are ~ 3.2 (3) oxygen
neighbors at a distance ~1.762 (8) A in the first coordination shell. No evidence for higher shell
scattering is present in the data. The slight reduction from the expected coordination number for a
tetrahedrally-coordinated moiety (3.2 vs. 4) may be due to some under coordination at the oxide
surface or the presence of a distorted local environment that lowers the apparent coordination
number. These findings indicate that the Mo dopant exists either: (i) as a surface species which is
tetrahedrally coordinated with oxygen and/or (ii) in tetrahedral interstitial sites in the bulk R3m
structure.

Figure S5 shows XANES data at the Ni K-edge and the Mn K-edge for NM-50/50 and Mo-
doped NM-50/50. Notably, the Mo dopant did not induce any significant energy shifts at either the
Ni or Mn K-edges which indicates that introducing Mo®* did not substantially impact the average
Mn and Ni oxidation states?®3!. Given the small amount of Mo doping (1 at.%), this is not an
unexpected result. It is plausible that introducing a high valence dopant (e.g., Mo®") may locally
reduce Ni and/or Mn cations, but such an investigation is outside the scope of this study. Any
potential changes in Ni/Mn oxidation states are small and beyond the sensitivity of the bulk
averaged XANES data.

3.3 Post-Mortem Analysis of Mo-Doped NM-50/50

Capacity and voltage fade of layered oxide cathodes during cycling has been correlated with
irreversible phase transformations near the surface and/or throughout the bulk3?33. Figures 5a and
5b show HAADF STEM images of near surface regions for NM-50/50 and Mo-doped NM-50/50
after 100 charge/discharge cycles. In NM-50/50, structural rearrangements after cycling include:
(i) formation of spinel and rocksalt phases near the particle surface and (ii) higher Li*/Ni** cation
mixing within the layered structures as evidenced by the enhanced image intensity in the Li layers.
On the other hand, Mo doping mitigated cycling-induced cation mixing and layered-to-
spinel/rocksalt structural transformations which improved the cathode’s electrochemical
performance compared to NM-50/50 (Figure 1).

Ex-situ XPS measurements provide additional insights on how the surface chemistry of Mo-
doped NM-50/50 changed after cycling. Figure 5c¢ shows that the cycled electrode exhibited
broader Mo 3d features compared to the pristine cathode. This broadening is attributed to the
presence of more diverse local bonding environments, possibly due to the layered-to-spinel phase



transformation shown in Figure 5b. Furthermore, increased intensity of the Mo 3ds/, peak near 234
eV suggests the presence of F-Mo-F species (e.g., from decomposition of LiPF¢ and/or PVDF) in
the cathode electrolyte interphase (CEI) layer®. The CEI layer’s composition was further evaluated
from the Ols, Cls, and Fl1s core level spectra shown in Figure 6. The peaks near 287-288 eV in
the Cls spectrum (Figure 6a) and 533-534 eV in the O 1s spectrum (Figure 6b) are attributed to
species containing O=C-O and C=0 functionalities due to electrolyte oxidation at high states of
charge3436. Similarly, LiF from LiPFs decomposition was detected on the cycled electrode’s
surface as shown in the F 1s spectrum (Figure 6¢)37-38. Overall, these findings indicate the CEI
layer on Mo-doped NM-50/50 is a complex passive film consisting of organic and inorganic
species which is similar to that reported for conventional metal oxide cathodes3%40.

3.4 Manganese Pyrophosphate (Mn,P,0;) Coating on Mo-Doped LMNO

The capacity fade for Mo-doped NM-50/50 during cycling (Figure 1) is attributed to changes
in the bulk structure (e.g., layered-to-spinel phase transformation) and instabilities at the
cathode/electrolyte interface. To encourage formation of a more stable CEI layer, we developed a
solution-based processing route to coat Mn,P,0O; on Mo-doped NM-50/50. Figure 7a shows an
XRD pattern of Mo-doped NM-50/50 powder coated with 2 wt.% Mn,P,0;. These results
demonstrate that the coating process did not have a major impact on the cathode’s bulk structure.
No Bragg reflections assigned to Mn,P,0; were detected which is due to: (i) the low loading of
the Mn,P,0 coating (~1.5 nm thick) and (ii) the coating’s largely amorphous structure as shown
by the STEM ABF image in Figure 7b. STEM-EDS elemental maps of the coated cathode (Figure
7¢) indicate that phosphorus (and therefore the Mn,P,0; coating) was uniformly distributed on the
particle’s surface.

Galvanostatic cycling data for Mo-doped NM-50/50 with and without the Mn,P,07 coating is
shown in Figure 7d. The coating had negligible impact on the initial reversible capacity (~180
mAh/g at 20 mA/g) but substantially increased the initial coulombic efficiency (~95 and ~91% for
coated and uncoated Mo-doped NM-50/50, respectively). While most of the capacity for the coated
Mo-doped NM-50/50 was due to the Ni redox center, the Mn,P,0O; coating showed some
electrochemical activity and contributed ~10mAh/g near 3.0 V vs. Li/Li* (see Figure S6a). This
feature is attributed to Mn3"4* redox as was recently reported for NMC442 coated with MnPO4*!.
Importantly, the coated cathode exhibited significantly better cycling stability with 78% capacity
retention after 100 cycles compared to 65% for Mo-doped NM-50/50 and 63% for undoped NM-
50/50. The coated cathode also showed superior rate capabilities with ~35% higher capacity than
uncoated Mo-doped NM-50/50 at 200 mA/g (see Figure S6b). We postulate that the Mn,P,0,
coating promoted better electrochemical performance by: (i) mitigating detrimental side reactions
at cathode/electrolyte interface, (ii) forming a more ionically conductive CEI film, and/or (iii)
preventing the dissolution of the transition metal cations into the electrolyte. Detailed studies
related to the coating’s role on electrochemical performance are under investigation.



4. Conclusion

Development of high energy density Co-free cathodes is critical to meet ever-growing
demands for Li-ion batteries. This work demonstrates that the electrochemical performance of Co-
free LiNipsMng 5O, (NM-50/50) layered oxide cathodes is significantly improved by incorporating
d° transition metal dopants (i.e., Mo®" and Ti#") and applying inorganic coatings (i.e., Mn,P,05)
using scalable solution-based processing routes. Doping NM-50/50 with 1 at% Mo
(LiNig 49sMng 495M0g,010,) decreased the amount of Li*/Ni*>* anti-site defects which promoted
higher Li" diffusivity and reversible capacity (e.g., 180 mAh/g for Mo-doped NM-50/50 compared
to 156 mAh/g for undoped NM-50/50). The improved electrochemical performance of the Mo-
doped NM-50/50 is also attributed to changes in the cathode/electrolyte interfacial chemistry due
to enrichment of Mo near the particle surface. In addition to studying the effects of d° dopants on
NM-50/50, we demonstrate that the cathode/electrolyte interface can be stabilized by applying a
thin Mn,P,0; coating (~1.5 nm thick) which improved cycling stability considerably (e.g., 78 vs.
65% capacity retention after 100 cycles for coated and uncoated Mo-doped NM-50/50,
respectively). Overall, the doping and coating strategies presented here are quite general and can
be applied to a wide range of cathode chemistries to address key issues which limit energy density
and cycle life.
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Figure 1. Electrochemical performance of NM-50/50, 1 at.% Mo-doped NM-50/50, and 1 at.%
Ti-doped NM-50/50 cathodes. (a) Specific capacity vs. cycle number for cathodes cycled between
2.0 — 4.5 V vs. Li/Li* at a specific current of 20 mA/g. (b) Charge/discharge curves collected
during the 1% cycle for undoped and doped cathodes. Low levels of d° cation dopants significantly
improved the capacity and/or cycle life of NM-50/50.
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Figure 2. Structural analysis of NM-50/50 and Mo-doped NM-50/50 showing (a) X-ray diffraction
(XRD) patterns, (b) crystallographic structure of the cathodes.



a;: Mo-doped NM-50/50| b—-; (Mo Mo-doped NM-50/50
. =

S ; © Mo 3d

= i Mn ° > YA232.7 eV

e c c Mo 3d,,

) Mo 2

& Li =

- Ni | ko

g wn O NM-50500 ¢

S 5

£ c £

2 L8

1200 1000 800 600 400 200 O 240 238 236 234 232 230 228

c Binding Energy (eV) d Binding Energy (eV)
Mn Mo-doped NM-50/50 __|Ni Mo-doped NM-50/50

= Mn 2p_ "\ 642.4 eV =] i f

H Mn 2p._ iﬂ & Ni2p, Ni 2p_ /\854.7 eV
> , 0\ 2 2 861.1 eV

'G | | \ 7]

= =

Q | = | N Q

c I I c

; [} | ;

| \ -

.g ! A M-50/50 .qﬂ; M-50/50
© (I ©

E | £

S \ )

=z : S =z

" I 1 " L i 1 .
660 655 650 645 640 635

870 860 850
Binding Energy (eV)

880

Binding Energy (eV)

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis of NM-50/50 and Mo-doped NM-
50/50 powders before cycling. (a) Survey spectra and (b-d) core-level spectra showing (b) Mo 3d,
(c) Mn 2p, and (d) Ni 2p.
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Figure 4. X-ray absorption spectroscopy (XAS) data for NM-50/50 and Mo-doped NM-50/50. (a)
Mo K-edge X-ray Absorption near edge structure (XANES) data and (b) extended X-ray
absorption fine structure (EXAFS) data (presented as a k3-weighted Fourier transform) for Mo-
doped NM-50/50 compared with Li,MoO,4 and Li,Mo0O; standards.
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Figure 6. Ex-situ XPS results showing (a) C 1s, (b) O 1s, and (c) F 1s core-level spectra for Mo-
doped NM-50/50 after 100 cycles. The cathode was harvested after discharging to 2.0 V vs. Li/Li".
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Figure 7. Structural analysis of Mo-doped NM-50/50 coated with 2 wt.% Mn,P,0,. (a) XRD
patterns of uncoated and coated Mo-doped NM-50/50. (b) ABF-STEM images showing the
Mn,P,07 coating is largely amorphous and ~1.5 nm thick. (c) STEM-EDS maps of Mn, Ni, O,
Mo, and P. (d) Electrochemical performance of half-cells containing either NM-50/50, Mo-doped
NM-50/50, or Mo-doped NM-50/50 coated with 2 wt.% Mn,P,0;. The Mn,P,0; coating
significantly improved the cathode’s cycle life by stabilizing the cathode/electrolyte interface.
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New synthesis strategies to improve Co-Free LiNigsMngs0, Cathodes: Early transition

metal d’ dopants and Manganese Pyrophosphate Coating
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Table S1. Nominal amounts of precursors used to prepare LiNipsMngsO;, LiNigs.»Mngs.

X/2M0X02 (X =0.005 - 005), LiNio_S_X/le’lo_5_X/2TiX02 (X =0.01 - 005) cathodes.

Weight (g)
Dopant concentration
Sample Precursor Pristine | 1at.% | 3 at.% | Sat.%
LI(OCOCH3)2’2H20
(5 mol% excess) 5.59
LiNiysMng 50O,
(5¢) Ni(OCOCH3),+4H,0 6.49
Mn(OCOCH3),*4H,0 6.39
Citric acid 10.03
LI(OCOCH3)2'2H20
(5 mol% excess) 5.57 5.52 5.48
LiNig s5.x2Mng s
X/ZMOXOZ (X =
0.005 — 0.05) (5g) | Ni(OCOCHj;),°4H,0 6.40 6.22 6.04
Mn(OCOCH3),*4H,0 6.30 6.13 5.95
(NH4)6M07024 0.09 0.27 0.45

Citric acid

9.99 9.91 9.83

LI(OCOCH3)2'2H20
(5 mol% excess) 5.59 5.60 5.61
LiNig.5.x2Mng .
X/ZTixOZ (X =(0.01
—0.05) (5g2) Ni(OCOCH3),°4H,0 6.43 6.31 6.20
Mn(OCOCHj;),°4H,0 6.34 6.22 6.10
TiO, 0.04 0.12 0.20

Citric acid

10.04 10.06 10.07
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Figure S1. Galvanostatic cycling performance of (a) Mo-doped NM-50/50 containing 0.5 — 5 at.%
Mo and (b) Ti-doped NM-50/50 containing 1 — 5 at.% Ti.
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Figure S2. Cyclic voltammograms collected between 2.0 —4.5 V vs. Li/Li" at 0.1 — 1.5 mV/s for
(a) NM-50/50 and (b) Mo-doped NM-50/50 cathodes. (c) Anodic peak currents plotted as a
function of the square root of the scan rate. The linear relationship in (c) was used to determine

the apparent Li* diffusion coefficient in the cathodes using a Randles-Sevcik analysis described
below.



Calculation of apparent Li* diffusion coefficient in NM-50/50 and Mo-doped NM-50/50

The apparent Li* diffusion coefficients in NM-50/50 and Mo-doped NM-50/50 cathodes were
calculated according to the Randles-Sevcik equation:

]p =268 * 105 * n32 A*DV2* C*pl/2 (1)

where Ip is the anodic peak current after baseline correction (A), n is the number of the involved
electrons (n=1), A is the electrode area (cm?), D is the apparent Li* diffusion coefficient (cm?s -!
), C is the Li* concentration in the cathode (0.006440 mol cm for NM-50/50 and 0.006028 mol
cm for Mo-doped NM-50/50), o is the applied scan rate (V s ). Due to difficulties in double-
layer baseline corrections during reduction scans, apparent Li* diffusion coefficients were only
calculated using the anodic peaks (see Table S1). The electrochemically active surface area for the
porous electrodes is unknown, and the electrodes’ geometric area was used in Equation (1).
Furthermore, although Li" diffusivity is a function of state of charge, a detailed analysis showing
how diffusivity changed with Li* concentration is outside the scope of this study. As such, these
results should only be used for qualitative comparisons of Li" transport in undoped vs. Mo-doped
NM-50/50.

Table S2. Calculated apparent Li* diffusion coefficients for undoped and Mo-doped NM-50/50
based on the data presented in Figure S2c.

Material Apparent Li* Diffusion Coefficient (cm?s™)
NM-50/50 2.9x107°
Mo-doped NM-50/50 | 6.7 x 10°
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Figure S3. XRD patterns of NM-50/50 containing 0-5 at.% Mo dopant. Higher Mo dopant
concentrations led to formation of Li,M0O, and Mn;0,4 impurities.
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Figure S4. Raman spectra of uncycled of NM-50/50 and Mo doped NM-50/50 cathodes.

Table S3. Surface composition of the NM-50/50 and Mo-doped NM-50/50 (1 at.% Mo) as
determined using XPS. Na and S signals are likely due to trace contaminants present in either the
glovebox or XPS chamber.

Sample Surface Composition (at.%) MO/(Nll_;IZ{?O) Molar
Li | Ni [Mn|Mo| O C Na S | Measured | Expected
NM-50/50 Powder | 27.3 | 6.9 | 45 | -- | 353|246 0.5 0.9 -- --
Mo-Doped NM-
50/50 Powder 259145 1321141293355 0.0 0.3 0.18 0.01
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Figure S5. XANES analysis of NM-50/50 and Mo-doped NM-50/50 showing (a) Ni K-edge and
(b) Mn K-edge data.
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Figure S6. Electrochemical performance of NM-50/50, Mo-doped NM-50/50, and Mo-doped
NM-50/50 coated with 2 wt.% Mn,P,0;. (a) Galvanostatic charge/discharge curves collected
during the first cycle and (b) rate performance collected at specific currents of 10-200 mA/g. Rate
capabilities of NM-50/50 and Mo-doped NM-50/50 were reported in our previous work'2.



