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Figure S1. a) SEM image of MnC,0,:2H,0 collected after 30 minutes of precipitation of 20 mM
Mn?* feed. b) SEM image of MnC,0,2H,O used as seeds for the seeded precipitation
experiments. The seeds were synthesized by collecting the precipitate after 5 minutes of
precipitation of 100 mM Mn?* feed. ¢) SEM image of NiC,0,4-2H,0 particles collected after 30
minutes of precipitation of 20 mM Ni?" feed. The SEM in d) is a higher magnification image of
the same sample shown in c¢). In all precipitations for the particles shown in this figure, the C,04*
feed concentration was the same as the transition metal feed concentration.
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Figure S2. TGA proﬁles for a) NiC204'2H20, b) MHC204'2H20, and C) Mn0_72Ni0_28C204'2H20.
Dashed lines are fractional weight change as a function of temperature and solid lines are the

derivative of the weight loss.



Discussion of TGA Profiles for Oxalate Precipitates

In the case of NiC,04-2H,0, the dehydration was relatively gradual and peaked at 193 °C and the
oxalate decomposition had a sharp peak at 316 °C (Figure S2a). The mass loss of 59.00 % was
consistent with a theoretical expectation of 59.13 % for conversion to NiO. In the case of
MnC,04-2H,0, the dehydration peak was at 117 °C and the oxalate decomposition peak was at
272 °C (Figure S2b). The temperature for the dehydration and decomposition, as well as the further
mass loss of 1% with a peak at 441 °C, were in good accordance with previous reports.(1) The
final product of thermal treatment of manganese oxalate under high temperature in air is reported
to be Mn,03,(2-5) which was consistent with XRD patterns of our MnC,0,4-2H,0 material heated
above the minor mass loss temperature at 441 °C (data not shown). The minor mass loss has
previously been attributed to the phase transition from MnsOg to Mn,0; accompanied by oxygen
loss and the desorption of water and carbon dioxide from the particle surface.(1,2) The total mass
loss of 55.98 % was also in agreement with the theoretical value for a final product of Mn,0O3
(55.90 %). The blend oxalate (composition Mng 7,Nig28C,04:2H,0 from ICP and TGA analysis)
had a dehydration peak at 175 °C and an oxalate decomposition peak at 280 °C (Figure S2c). Both
peaks were between the values observed for the pure Mn and Ni oxalates. The blend oxalate had
a gradual peak for dehydration, similar to that observed for the pure NiC,04:2H,0. The high Mn
content of the blend oxalate likely also contributes to the formation of similar Mn species that

result in the small peak at higher temperatures also observed in MnC,0,4-2H,0 samples (Figures

2b,c).



Figure S3. SEM images of a) Mn-rich, b) stoichiometric, and c¢) Ni-rich oxalate precursors; and
the resulting d) Mn-rich, e) stoichiometric, and f) Ni-rich LMNO materials. g), h), and 1) are the
same powders as d), e), and f) at higher magnification.
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Figure S4. dQ/dV curves for the stoichiometric, Mn-rich, and Ni-rich materials cycled in
Li/LMNO cells. The cells were cycled between 3.6 and 4.9 V (vs. Li/Li") and the regions shown
are a) 3.8 t0 4.2 V and b) 4.5 to 4.9 V. The cells were cycled at a rate of C/20 (6.3 mA/g LMNO).



Discussion of dQ/dV curves for LMNO cells

Figure S4 shows the dQ/dV for the second charge/discharge cycle at rate of C/20 for the
stoichiometric, Mn-rich, and Ni-rich materials. The voltage range for Figure S4a was chosen to
focus on the range associated with the Mn3"/Mn** redox couple and the voltage range for Figure
S4b was chosen to focus on the range associated with the Ni?*/Ni3*/Ni*" redox couple(s). In the
low voltage range (Figure S4a), all samples had a broad Mn oxidation peak between 4.0-4.1 V that
corresponded to the low voltage capacity region during charge/discharge. The dQ/dV peak areas
of the Mn-rich and stoichiometric LMNO cells were close, and both were greater than that of the
Ni-rich LMNO, indicating that the Mn** content in the Mn-rich and stoichiometric LMNO was
greater and consistent with other results reported in this manuscript. For the Ni redox couple peaks
observed above 4.6 V (Figure S4b), three different peak positions were exhibited during Ni
oxidation on charging. Kim et al. previously reported that Fd-3m disordered LMNO had two
separate peaks at 4.7 V and 4.76 V in dQ/dV charging curves, while the P4;32 ordered LMNO
structure also had two peaks but they were closer in potential at 4.74 V and 4.76 V. (6) The lower
voltage peak shifted from 4.7 V to 4.74 V at the transition from the disordered to ordered LMNO
while the higher voltage peak maintained the same voltage. Duncan et al. reported similar results,
where the separation between the Ni oxidation peaks for dQ/dV was 20 — 30 mV for the ordered
LMNO and 60 — 65 mV for the disordered LMNO. (7) Thus from the Ni oxidation peak positions
of the three samples in Figure S4b, the results were consistent with the Ni-rich LMNO sample
dominated by the Fd-3m disordered phase and the Mn-rich and stoichiometric LMNO samples
exhibiting a blend of both the ordered and disordered spinel phases in the samples (thus both lower
voltage Ni oxidation peaks were observed for three peaks in total). The results in Figure S4 were

also consistent with a previous report from Zhong et al. that studied a series of different Mn:Ni



compositions; they observed a larger separation of around 60 mV for the Mn:Ni 3:1 sample that
contained Li,Ni;4O rock salt impurity phase, and smaller separation for the Mn-rich LMNO. (8)
We also observed XRD features consistent with the rock salt impurity phase for our Ni-rich
material, and thus having two observable Ni oxidation peaks for this sample with greater separation
was consistent with the rock salt impurity phase inducing electrochemical features consistent with
only the disordered phase in the spinel structure. We also note that high Mn3* content in the
structure has also been reported to result in transition from ordered to disordered spinel phase

according to Duncan et al.’s report.
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Figure S5. Cycle life test of stoichiometric (black circles), Mn-rich (red triangles), and Ni-rich
(blue diamonds) LMNO. Cells were charged and discharged at C/10 rate (14.67 mA/g LMNO).



Table S1. The resulting Mn:Ni ratios precipitates formed from 3:1 Mn:Ni feed stoichiometry
as a function of total initial concentration of transition metal in the feed. Values are tabulated
for equilibrium calculations, ICP measurements, and the deviation between calculations and

measurements.
Fest Consniaton | A easured wsing 1P| P00 )
0.10 2.88 2.97 3.13
0.05 2.76 2.86 3.62
0.02 2.38 2.71 13.9
0.01 1.72 2.33 35.5

Note: The stoichiometries measured of the precursors collected after 30 minutes were slightly
different from those based on in-situ TM concentration measurements. This likely resulted from
the processing time and washing and filtering stages completed on the final full volume of precursor

solution.

Table S2. The Mn:Ni ratio in the initial feed, calculated for the resulting precipitate at
equilibrium, and measured in the resulting precipitate using ICP for the Ni-rich,
stoichiometric, and Mn-rich materials.

Feed Ratio Mn:Ni Ratio in Precipitate Deviation | Chemical Formula of
from LNMOs Measured
Equilibrium Measured using Equil(fbrium by ICP
Calculation ICP (%)
3.00 2.38 2.71 13.9 Lipo4Mn ,Ni O,
3.52 2.85 3.02 5.85 LigosMn, ( Ni (O,
3.82 3.11 3.33 7.18 Lipo¢Mn, ,Ni , O,

Note: The resulting stoichiometry of the active material after calcination is in the final column. Li,
Mn, and Ni for the final material were determined via ICP ratios, while the O was assumed to be 4.
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