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Coprecipitation has previously been demonstrated to produce diverse compositions of battery precursor
particles, frequently under the assumption that the precipitation of transition metals from the solution results
in advantages with regards to efficient homogeneous local mixing of transition metal cations within the solid
particles. Such mixing is generally considered as an advantage relative to solid state reaction of solid powders
with the equivalent starting stoichiometry; however, very few studies have attempted to quantitatively confirm
the impact of this local mixing on the resulting final materials. The extent to which local mixing from
coprecipitation facilitates the mass transport of transition metals during the calcination process, which would
be expected to aid in producing well crystallized single-phase particles, is not clear. Herein, this study will
systematically compare the phase purity and crystallinity of oxide powders comprised of a blend of transition
metals that were produced from either physical mixture of single transition metal precursors or multicomponent
precursors produced via coprecipitation from solution. These experiments provide quantitative support for the
role that local mixing, achieved via precipitation, plays in forming high crystallinity final materials with the
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desired phase. LiMn; 5Nig 504 was used as a model multicomponent target final material after calcination.
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1. Introduction

Multicomponent transition metal (TM) oxides are the most com-
monly used cathode active materials in lithium-ion (Li-ion) batteries
due to their broad capabilities in power and energy densities that can
be tuned depending on the transition metal stoichiometry [1-5].
Many techniques have been developed to synthesize multicomponent
TM oxide materials at both research and industrial scales [6-11]. Solid
state synthesis is straightforward in that single component powders of
each element can be measured at the desired stoichiometry directly
and then physically mixed, but high temperature and/or long calcina-
tion times are required due to large diffusion distances for ions to
form homogeneous final active materials [12-14]. Sol-gel synthesis is
a modified solid state method that achieves very good mixing of the
constituent elements, but the control over particle morphology is rela-
tively limited [15-18]. Spray pyrolysis, a synthesis route commonly uti-
lized in industry, is very scalable and has local mixing homogeneity but
also limited particle morphology control [19-21]. Coprecipitation is an-
other popular method to synthesize precursors for multicomponent TM
oxide materials. Mixing between different TMs is assumed to be
achieved at the atomic level during coprecipitation reactions, which in
principle will reduce the requirement for aggressive firing conditions.
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The particle morphologies can be adjusted by tuning the reaction condi-
tions and the particle morphologies can be well retained after the calci-
nation process, which makes particle morphology control possible
[22-25]. The method is fast, has low equipment needs, and is scalable.
However, there are no reports on quantitative confirmation of the ad-
vantages of the assumed local mixing of precursors produced via
coprecipitation, or to what extent the mixing facilitates ion diffusion
during subsequent calcination. The focus of this study is to understand
to what extent coprecipitation provides an advantage with local mixing
of transition metals in the precursor particles, and for comparison we
will also use solid state synthesis with physical mixing of single transi-
tion metal precursors.

LiMn; sNip 504 (LMNO) was chosen as the example final calcined
material for this study. LMNO is commonly referred to as high voltage
spinel due to its high redox potential at 4.7 V vs. Li/Li* and because
the material forms a spinel crystalline structure [1,26]. Depending
on the distribution of Mn and Ni ions, LMNO may form two different
crystallographic structures: the ordered P4532 space group and the
disordered Fd-3 m space group [27]. Correct stoichiometry is essential
for extracting the maximum capacity from LMNO materials. According
to previous reports, either Mn or Ni enrichment relative to the target
Mn:Ni 3:1 stoichiometry may cause decreased material capacity and/
or material stability during electrochemical charge/discharge [17,26].
The sensitivity of electrochemical properties to stoichiometry necessi-
tates good mixing between Mn and Ni ions in the final active material
particles, since localized Mn or Ni segregation will result in phase
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impurities and deteriorate resulting electrochemical properties of
the materials. In this study, we will show the influence of local mixing
and processing conditions on resulting final material crystal structure
and electrochemical properties. The advantage of local mixing via
coprecipitation relative to solid state physical blends of precursors is
quantitatively characterized.

2. Materials and methods
2.1. Precursor synthesis and calcination

For the coprecipitation reaction, oxalate was used as the precipita-
tion anion for all materials synthesized. Oxalate was chosen because
Mn, Ni, and blends of Mn and Ni form stable oxalate dihydrates across
the entire range of Mn:Ni ratios [17,28]. Other common precipitation
anions, such as hydroxide and carbonate, have challenges with regards
to impurity phases in the precipitate within certain stoichiometric ratios
of Mn:Ni [10,24]. The dual functions of oxalate ions as both a precipita-
tion reagent and a complexing agent also has the advantage of slowing
down the precipitation rate which enables better control over the
process within low concentration regimes [29].

The pure Mn and pure Ni TM precursors and the Mn:Ni 3:1 precur-
sors were synthesized using coprecipitation via reaction of TM sulfate
solutions with sodium oxalate solution. The synthesis was adapted
from a procedure described previously [30]. In brief, a pre-determined
amount of TM sulfate salts (containing either Mn, Ni, or Mn:Ni 3:1
feed) was dissolved in 400 mL deionized water (DI water) and heated
to 60 °C. Separately, sodium oxalate was dissolved and heated to 60 °C
in 400 mL DI water. The precipitation was initiated by pouring the TM
sulfate solution into the sodium oxalate solution all at once with
vigorous stirring. The solution was assumed to be homogeneous upon
mixing, with the total concentrations of TM and oxalate both 0.15 M
after the initial mixing step. The reaction was allowed to proceed for
30 min after mixing the two solutions together, at which time the
precipitates were filtered and rinsed with DI water. The initial solution
concentrations for TM and oxalate were chosen to mitigate the devia-
tion of the precipitate composition relative to the feed conditions for
the Mn:Ni 3:1 and to result in high yield of precursor particles [30].
The composition of the resulting precursor from the 3:1 Mn:Ni feed
was determined by inductively coupled plasma - optical emission spec-
troscopy (ICP-OES, Perkin Elmer Optima 8000) to be Mn: Ni 2.82:1. As
reported in the literature [31,32], the pure Ni, pure Mn, and 3:1 Mn:Ni
precursors all were oxalate dihydrates as determined via thermal
gravimetric analysis. After filtration and rinsing, all precursor material
powders were dried in a vacuum oven at 80 °C overnight.

All precursor materials were calcined with a lithium salt to form
lithium transition metal oxides. The obtained blend or pure precursor
powders were mixed with 5% stoichiometric excess of LiOH for a target
stoichiometric ratio of Li:TM 1.05:2. The mixing was conducted by hand
using mortar and pestle for 10 min, and the mass of the powder for each
batch of material mixed was kept around 3 g for consistency. The pow-
der mixtures were then transferred into crucibles and put into a furnace
(Carbolite CWF 1300 box furnace) and fired under an air atmosphere.
All the calcination processes used 1 °C/min ramping rate for heating
and the materials were held at the target top temperature for a specified
period of time followed by naturally cooling down to room tempera-
ture. The top temperature and hold time were parameters that were
varied and are specified in the manuscript text for a given material.

2.2. Materials characterization

Powder morphologies were characterized using a scanning electron
microscope (SEM, FEI Quanta 650). Over 100 particles from SEM images
were counted to determine the average particle size and standard
deviation. The SEM was also equipped with energy-dispersive X-ray
spectroscopy (EDS), which was used to identify elemental composition

and distribution in the particles. The crystal structure of precursors and
calcined materials was determined using powder X-ray diffraction
(XRD, PANalytical X'pert ProMPD). Thermal gravimetric analysis (TGA,
TA Q50) was performed to determine the water stoichiometry in the
precipitates and to locate the temperatures where decomposition pro-
cesses occurred for the precursors. All the TGA tests were conducted
in an air atmosphere with the ramping rate of 10 °C/min.

Electrochemical characterization of the final calcined active materials
was conducted by using the calcined powders as the cathode active
material in Li-ion battery cells paired with lithium metal anodes. The
CR2032-type cells were fabricated with cathodes comprised of a blend
of 80 wt% active materials, 10 wt% acetylene black, and 10 wt%
polyvinylidene difluoride binder (dissolved in N-methyl-2-pyrrolidone).
The electrode was cast from a slurry onto aluminum foil with a doctor
blade set at a gap height of 250 pum. The electrode was first dried in air
at 80 °C for 24 h, and then subsequently further dried under vacuum at
70 °C for 3 h. From the electrode foil, smaller disks with 1.6 cm? area
were punched to be used as cathodes in the coin cells. The cells, with
the composite cathodes paired with lithium metal foil anode, were as-
sembled inside an argon-filled glove box with polymer trilayer mem-
brane as separators and LiPFs dissolved in 3:7 vol% ethylene carbonate:
ethyl methyl carbonate as the electrolyte. The cells were cycled within
a voltage window of 3.6-4.9 V at room temperature using a MACCOR
multichannel battery cycler. The cells were cycled galvanostatically at
C/10, which corresponded to 14.67 mA g~ of active material powder
in the electrode, and the total charge/discharge current was adjusted by
the amount of active material within a given electrode. The discharge
profiles and dQ/dV profiles reported in this manuscript were from the
fourth charge/discharge cycle, after the capacity stabilized from material
structural activation during the first few cycles [33,34].

3. Results and discussion
3.1. Experimental results

Thermal gravimetrical analyses (TGA) were conducted on the pure
manganese and nickel oxalates and the blend (3:1 Mn:Ni) oxalate.
The TGA profiles can be found in the Supplementary Information,
Fig. S1. Two peaks in differential mass loss were observed for all precur-
sors, one at lower temperature corresponding to structural water loss,
and a peak at higher temperature which resulted from decomposition
of the oxalate structure during formation of oxide. Even with the fast
ramping speed (10 °C/ min) in TGA, the dehydration and decomposition
processes were completed below 350 °C for all oxalate compounds. The
melting point of LiOH is 450-471 °C from ICSC data (CAS #: 1310-66-3),
thus above this temperature the liquid LiOH should obtain good contact
and distribution with the resulting TM oxide particles. Based on the TM
oxalate decomposition temperatures and LiOH melting temperature,
we chose a lowest target calcination temperature of 500 °C. The highest
calcination temperature was 850 °C, which was a common calcination
temperature for similar materials and has been reported to result in
good crystallinity while producing desirable primary particle size
[14,33,35]. An intermediate calcination temperature of 700 °C was
chosen because this temperature has been reported to promote forma-
tion of the ordered phase of LMNO [27,36]. The holding time at the
target temperature of 700 °C was also varied to understand how the
hold duration impacts the crystallinity of the product materials, with
the extended hold being expected to facilitate more significant ion
diffusion which could help to anneal out metastable phases and enable
improved crystallinity. The product samples were named in the format
of M-T-t, where M designates the mixing method which was either
physically mixing of the two precursors (P, which stands for ‘physical’
mixing the two TMs) or coprecipitation of the blend TM solution (S,
which stands for ‘solution’ mixing the TMs); T represents for the target
top temperature in degrees Celsius, and t is the holding time at the tar-
get temperature in hours. For example, the sample referred to as S-500-
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6 was obtained by calcining the coprecipitated precursor from the blend
TM solution with LiOH at 500 °C for 6 h; whereas sample P-500-6 was
obtained from calcining the physical mixture of the two pure TM pre-
cursors and LiOH at 500 °C for 6 h.

The manganese nickel blend oxalate (MnNiOx, chemical formula
was Mng74Nip26C204- 2H,0 from ICP and TGA) particles exhibit octahe-
dral secondary particle morphologies and average particle size of 10.2 +
1.0 um (Fig. 1a). Pure manganese oxalate (MnOx, chemical formula
MnC;04-2H,0) precursors consisted of larger and more irregular
particles, with overall particle dimensions of 24.0 + 1.9 um (Fig. 1b).
The pure nickel oxalate (NiOx, chemical formula NiC;04-2H,0) precur-
sors were aggregates of smaller primary particles, with secondary parti-
cle morphologies being roughly spherical with lengths of 3.6 4+ 0.7 pm
(Fig. 1c). Significant aggregation of countable secondary particles can
also be observed from the image. The SEM images of the solution
mixed sample and physical mixed sample after firing with Li salt at
850 °C for 6 h (S-850-6 and P-850-6) are shown in Fig. 1d, e, respec-
tively. It can be clearly seen from Fig. 1d the S-850-6 particles retained
the secondary morphology of the precursor (Fig. 1a) after calcination.
However, calcination resulted in the formation of nanometers-scale
primary particles agglomerated together, with new pores that resulted
from the escape of H,O and CO, gases from the inner structure during
decomposition of the oxalate and shrinkage of the structure from
crystallization [37,38]. SEMs of the calcined physically mixed samples
(Fig. 1e), resulting from calcination of a blend of the precursors shown
in Fig. 1b, c revealed secondary morphologies consistent with the initial
morphologies of both MnOx and NiOx precursors. The larger particles
were consistent with the initial morphology of MnOx particles
(Fig. 1b) and the smaller irregular shaped particles were consistent
with NiOx particles (Fig. 1c). The segregation of secondary particles
after calcination indicates poor intermixing during firing of the physical
mixture. This clear segregation of particles appeared with all the physi-
cally mixed samples, and additional SEMs can be found in Supplementary
information, Fig. S2.

For further evidence to support the impact of TM ion mixing in
the precursor, EDS was performed on calcined oxides prepared using
precursors that were either solution mixed or physically mixed, and
the results can be found in Fig. 2. Fig. 2a shows the EDS elemental
map of the solution mixed sample fired at 500 °C for 6 h (S-500-6)
with Fig. 2b, c showing the individual maps of only Mn and Ni, respec-
tively. Fig. 2d shows the EDS elemental maps of the physically mixed
sample fired at 500 °C for 6 h (P-500-6) with Fig. 2e, f showing the
individual maps of only Mn and Nj, respectively. As can be seen in the
S-500-6 sample (Fig. 2a), Mn and Ni were evenly distributed in all the

a) b)

particles in the image region. Any elemental segregation would be at a
length scale that could not be observed in the SEM-EDS. Solution
mixed samples fired at higher temperature also appeared homogeneous
in EDS maps (data not shown). In contrast, the physically mixed P-500-
6 sample image (Fig. 2d) had clearly segregated regions of Mn and Ni
within the original particles and there was relatively low inter-
diffusion of TMs between constituent particles. The individual TM
maps (Fig. 2e, ) show clear regions that are effectively pure Mn and
pure Ni particles. Raising the calcination temperature and/or time did
not significantly improve inter-diffusion level of TM ions observed in
EDS (physically mixed samples fired at higher temperatures and longer
times can be found in Supplementary Information, Fig. S3). In summary,
EDS observations indicated there was significantly more inter-diffusion
between Mn and Ni ions for samples with solution mixing compared to
samples with physical mixing across all processing conditions. We do
note that the physically mixed sample had more Mn and Ni inter-
diffusion at the highest firing temperature (P-850-6) relative to samples
fired at lower temperatures (Fig. S3a), and this observation will be
discussed in the context of other characterization observations later in
the manuscript.

XRD patterns were obtained to understand the resulting crystal
structure of the materials after different synthesis conditions. Fig. 3
shows the XRD patterns of the solution mixed and physically mixed
samples fired at 500 °C for 6 h. The reference patterns of the potential
lithiated TM oxide species are also shown at the bottom of Fig. 3.
Oxide materials resulting from calcining the precursors in the absence
of lithium salt were also obtained and analyzed, and the XRD patterns
for these materials can be found in Supplementary Information,
Fig. S4. The physically mixed sample fired with no LiOH added can be
indexed with the patterns of Mn,03 and NiO (PDF card codes being
04-007-0856 and 04-007-8202, respectively). This was consistent
with the SEM images where Mn-dominant particles and Ni-dominant
particles showed clear segregation, indicating that that the pure Mn
precursor and pure Ni precursor formed pure Mn and Ni oxides, without
much inter-diffusion of the two species. The peaks for these pure TM
oxides also were present in the XRD pattern of the lithiated physically
mixed sample (P-500-6, Fig. 3); the two most intense peaks: 26 =
33.1° and 26 = 43.4°, were consistent with Mn,05 and NiO, respec-
tively. Other peaks which appeared in the pattern were consistent
with the patterns of LiMn,04 and LiNiO, (PDF card numbers being
00-053-0830 and 00-062-0468, respectively). This observation was
consistent with Li diffusing into the individual pure TM particles and
converting some of the Ni and Mn oxides into lithiated oxides of Ni
and Mn. LMNO structure may also have formed to an extent, but it

c)

Fig. 1. SEM images of oxalate precursor particles a) Mng 74Nig 26C204- 2H,0, b) MnC,04- 2H,0, ¢) NiC,04- 2H,0; and calcined oxide particles of the d) solution mixed sample fired at 850 °C
for 6 h (S-850-6) and e) physically mixed sample fired at 850 °C for 6 h (P-850-6). Scale bars all correspond to 50 pm.
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Fig. 2. EDS elemental compositional maps of a) solution mixed sample fired at 500 °C for 6 h (S-500-6 particles). EDS maps of the same region as a) with individual maps of only b) Mn and
¢) Ni. EDS elemental compositional maps of d) physically mixed sample fired at 500 °C for 6 h (P-500-6 particles). EDS maps are also shown of the same region as d) with individual maps
for e) Mn and f) Ni. For all images, magenta corresponds to Mn and blue corresponds to Ni. All scale bars correspond to 10 um.

was difficult to confirm the presence of LMNO directly from the XRD
due to the overlap between LMNO and the pure transition metal
lithiated oxide peaks [39]. The failure to form detectable amounts of tar-
get LMNO material for the physical mixture can be explained by the
much greater distance between Mn and Ni TM ions when isolated in
their particle domains, which made inter-diffusion of TM ions difficult.
The XRD pattern of the S-500-6 sample, in contrast, exhibited intense
peaks that were consistent with LMNO structures; and any peaks not
consistent with LMNO were in line with those of the LiOH-free calcined
control sample, and aligned well with the peaks from MnNiOs (PDF card
number 04-002-0893, peaks at 26 = 24.8, 36.6, and 50.8°) and Mn,03
(peaks at 26 = 33.6 and 55.2°). These lithium-free oxide peaks were
much weaker in the lithiated sample. Tiny amounts of LiMn,0,4 or
LiNiO, may also exist in the lithiated material structure due to the
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Fig. 3. (Top) Powder XRD patterns and (bottom) the relevant reference patterns from the
literature. Collected patterns from top to bottom correspond to physically mixed sample
fired at 500 °C for 6 h (P-500-6, red) and solution mixed sample fired at 500 °C for 6 h
(S-500-6, blue). The peak positions of the reference pattern of the potential lithiated TM
oxide species are shown with their PDF card numbers at the bottom.

incomplete inter-diffusion between Mn and Ni ions, but it is difficult
to distinguish these materials from the LMNO peaks in the pattern.
The comparison between the XRD patterns of S-500-6 and P-500-6
samples was consistent with the picture that better mixing between
Mn and Ni ions in the solution mixed precursor from coprecipitation
reactions facilitated formation of final active materials with collocated
Mn and Ni ions in the final oxide structures after firing even at the
most moderate temperature. The isolation of TM ions in larger particles
for the physically mixed sample rendered the inter-diffusion more
challenging to complete due to the long diffusion distance, and thus
there was likely less LMNO formed for an equivalent firing procedure.
The XRD patterns of both the solution mixed and physical mixed
samples which were fired at 700 °C for 6 h (S-700-6 and P-700-6),
850 °C for 6 h (S-850-6 and P-850-6), and 700 °C for 12 h (S-700-12
and P-700-12) are shown in Fig. 4, with the solution mixed samples in
Fig. 4a and physically mixed samples in Fig. 4b for comparison. The
peaks corresponding to the unlithiated TM oxide species are also
marked on the patterns with designated symbols. Within the solution
mixed series, S-700-6 still exhibited peaks corresponding to MnNiO3
and Mn;03 (marked with a star and triangle, respectively) which had
been observed in the S-500-6 sample (Fig. 3), whereas both S-700-12
and S-850-6 no longer contained these impurity peaks and all peaks
were consistent with the LMNO spinel structure. The S-700-12 sample,
however, had sharper peaks compared to S-850-6, which reflected
higher crystallinity. The Scherrer formula, d = gy}, was used to
estimate the crystal sizes of the calcined samples, where the shape
factor was set equal to 0.9, \ was the x-ray wavelength (1.5406 A),
and FWHM is the full width at half maximum for a peak located at the
given 26 [40]. Using the intense peaks at 26 = 18.88°, the crystal sizes
calculated for the three samples S-700-6, S-850-6, and S-700-12 were
31.8, 25.6, and 34.7 nm (listed in Table 1, which were consistent with
other reports for similar materials [41]. (Note that these are estimates
of the crystal grain size, which could be significantly smaller than the
primary particle size in the calcined material.) These results indicated
that firing the solution mixed sample at 700 °C for longer times facili-
tated crystal growth, while increasing the temperature from 700 °C to
850 °C may have stressed the material and crystal grains due to oxygen
loss [42,43]. Comparing the XRD peaks of the physically mixed samples
shown in Fig. 4b, P-700-6 peaks were at locations consistent with a
mixture of both unlithiated TM oxides (Mn,03 and NiO, marked with
triangle and cube on Fig. 4b, respectively) and lithiated oxides
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Fig. 4. XRD patterns of the a) solution mixed and b) physical mixed samples calcined at
different target temperatures (700 °C or 850 °C, as labeled on the Figure) and for
different holding times at the target temperature (6 or 12 h, as labeled). Peaks of
unlithiated oxides are marked with special labels: Mn,03; marked by triangle, NiO
marked by cube, and MnNiO; marked by *.

(LiMn;04 and LiNiO,). P-850-6 and P-700-12 samples resulted in less
intense unlithiated oxide peaks and stronger peaks from the lithiated
species; particularly, the unlithiated oxides peaks in sample P-850-6 al-
most disappeared (the peaks at 26 = 33.6 and 55.3° labeled in the pat-
tern of P-700-6 which belong to Mn,053). However, similar to the
solution mixed samples, the physically mixed sample fired for a longer
time at 700 °C exhibited improved crystallinity, as indicated by stronger
peak intensity. The crystal sizes calculated using the Scherrer formula
for P-700-6, and P-850-6, and P-700-12 are listed in Table 1. The slight
increase of grain size of P-700-12 relative to P-700-6 and the decrease
of grain size after increasing the temperature from 700 °C to 850 °C
followed the same trend as in the solution mixed samples. These results
indicated that for the physically mixed sample higher temperature
firing resulted in greater conversion of the unlithiated oxide to lithiated
oxide, while this improved conversion was accompanied lower crystal-
linity relative to a longer firing time at a lower temperature.
According to conventional theory of crystallization in solid phase,
the major driving force for grain growth results from the reduction of

Table 1
Grain sizes calculated using the Scherrer equation for samples fired using different target
temperatures and hold times.

Calcination Grain size (nm)
condition Solution mixed sample Physically mixed sample
500 °C 6h 279 338
700 °C 6h 31.8 54.4
12h 34.7 55.8
48 h 43.6 56.2
850 °C 6h 25.6 443

the system energy from decreasing the grain boundary. The kinetic
equation of grain growth can be given by [44]:

d"—d}) = ke (1)

where d is the average grain size from either calculation or experimen-
tal analysis, dg is the initial grain size, n is the scaling exponent, and t is
the time that a material is held at a given temperature where grain
growth is occurring. In the equation, k is a temperature dependent
constant which follows Arrhenius scaling, k = Ae~F/RT, Assuming the
initial grain size, dy, is far less than the grain size after calcination, d,
the equation can be rearranged as:

E

1
lnd:ﬁ< lnt+lnA—ﬁ> (2)

where for Eq. (2) there is a linear relationship between Ind and Int. The
plot Ind vs. Int using the samples fired at 700 °C for 6 h, 12 h, and 48 h
for both the solution mixed and physically mixed samples is shown in
Supplementary Information, Fig. S5. A linear least-squares fit for the
solution mixed sample data resulted in a R? of 0.996 and a calculated
n value equal to 6.5, and this n value is within the range of typical obser-
vations for crystal growth [44]. The fitting of the data from the physi-
cally mixed samples gives a R? of 0.75 and n of 74.6, which indicates
both a poor fit of a linear function and an unreasonably high value
for n to reflect the grain growth behavior - possibly indicating that
the grains were not growing at these conditions, at least within the
resolution of the Scherrer technique. In summary, the solution mixed
precursor materials when fired to 700 °C had steady increases in grain
size as the dwell time increased, while the physically mixed precursors
had very similar grain sizes for all holding times.

Contrary to the observations of increasing the holding time, increas-
ing the temperature of both solution mixed and physically mixed mate-
rials did not result in increased grain sizes. The calculated grain size
decreased after increasing the temperature from 700 °C to 850 °C for
both cases. One possible cause for the grain size reduction at 850 °C,
as mentioned earlier, could have been because LMNO and other Mn spi-
nel materials are known to undergo oxygen loss at this high tempera-
ture [42,43] and the loss of oxygen from the structure may have
negatively impacted the grain growth and resulting sizes. Consistent
with previous reports [43], oxygen loss would be expected to coincide
with the formation of rock-salt phase within the material, and we spec-
ulate that the impurity rock-salt phase may inhibit growth of the spinel
grains. Further support for oxygen loss at elevated calcination tempera-
tures was provided by comparing the XRD peaks for the solution mixed
samples fired at 700 °C and 850 °C (S-850-6 compared to both S-700-6
and S-700-12 in Fig. 4a). Note that for the sample fired to 850 °C the XRD
peaks corresponding to the rock-salt impurity phase at 26 = 37.6°,
43.7°, and 63.5° were observed, suggesting that the higher temperature
facilitated oxygen release and impurity rock-salt formation. We also
note that the calculated grain sizes of the physically mixed samples
were larger than those of the solution mixed samples fired under the
same condition. This may have been due to the initially high segregation
of the Mn and Ni in the physically mixed samples, where the highly sep-
arated Mn and Ni ions quickly formed very pure regions of Mn oxides
and Ni oxides which were of higher initial phase purity compared to
the mixed Mn/Ni oxides for the solution mixed samples.

These differences observed in transition metal distribution and crys-
tal structure for final calcined materials resulting from solution versus
physically mixed precursors suggested that the resulting materials
would also have significantly different electrochemical properties.
Fig. 5 shows the dQ/dV curves of the solution mixed (Fig. 5a) and phys-
ical mixed (Fig. 5b) LMNO samples, where the LMNO material was used
as the active material in a composite cathode which was paired with a
lithium metal anode. The firing conditions were 700 °C for 6 h, 700 °C
for 48 h, and 850 °C for 6 h - this enabled comparison of the impact of
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Fig. 5. dQ/dV plots from coin cells using a) solution mixed and b) physically mixed LMNO
samples as the cathode active materials paired with lithium metal anodes. dQ/dV was
collected from the 4th cycle, and each cell was charged and discharged at a rate of C/10
in a voltage window between 3.6 and 4.9 V (vs. Li/Li™).

firing time versus firing temperature on electrochemical properties of
the materials. Consistent with the observation of only LMNO-type
peaks for the solution mixed samples processed using firing tempera-
tures higher than 700 °C, the solution mixed samples all show clear
dQ/dV peaks in the high voltage range (4.6-4.8 V vs. Li/Li*) consistent
with LMNO high voltage spinel (Fig. 5a) [17]. Small peaks in 3.9-4.1 V
range were also observed. The lower voltage capacity may come from
either existing LiMn,O4 or LiNiO, in the structure or some fraction of
Mn ions in the LMNO structure being reduced from Mn** to Mn>~
during synthesis [39]. The total capacities, and capacities separated by
the high voltage (4.4-4.9 V) and low voltage (3.9-4.4 V) ranges, are
listed in Table 2. Compared to S-700-6, both S-850-6 and S-700-48
had higher capacities in the high voltage range; meanwhile the low
voltage capacities of S-850-6 and S-700-48 were both less than that
of S-700-6. This means higher temperature and longer time both facili-
tated improved inter-diffusion of Mn and Ni ions, and the more com-
plete formation of the target high voltage LMNO structure. The slightly
higher low voltage capacity of sample S-850-6 compared to S-700-48
suggested partial reduction of some Mn** to Mn>* after firing under
850 °C, which would be consistent with oxygen loss from the material

Table 2
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at this high temperature [42,43]. Two separate peaks appear in the
high voltage range in the profiles of S-700-6 and S-850-6; the S-700-
48 sample, however, had a dominant higher voltage peak while the
other peak at slightly lower voltage disappeared, which may have
resulted from a larger ordered spinel phase domain in the LMNO
structure [45].

There were also clear differences in electrochemical properties for
the physically mixed samples (Fig. 5b). All of the physically mixed
samples had much lower total capacity and capacity in the high voltage
range, indicating the initial segregation of the Mn and Ni significantly
hindered the formation of the high voltage spinel phase which requires
significant Mn and Ni intermixing at local levels [45,46]. The P-700-6
sample showed two clear reversible peaks of Mn>*/Mn** redox activity
in the range of 4.1 Vvs. Li/Li*" [47]. We note there were very small peaks
in the high voltage range consistent with Ni>*/Ni** redox couples from
a high voltage spinel structure [17], but the low capacity in this range
indicated the conversion of the material to the high voltage spinel
phase was minimal. The corresponding low voltage capacity and high
voltage capacity were 57.4 and 12.1 mAh/g for the sample. In compari-
son, the P-850-6 sample had higher magnitude peaks and increased
capacity in the high voltage range, which was accompanied by reduc-
tions in intensity and total capacity of the low voltage peaks; the high
voltage capacity increased from 12.1 mAh/g to 52.2 mAh/g. The change
in the distribution of electrochemical activity was consistent with the
increased temperature facilitating increased inter-diffusion of the two
transition metal ions, and thus the formation of new phases (high volt-
age LMNO spinel) in the solid samples. In contrast, the P-700-48 sample
had no significant changes in dQ/dV profile relative to the P-700-6 sam-
ple, which indicated that the higher temperature was needed to facili-
tate the diffusion of the highly segregated TMs, and that increased
time at 700 °C was not sufficient to improve the formation of the high
voltage LMNO spinel phase.

We note here that the total electrochemical capacity even for the
solution mixed materials used in this study was <110 mAh/g. The goal
was to compare, for identical processing after mixing with a lithium
salt, the relative impact of the method of mixing the transition metals
on the resulting properties of the final materials. Thus, the LMNO mate-
rials were not explicitly optimized for electrochemical performance.
Due to the focus of this manuscript on the processing-property relation-
ships as opposed to electrochemical performance optimization, these
materials did not reach the 120-130 mAh/g reported in the literature
for LMNO materials [46,48-50].

3.2. Model of diffusion-controlled solid reaction

Using the simplifying assumption that the precursor particles were
all spheres, a model was applied to describe the ion diffusion and
conversion of the particles to the desired LMNO phase during the solid
reaction process initiated at the particle surface [51,52]. While assuming
the particles were spheres introduced inaccuracy into the model results,
we note that the secondary particles were octahedral and did not have
significant differences in the lengths from the center to any of the
edges. Also, this analysis was meant to determine diffusion times for
comparative analysis, and thus the sphere radii were used for relative
comparison between calcination conditions. The schematic of the

Total electrochemical gravimetric capacities, capacities within high voltage and low voltage ranges, and the calculated material amounts from the electrochemical profiles.

Sample mixing types Sample Total capacity Low voltage (3.9-4.4 V) capacity High voltage (4.4-4.9 V) capacity Calculated LMO Calculated LMNO
names (mAh/g) (mAh/g) (mAh/g) amount (g/g) amount (g/g)
Solution mixed samples S-700-6 99.3 185 80.8 0.12 0.55
S-850-6 109.4 155 93.8 0.10 0.64
S-700-48 103.7 12.6 91.2 0.08 0.62
Physically mixed samples P-700-6 69.5 57.5 121 039 0.08
P-850-6 103.4 512 52.2 0.34 0.36
P-700-48 81.5 64.8 16.7 0.44 0.11
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Fig. 6. Schematic for the model for diffusion-controlled solid reaction into a spherical
particle, where A is the initial phase and B is the diffusing species which results in the
formation of phase AB.

model is shown in Fig. 6. The initial solid component was represented as
phase A with original radius r. The diffusing species was represented as
B and could be in either solid or liquid phase. The phase AB was the layer
of the solid product that built up as species B diffused through the layer
and reacteda with A at the interface between A and AB. The growth of
AB was assumed to be diffusion controlled, and at time ¢ the product
layer had a thickness of x, which resulted in the sphere of remaining
phase A having a radius r, where r = r, — x. The resulting volume of
remaining A at time t was given by:

V=2m(r,—x)>. (3)

Wl

Therefore, for a converted fraction of A, «, the unreacted fraction of
component A was

4 3
§11 To—X)
(1—a) = = @)
T[T03 [

—

W

Rearranging Eq. (4) results in an expression for x:
x:r,,(l—(1—a)’/3). (5)

The above manipulation also assumed that the volume change of the
product AB compared to species A was negligible. For the assumption
that the diffusion across the product layer was the rate determining
step, the parabolic diffusion law was also applied where the progression
of product formation was proportional to the square root of time [52]:

X2 = 2DVuCot = kit, (6)

where D was the diffusion coefficient of species B, V;,, was the volume of
product AB formed from per mole of species B, and Cy was the concen-
tration of B outside the sphere; therefore k; = 2DV,,Co, was a constant
used for convenience.

Table 3
Parameters used for diffusion-controlled solid reactions forming LMNO analysis [53,55].

Combining Egs. (5) and (6) gives the relationship between reaction
fraction and time:

(1—(1—a)’/3>2 — Kt (7)

where K =1/, — 203G Therefore, with estimates for the diffusion

coefficient of the penetrating species at a given temperature and the
original particle size, the reaction fraction was calculated for a given fir-
ing time.

3.2.1. Solution mixed samples

For the case of solution mixed samples, Mn and Ni ions were
assumed to be homogeneously distributed within the precursor parti-
cles and lithium ions were diffusing across the product layer and
reacting with the unlithiated TM oxide to form the product LMNO. In
other words, lithium ions were the penetrating species B in Fig. 6 and
the sphere of A was a mixture of all the unlithiated TM oxides. AB in
the schematic was the final product LMNO. The dependence of lithium
ion diffusion coefficient through spinel structure was represented
using the Arrhenius equation:

D(T) = Doe Fo/kT (8)

where D, was the pre-exponential factor; Eg was the diffusion activation
energy; k was the Boltzmann constant which was equal to 8.617
x 107%eV/K and T was the temperature in units of Kelvin. The pre-
exponential factor and activation energy for lithium diffusion were
taken from the literature and listed in Table 3. The original parameters
were obtained for lithium ion diffusion through layered structures con-
taining elements Mn, Ni, and Co, but provide a rough estimation for the
materials in this study [53]. The diffusion coefficients at 700 °C and 850
°C were thus calculated using Eq. (8) and the values are listed in Table 3,
along with the other two parameters needed to calculate k' in Eq. (7).
Further details for calculating these parameters can be found in the
Supplementary Information. Using the secondary particle size mea-
sured from SEM images, the original particle size ro = 1.02 x 10> m,
and thus value k’ of lithium ions diffusion controlled reaction process
in Eq. (7) was obtained as 14.8 S™!. Substituting the parameter in
Eq. (7), we calculated that at 700 °C complete conversion to LMNO,
corresponding to a reaction fraction of 1, would require only 0.068 s.
The influence of the choice of original particle size will be discussed in
further detail later, but has little influence in the current case because
the lithium diffuses very quickly at the elevated temperature. The
pores that develop in the secondary particles during calcination likely
makes this timescale estimate based purely on lithium diffusion an
overestimation.

Even though the calculation above indicated that lithium diffusion
was fast and should be complete within a second, the experimental
LMNO amount in sample S-700-6 calculated based on the high voltage
capacity during discharge, was only 0.55 g per gram of the sample
(equivalently a conversion of only 0.61, the conversion calculation
details can be found in Supplementary Information). While part of this
lack of conversion was because spinel materials generally do not have
complete delithiation during charge [43], the conversion of 0.61
suggested that lithium ion diffusion does not explicitly determine the
conversion to the LMNO phase. We next considered that the inter-
diffusion of Mn and Ni ions could be the process that limits the forma-
tion of LMNO high voltage spinel. To simplify the situation, we used

D, (m?/S) E, (eV) Dso0°c (M?/S) Dgsoec (m?/S) Vi (m*/mol) Co (mol/m?)
Lit 1.7x1077 0.53 360 x 10710 7.11x 10710 412 x107° 6.10 x 10*
Ni?* 1.8x107° 2.10 240 x 10720 6.79 x 10~ '° 823 x 107° 9.52 x 10*
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the same diffusion controlled reaction analysis and defined nickel ions
as the penetrating species as in Fig. 6 and manganese ions along with
other compounds (Li, O) as the static species in a fixed domain in
phase A, although in reality the manganese ions also diffuse into nickel
dominant regions during the inter-diffusion process [54]. Nickel was
chosen as the penetrating species because according to a previous
study it has greater diffusivity [55]. The diffusion coefficient parameters
as well as other parameters for this case were also found in the literature
[55] and are listed in Table 3. Given that at 700 °C for 6 h, the reaction
fraction was 0.61, via substitution into Eq. (7) the original domain size
was determined to be 386 nm. This large value relative to the atomic
scale assumed for coprecipitation can be partially explained by the
non-stoichiometry and impurity of the final active material - which
hindered the full extraction of capacity and would result in a larger
calculated domain size. By only considering diffusion of a single species,
the energy associated with formation of the desired phase, as well as the
formation and distribution of metastable phases and regions, has been
ignored. These factors are essential for more accurate prediction of the
reaction process during the calcination step and need further study.
We do note that while the coprecipitation certainly resulted in im-
proved local mixing of the TMs, it may not be truly atomic level mixing
as has been described [56]. Further investigation into quantifying the
extent of local mixing of TMs in the precursor will be the subject of fu-
ture studies.

3.2.2. Physically mixed samples

In the case of physically mixed samples, the same calculation tech-
nique was applied as discussed above. Similar to the solution mixed
samples, the lithium ion diffusion was estimated to be extremely fast
due to the low activation energy and especially the high temperature
applied, which would have completed the reaction in this idealized
case within 0.1 s, resulting in lithiated products LiMn,0,4 and LiNiO-.
Although the operating voltage for the Mn**/Mn*" redox couple in
LiMn,0, and the Ni*/Ni** redox couple in LiNiO, both have capacity
close to 4.1 V vs. Li/Li™, and both could contribute to the low voltage
capacity in the discharge profiles, for simplification of the materials
comparison all the low voltage capacity was assigned to Mn>*/Mn**
in LiMn,04. The resulting calculated LMO was 0.39 g per gram of mate-
rial for sample S-700-6, as given in Table 2 (all the other samples can
also be found in the table). The sum of the LMO amount plus the
LMNO amount, based on the low voltage and high voltage capacities,
was still less than unity. This indicated that all of the lithium could not
be extracted from the active material. As stated above, we assumed
that the nickel ions were the penetrating species diffusing from the
NiO to form the product LMNO layer via reaction with lithiated manga-
nese oxide LMO (refer to the schematic in Fig. 6). As in the case of the
solution mixed samples, we used the secondary particle size from SEM
image analysis as the original spherical size ry and calculated the reac-
tion fraction as a result of nickel ion diffusion for each physically
mixed sample. The calculated values for samples P-700-6, P-850-6,
and P-700-48 were 0.013, 0.21, and 0.038. The amount of final product
LMNO per gram of the sample can then be calculated from the reaction
fractions and the values are 0.01, 0.17, and 0.03 g/g. Further details on
these calculations can be found in the Supplementary Information. In
order to see the influence of particle size on the reaction fraction for

Table 4

the three samples, we also used the primary particle size estimated
from the SEM images as the original particle size (~1 um) and used
this value as the input for the calculation, resulting in reaction fractions
increasing to 0.25, 0.86, and 0.59, and the calculated LMNO amounts
were 0.21, 0.83, and 0.53 g/g for sample P-700-6, P-850-6, and P-700-
48 respectively. For better comparison, the LMNO amounts calculated
using either secondary or primary particle sizes are listed in Table 4
and are compared to the LMNO amounts determined from electro-
chemical data from Table 2. It can be seen that the electrochemically de-
termined LMNO amounts were in between the two values for particle
sizes. Though there were many simplifications to the calculation ap-
proach used, these results suggested that the average original particle
size was between the primary and secondary particle sizes, which
would be reasonable given that the secondary particle precursors have
pores that open up during calcination and decomposition of the oxalate,
and also that the primary particles fuse with each other making a net-
work structure within the secondary particle as observed in the SEM im-
ages (Fig. S6) - both of these phenomena result in effective particle sizes
between the observed primary and secondary particle length scales.

Comparing the reaction fractions calculated by using the secondary
particle size between the three samples, we can see that increasing
the firing temperature from 700 °C to 850 °C increased the reaction
fraction as much as 16 times while expanding the firing time from 6 h
to 48 h at 700 °C only increased the conversion as much as 3 times,
which were consistent with the XRD analyses. This observation was
attributed to the large activation energy of TM ion diffusion which
makes the diffusion coefficient highly sensitive to temperature, in
particular the value of Dgsg-c was more than one order of magnitude
larger than D;gg-c (Table 3). Thus, for poorly mixed samples greater
conversion to LMNO can be achieved with higher firing temperature
as opposed to extended firing time at lower temperature - the P-850-
6 sample had much more high voltage LMNO than the P-700-48 sample.
In addition, the reaction fractions calculated from using the primary
particle size decreased the gaps between sample P-850-6 and P-700-6,
which indicated decreasing the initial particle size can aid in overcom-
ing the diffusive intermixing limitation and promote lower temperature
and/or calcination time to higher conversion of LMNO, although P-850-
6 still resulted in a higher overall conversion.

4. Conclusion

In this work we provided quantitative evidence that coprecipitation
facilitates high levels of local mixing within precursor particles, and
showed via different calcination procedures the advantages of local
mixing from coprecipitation relative to physical mixing of individual
single component precursors. Evidence of the improved mixing of the
transition metals was provided by EDS, XRD, and electrochemical
analysis. A simple diffusion limited reaction model suggested that the
diffusion of Li™ was not limiting the conversion of solution mixed or
physically mixed precursor materials to the desired final material, and
that the conversion was largely limited by the diffusion of transition
metal species. The better local mixing of transition metal ions after
coprecipitation reaction renders the synthesis process less energy con-
suming for conversion to final active material.

LMNO amounts in the physically mixed samples calculated using different particle sizes and determined from electrochemical data.

Sample Reaction fraction o LMNO amounts (g/g of sample)
Calculated using secondary Calculated using primary Calculated using secondary Calculated using primary Electrochemically
particle size particle size particle size particle size determined
P-700-6 0.013 0.25 0.01 0.21 0.08
P-850-6 0.21 0.86 0.17 0.83 0.36
P-700-48 0.038 0.59 0.03 0.53 0.11
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