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The synthesis of Li- and Mn- rich cathode materials with oxalate co-precipitation method was comprehensively investigated.
Thermodynamic calculation and advanced characterizations were conducted to study the effects of reaction pH and precipitation
agent on the morphology and composition of the precipitates. It was found that manganese oxalate has a higher solubility compared to
nickel oxalate, especially at low reaction pH. In addition, the different capability of Ni>* and Mn?* to form transition metal ammonia
complexes led to a composition discrepancy in the precipitation. The desired nickel manganese oxalate precursor composition could
only be achieved when these factors were considered, and cathode materials synthesized based on this precursor exhibited satisfactory

electrochemical performance (about 220 mAh - g~

over 70 cycles under C/10 rate).
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At present, lithium- and manganese- rich oxide materials are at-
tracting extensive research interest due to their low cost, high capacity
and high energy density for lithium batteries."® In these compos-
ites, it is widely accepted that short-range-order Li,MnOs-like nano-
domains exist within the layered R3m structural component.>’!>
The excess lithium in the composite structure can inhibit the Li and
Ni cationic exchange between the layers, and hence improves the
overall electrochemical performance.'® The improvement is, how-
ever, linked to the synthesis method by which these materials can
be produced.!"1%17-2! Of interest, co-precipitation reactions based on
hydroxide and carbonate processes have been widely used for the pro-
duction of chemically homogenous precursors and, thus, highly per-
forming cathodes.!”! The main advantages of these co-precipitation
methods can be summarized in the following points: (1) low cost
of the starting raw materials (usually transition metal sulfates); (2)
high solubility of the starting raw chemicals in contrast to extremely
low solubility of the precipitates; (3) wide solid solution ranges of
transition metal precipitates; and (4) facile morphology and parti-
cle size distribution control.'”?! Both carbonate and hydroxide co-
precipitation methods have been widely studied by our group'’>!
and other researchers.’>>* The major difficulties encountered dur-
ing the development of these two methods were: for the carbonate
process; (i) continuous growth of secondary particles and ring mor-
phology which can lead to undesired electrochemical performance,?!
and (ii) the high specific surface area which renders the precursors
vulnerable to moisture and makes it difficult to lithiate with the right
amount of lithium salts;'® and for the hydroxide process, (i)’ Mn**
can easily be oxidized to Mn** or Mn**, and (ii)’ the difficulty in
controlling the morphology of the Mn-rich hydroxide precursors. As
a consequence, the oxalate co-precipitation is being considered as
an alternative process since Mn>* and Ni** cations form a continu-
ous solid solution and are both stable in the oxalate matrix, and also
because the transition metals oxalates are produced in a saturated
hydrated form. However, we found that the solubility of manganese
and nickel oxalates strongly depends on the reaction pH and chelat-
ing agents. In this research, the effects of reaction pH and ammo-
nia on morphology, structure, and composition of the nickel man-
ganese oxalate precipitates and the resulting cathodes were exten-
sively studied in order to establish the chemical fundamentals for the
oxalate co-precipitation method as a route for producing high capacity
cathodes.
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Experiments

Nickel sulfate hexahydrate (NiSO,-6H,0), manganese sulfate
monohydrate (MnSO, - H,0), oxalic acid dehydrate (H,C,0, - H,0),
ammonium hydroxide (NH; - H,0), and sodium hydroxide (NaOH)
were used as the starting materials to prepare Nig,sMng 75C,04 - 2H,0
precursor. The experimental setup is shown in Figure 1. Transition
metal sulfate solution (1M, 25% nickel sulfate and 75% manganese
sulfate), oxalic acid solution (1M), and basic solution (1M, sodium
hydroxide or ammonium hydroxide) were pumped into a beaker re-
actor kept at 80°C. The feeding rates of the transition metal sulfate
solution and the oxalic acid solution were calibrated to be 0.5 L/hr.
The flow rate of the basic solution was controlled by a pH controller.
The collected precipitates were filtrated by vacuum filtration and vac-
uum dried at 100°C for over 12 hours. The oxalate precursor powder
was thoroughly mixed with a suitable amount of Li,CO; and calcined
at 900°C in air for 14 hr.

The electrochemical properties of the materials were evaluated
in CR-2032 type cells. The cathode was made of 80% active mate-
rial, 10% acetylene black, and 10% polyvinylidene difluoride (PVDF)
binder coated onto an aluminum foil. Cells were assembled inside a
helium-filled glove box with lithium metal as the counter anode. Cel-
gard 2325 membrane was used as the separator. The electrolyte was
1.2M LiPF; dissolved in ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (3:7 vol.%). The cells were tested in the voltage
range of 2.0-4.6 V at room temperature.
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Figure 1. Schematic setup of the co-precipitation system.
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Figure 2. SEM images of oxalate precursors synthesized under different con-
ditions: (a)-(g), ammonia used to adjust pH from 1 to 7; (A)-(G), NaOH used
to adjust pH from 1 to 7.

The precursor and cathode material morphology were charac-
terized with a cold field emission scanning electron microscopy
(SEM, Hitachi S-4700-I), and the composition was assessed
by inductively coupled plasma-mass spectroscopy (ICP-MS). The
Nig25Mng 75C, 04 - 2H,0 chemical formula and crystal structure were
confirmed with Fourier transform infrared spectroscopy (FTIR), ther-
mal gravimetrical analysis-differential scanning calorimetry (TGA-
DSC), and a D5000 Siemens X-ray diffractometer (XRD) using a
Cu-Ka radiation source (. = 1.5406 A). For the XRD, the samples
were scanned from 20 = 5 to 80° at a scan rate of 20 s per 0.02°.
The phase purity of the cathode materials was verified with high
energy synchrotron XRD conducted at Sector 11-ID-C (wavelength
is 0.107805 A) of the Advanced Photon Source (APS) at Argonne
National Laboratory.

Results and Discussion

Figure 2 shows the morphology evolution when the reaction pH
was gradually increased from 1 to 7. Figures 2a through 2g corre-
spond to precipitates synthesized at pH 1 to pH 7, with ammonium
hydroxide as the pH control solution. Figures 2A to 2G correspond
to precipitates collected under different pH with NaOH as the pH
control. When the pH was increased from 1 to 7 through ammonium
hydroxide addition, the particles gradually transformed from cubic to
a lamellar morphology. The particle size distribution was broad, with
small particles less than 1 m and large particles greater than 30 pm.
When NaOH was used to adjust the pH, the particles became more
regular in shape and had narrow distribution between 10 and 20 pm.

The solubility dependence of MnC,0, - 2H,0 and NiC,0, - 2H,0
on pH can be theoretically calculated based on the equilibrium equa-
tions in Table I. The calculations show that when NaOH is used as the
pH regulator, the Mn>* and Ni?* concentration in the solution has the
following dependence on pH:

[Mn**]=0.251 x 10~ °H [1]

[Ni**] =0.067 x 10~7# [2]

Equations 1 and 2 indicate the following: (1) at the same re-
action pH, MnC,04 -2H,0 has four times higher solubility than

Table 1. Equilibrium reactions and constants used in calculation.

Equilibrium reactions Equilibrium constant K

HyC,04 <> HY + HC,0; 5.6 x 1072
HC,0; < H* +C,0}” 5.1 %1073
MnCy04 <> Mn** + C,03~ 1.7 x 1077
NiCy04 < Ni** + C,0F 7.8 x 10710
Mn*t + nNH; < [Mn(N H3),1*t See Ref.16
Ni%**t +nNH; < [Ni(N H3), %" See Ref.16
NH3 e H,0 < NH} + OH~ 5.7 x 10710
H,O0 <> OH  +H* 1014
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Figure 3. (a) Theoretically calculated Ni and Mn ion concentrations in the
solution. (b) ICP-MS measured Ni/Mn atomic ratio in the precipitation as a
function of reaction pH.

NiC,0, - 2H,0, and (2) [Mn?>*] and [Ni**] decrease exponentially
as pH increases (Figure 3a).

Figure 3b show the reaction pH and ammonia effects on the precip-
itate chemical compositions. The ideal [Mn]/[Ni] atomic ratio mea-
sured with ICP-MS is plotted as a reference (horizontal dashed line)
(Figure 3b). The ICP-MS analysis showed that when ammonia was
used as the pH regulator, the [Mn]/[Ni] atomic ratio increased slowly
from 2.2 to 2.9 with the increase of pH from 1 to 7. When NaOH
was used to increase pH from 1 to 7, the [Mn]/[Ni] first increased
from 1.7 to 3.5, then dropped quickly to 2.8 at pH 7. The sharp
drop of [Mn]/[Ni] when pH was increased from 6 to 7 may relate to
the formation of Ni(OH),, which can increase the Ni concentration
in the precipitate. Ideally, the [Mn]/[Ni] in the precipitate should be
close to that in the feeding solution, which is 3 in these experiments.
The deviation of precipitate composition is caused by solubility differ-
ences between nickel oxalate and manganese oxalate. The solubility
of MnC,0; - 2H,0 and NiC,0;, - 2H,0 are 0.0309 g and 0.0118 g,
respectively, at 25°C.>° The [Mn] and [Ni] did not change much when
the reaction pH was tuned by ammonia. The residual Ni and Mn con-
centrations in the supernatant were measured with ICP-MS as shown
in Figure 4. Based on the results shown in Figure 4a, the fluctua-
tions of [Mn] and [Ni] were within one order of magnitude, and the
variation in [Ni] is slightly larger than that of [Mn] in the recovered
solutions after filtration. This difference is attributed to the fact that pH
has a greater effect on the formation of complexes between Ni** and
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Figure 4. ICP-MS measured Ni and Mn concentration as a function of reaction pH with pH regulator of (a) ammonia and (b) NaOH.

ammonia than that between Mn>* and ammonia. However, when
NaOH solution was used to regulate the pH from 1 to 7, [Ni] under-
went a dramatic decrease from 1072 to 10~7 mol/L, while the change
in [Mn] was still within two orders of magnitude (Figure 4b). Combin-
ing the SEM and ICP-MS results, we concluded that the ammonium
complexes can sustain a relatively high and stable [Ni] and [Mn] in the
solution, regardless of the pH. This stable Ni>* and Mn>** source can
ensure a constant supersaturation during the whole synthesis; thus,
inefficiency in mixing would not significantly affect the nucleation
and growth processes. The relatively high ion concentrations can also
create a homogeneous nucleation environment during the entire syn-
thesis, leading to relatively small precipitate particle sizes.

Except for the composition, the phase purity of the oxalate pre-
cipitate is another critical factor for the cathode material synthe-
sis. Manganese oxalates could be precipitated as MnC,0; - 2H,0,
MnC,0; - 3H,0, and Mn,(C,04)(OH), when synthesis conditions
are changed.”® The MnC,0y - 2H,0 is a monoclinic structured white
powder; Mn,(C,04)(OH), is also monoclinic but belongs to P2;/c
space group; and MnC,0y - 3H,0 is an orthorhombic structured pink
powder. In this study, all the precipitates appear to be light green,
indicating a monoclinic di-hydrate structure. This color is attributed
to N1C204 . 2H20
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Figure 5. XRD patterns of oxalate precursors synthesized at pH 1 to pH 7 with
ammonia as the regulator. Shown for comparison are the MnC,0Oy4 - 2H,0%
and NiC,0; - 2H,0%* standard diffraction patterns.

As shown in Figure 3b and Figure 4a, ammonia can serve as pH
buffer, ensuring a nearly pH independent transition metal concentra-
tion in the solution. Ammonia is used instead of sodium hydroxide
as pH regulator for all the reactions mentioned in the following dis-
cussion. The XRD patterns of the oxalate precipitates synthesized at
pH 1 to pH 7 are assembled in Figure 5. Shown for comparison are the
MnC,0, - 2H,0% and NiC,0, - 2H,0% standard diffraction patterns.
The synthesized materials are isostructural to manganese oxalate, and
no nickel oxalate impurity peaks were detected within the accuracy of
the lab X-ray diffractometer, suggesting a single-phase solid solution.
This observation is consistent with the reports that nickel oxalate and
manganese oxalate could form solid solutions when the Ni/(Ni + Mn)
atomic ratio is in the range of 0.16 to 0.33.%°

The FTIR spectroscopic results of the oxalate precursor are shown
in Figure 6. The bands at 1316 and 1358 cm™' can be assigned to
O-C-O symmetric stretches, and the band at 1615 cm™! is the result
of asymmetric stretches. The bands at 786 and 488 cm™! are related to
the C=C-0 and O-C-O bending vibrations, respectively. The broad
band at 3374 cm™! is the fingerprint of hydration in the collected
powder. These observations are consistent with reports from previous
literature concerned with MnC,0, - 2H,0.%

Figure 7 shows the TGA-DSC results obtained with N, as both a
protective cover gas and purge gas and a heating rate of 5 K/min. No
weight loss was observed at temperatures lower than 200°C, mean-
ing the powder was completely dry and had no absorbed moisture.
This characteristic is beneficial to the later lithiation, in which precise
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Figure 6. FTIR results of synthesized oxalate precursor.
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Figure 7. TGA-DSC profile of synthesized oxalate precursor.

lithium addition is necessary to yield the desired lithium-rich compos-
ite cathode materials. Between 200 and 300°C, weight loss was about
20%, which corresponds to the release of two structural H,O from the
precursor. This weight loss matches well with the theoretical value of
20.02% when two H,0 are released from Nig,5Mng75C,04 - 2H,0.
This weight loss also confirms that the precipitate is di-hydrated tran-
sition metal oxalate. The decomposition is complete at around 400°C,
with metal oxides and released carbon dioxide gas as the products.
The two sharp endothermic peaks at 200°C and 400°C in the DSC
plot coincide with the weight losses in the TGA plot. The broad en-
dothermic peak at around 550°C may relate to the partial reduction of
Mn** to Mn** due to the fact that Mn** is thermodynamically more
stable at high temperature compared to Mn** (Figure 7).

Precursor prepared at pH 6-7 with ammonia as the pH regulator
was chosen for cathode synthesis. After the solid-state reaction be-
tween the oxalate precursor and lithium carbonate, a black fine powder
was collected. As shown in Figure 8a, synchrotron XRD character-
izations were conducted on pristine (oxalate precursor based), ball-
milled (oxalate precursor based) and pristine (carbonate precursor
based) Li; 5Nig,5Mng 750, 5 cathode materials. All these three mate-
rials showed typical diffraction patterns of the lithium-rich compos-
ite material, which can be mainly indexed as a a-NaFeO, structure
(R3m), with a secondary component belonging to the Li,MnO;-like
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Figure 8 (a) XRD patterns of Lij 5Nip25Mng 7507 5 cathode materials synthe-
sized from oxalate precursor (pristine and ball-milled) and carbonate precursor,
(b) XRD Refinement of the oxalate precursor based cathode material.

Figure 9. SEM images of Lij 5Nip25Mng 750, 5 cathode material: (a) low
magnification; (b) top view with inset image taken at higher magnification.

phase observed between 1.3° and 1.5°. Rietveld refinement was per-
formed on Li; 5sNip»5Mng 750, 5 prepared from the oxalate precursor
(Figure 8b). The refinement was based on single R3m phase model
and only Ni/Li disorder was considered. The refined lattice parameters
were a = b = 2.861 A, and ¢ = 14.258 A, and around 2% Ni was
found in the lithium layer, which is consistent with other reports.'¢

The morphology of the synthesized Li; 5sNip25Mng750,5 cathode
materials was characterized with SEM (Figure 9). The secondary par-
ticles had a wide particle size distribution with a plate morphology
inherited from the oxalate precursor (Figure 9a). Due to the release of
the structural water and carbon dioxide during high temperature cal-
cination, pores with regular patterns were formed among the aligned
rod-like primary particles (inset of Figure 9b). These primary particles
had an average diameter of approximately 300 nm, and the length was
the same as the thickness of the secondary particles (around 5 pm
in these synthesis conditions). These features are assumed to ben-
efit the electrochemical reactions of these cathode materials due to
the shortened lithium diffusion path length, while the moderate size
of the primary particles will not lead to serious parasitic reactions,
which are a common problem for nano-sized lithium-rich composite
cathode materials.

The cycling and rate performances when tested in CR-2032 lithium
cells are shown in Figure 10 and Figure 11, respectively. The current
density was C/10, assuming that the 1 C rate is equivalent to 200 mA
g~!. The cell was initially charged and discharged within the voltage
window of 2-4.8 V for activation, and then operated between 2 and
4.6 V for the subsequent cycles. Stable discharge capacity around
220 mAh-g~! was achieved for up to 70 cycles without capacity
degradation (Figure 10). To determine whether the rod-cluster-like
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Figure 10. Cycling performance of half cells with Li 5Nip 25Mng 750, 5 cath-
ode material. Tests were conducted under C/10 rate (1C = 200 mA/g) with
voltage window of 2-4.6 V.
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Figure 11. Rate performance of lithium cells with Li; sNip25sMng75025
cathode materials (1C = 200 mA/g).

morphology improved the performance, mild mechanical ball milling
of the cathode material was conducted for 30 min to break up the struc-
ture. The ball-milled materials were tested in the same cell conditions
as stated above. The cells displayed similar initial discharge capacity;
however, after 70 cycles, the reversible capacity had gradually de-
creased to 180 mAh - g~! (Figure 10). This comparison highlights the
advantage of the rod-cluster-like morphology. The rate capabilities of
the material before and after ball milling were also characterized at
room temperature with lithium coin cells as shown in Figure 11. Dif-
ferent rates were tested in a sequential manner (C/10, C/4,C/2,and 1C)
for ten cycles at each step. At the C/10 and C/4 rates, the materials be-
fore and after ball milling show identical capacities of 210 mAh - g~!
(C/10) and 185 mAh-g~! (C/4), respectively. However, at C/2, the
capacity for the ball-milled material was 15 mAh - g~! lower than that
of the pristine one. The difference became as large as 40 mAh - g~!
at the 1C rate. This observation is contrary to the conventional belief
that smaller particles always endow the material with superior rate
performance. Accelerated parasitic reactions may be responsible for
the decrease in rate capacity after ball milling. The exact mechanism
is still under investigation. The charge-discharge voltage profile at dif-
ferent C rates is shown as an inset in Figure 11. In the first charge, the
4.5 fingerprint voltage plateau for the lithium- manganese- rich cath-
ode material is associated with the electrochemical activation of the
Li,MnOs-like phase. The voltage profile changed after the first cycle
due to the irreversible phase change accompanied with the activation
of Li,MnOj;-like phase.

Conclusions

We synthesized Nig,5Mng75C,0,4 - 2H,O with a co-precipitation
method to serve as a lithium-manganese-rich cathode precursor. We
then conducted a systematic study of the effects of the reaction pH and
precipitate agent concentration on the oxalate precursor morphology
and composition. When the reaction pH was increased from 1 to 7, the
oxalate particles evolved from a cubic to a lamellar morphology. To
achieve the target composition, higher pH was necessary when NaOH
instead of ammonia was used as the pH regulator. The oxalate precip-

Journal of The Electrochemical Society, 160 (5) A3108-A3112 (2013)

itates were confirmed as Nij,5sMng75C,04 - 2H,O after TGA-DSC,
XRD, and FTIR characterizations. The synthesized Li; ;Nig,Mng O,
cathode material showed a porous morphology among rod-like pri-
mary particles. Electrochemical testing of this material in coin cells
indicated high and stable capacity (about 220 mAh-g~') and a su-
perior capacity of the pristine materials compared to that after ball
milling to break up the rod-cluster-like morphology.
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