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Micrometer-size particles of the pure single-phase rock salt multi-metals oxide,
(Mgo.2C00.2Nio.2Cu0.2Zno0.2)O, have demonstrated long-term cycling stability and excellent
rate performance as an anode for lithium-ion batteries. Such a feat has only been
achieved with the nanostructuring of binary transition metal oxides. This success has led
to the preparation of several pure single-phase spinel multi-metal oxides with significantly
higher capacities. A common belief regarding these complex oxides is that the pure
single-phase is a prerequisite for their outstanding electrochemical performance.
Deviation from a pure single-phase is thought to harm their electrochemical performance.
Here, we prepare and characterize the cobalt-free analogs of (Mgo.2C00.2Nio.2Cu0.2Zno.2)O
using a traditional solid-state synthesis method by replacing cobalt with iron and
manganese to give (Mgo.2Feo.2Nio2Cu02Zno2)O and (Mgo.2Mno.2Nio.2Cuo.2Zno.2)O
respectively. These analogs were prepared in an air and an argon atmosphere to yield
several compositions with different mixtures of crystalline secondary phases. The
electrochemical performance of the pure single-phase (Mgo.2C00.2Nio.2Cu0.2Zno.2)O is
used as a benchmark to compare the performance of the cobalt-free multi-phase analogs.
The results indicate that although these cobalt-free analogs are not pure single-phase
materials, their electrochemical performance is similar to that observed with
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O, suggesting that a pure single-phase might not be a
prerequisite for an excellent electrochemical performance for these complex multi-metal
oxides.

Since the discovery that transition metal oxides can reversibly store lithium through a
reaction mechanism termed conversion-type reaction’, extensive research has been
reported on metal salts, oxides, and their derivative compounds. This interest is largely
due to their high storage capacity, enabled by multiple-electron transfers when these
materials are used as electrodes?®. However, some of these materials experience
significant capacity fade and low power density, particularly when the particles are at the
micrometer scale’ %1,

In 2015, Rost et al. (ref.’?) introduced a compositionally complex rock salt oxide
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O. The compound’s micrometer-sized particle distribution has
demonstrated long-term cycling stability when used as an anode in lithium-ion
batteries’®'4 (LIBs). This contrasts with the typical need for nanostructuring in individual
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binary transition metal oxides to attain similar stability and performance levels''6. This
material also exhibits characteristics suitable for high-power applications in LIBs, with a
capacity reaching about 400 mAh g at a current density of 3 A g (ref.'3'4). An intensive
investigation of the lithium storage mechanism in this compound has been conducted
using various analytical techniques. These studies aim to identify the factors contributing
to its exceptional electrochemical performance compared to individual binary transition
metal oxides'314.17.18,

The metal ions in this pure single-phase rock salt material are all in a +2 oxidation state
and thus can provide a maximum of two electrons per formula unit. The single Wycoff site
available for the metals in the rock salt structure offers no direct way to improve the
capacity of this material. Consequently, several related structures have been
investigated, such as the spinel (Coo.2Mno.2Vo.2Feo.2Zno.2)304, where the transition metal
can exhibit multiple oxidations states: Co in +2 and +3, Mn in +2 and +4, V in +5, Fe in
+2 and +3, and Zn in +2 (ref. '°). The variable oxidation state of these metals enables an
outstanding capacity of approximately 900 mAh g at a current density of 0.2 A g
Additionally, a series of single-phase spinels have been reported with similarly excellent
electrochemical  performance, including  (Mgo.2Cro2Mno2Fe02C002)0O  (ref.20),
(Cro.2Mno.2Fe0.2C00.2Nio.2)O (ref.?9), (FeCoNiCrMnXLi)3Os (X = Cu, Mg, Zn) (ref.?"),
(TiFeCoNizn)304 (ref.??), and (Mgo.2Tio.2Zno.2Cuo.2Feo02)O (ref.23). A common feature
among these materials is that they are all pure single-phase crystalline compounds, with
no additional secondary phases present. This observation, along with the study by Patra
et al. (ref.?*), which demonstrates the negative effect of secondary phases on the
electrochemical performance of these complex oxides, suggests that maintaining a pure
single-phase crystalline structure is crucial for achieving the outstanding electrochemistry
observed in these multi-metal complex oxides. However, a recent study by Nguyen et al.
(ref.?%) indicates that a well-tailored secondary phase might enhance these complex
oxides' electrochemical properties, suggesting a potential area for further exploration.

In this study, analogs of (Mgo.2C00.2Nio.2Cu0.2Zno.2)O were synthesized using a traditional
solid-state method by replacing Co with Fe and Mn to form (Mgo.2Feo.2Nio.2Cuo.2Zno.2)O
and (Mgo.2Mno.2Nio.2Cuo.2Zno.2)O, respectively. To our knowledge, there are no previous
reports on the preparation of these compounds. A plausible reason for this could be the
difficulty in obtaining a pure single-phase material using the synthesis methods applied in
this work. These materials were prepared in air and an argon atmosphere, resulting in
compositions with different crystalline secondary phases. The compositions containing
Fe and Mn, prepared in air and argon, are referred to as Fe-air, Fe-argon, and Mn-air,
Mn-argon, respectively. The electrochemical performance of the pure single-phase
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O serves as a benchmark for comparison with these samples.
The results indicate that, despite Fe-air, Fe-argon, Mn-air, and Mn-argon not being pure
single-phase materials, their electrochemical performance is similar to that of
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O. This suggests that a pure single-phase structure is not
necessarily a prerequisite for good electrochemical performance in these complex multi-
metal oxides.
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Il. Methods:

Synthesis. All materials presented in this work were prepared using a traditional solid-
state method. The precursors used included NiO (Sigma Aldrich, 99.9%), CuO (Sigma
Aldrich, 99.9%), ZnO (Alfa Aesar, 99.9%), MgO (Sigma Aldrich, 99.9%), CoO (Alfa Aesar,
99.99%), MnO (Aesar, 99.9%), and FeO (Sigma Aldrich, 99.9%). Equimolar amounts of
these precursors were thoroughly mixed in an agate mortar, pelletized (with each pellet
containing about 0.5 g of mixed material), and then heated in air (for
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O, Fe-air, and Mn-air) or an argon atmosphere (for Fe-argon
and Mn-argon) using a Lindberg Tube Furnace in a quartz glass boat at 1100 °C for 20 h.
The red-hot pellets were quenched based on the environment. For the air samples, the
pellets were rapidly transferred onto a copper plate to quench in air, while for the argon
samples, the pellets were moved toward the argon gas inlet immediately after increasing
the gas flow, quenching them in an argon atmosphere. The cooled pellets were then
ground into a powder using an agate mortar. To further reduce the particle size, the ground
powder was ball-milled in air for 3 h using a Deco-PBM-V-0.4L vertical lab planetary ball
miller (Hanchen Instrument), with alumina as the milling media and a 3:1 ball (3 mm
diameter) to powder ratio.

Electrode preparation. Slurries composed of 65%, 25%, and 10% by weight of the ball-
milled active material, carbon black (Carbon Vulcan Black XC-72R), and polyvinylidene
fluoride (PVDF, MTI Corp.), respectively, were prepared using N-methyl-2-pyrrolidone
(NMP, MTI Corp.) as a solvent. The slurry was cast onto a thin copper foil (9 pm, MTI
Corp.) current collector using an adjustable doctor blade (MSK-AFA |, MTI CORP.). The
coated foil was then dried at 65 °C in air for 4 h, followed by overnight drying at 100 °C
under vacuum to completely remove any residual solvent. A 1 M solution of lithium
hexafluorophosphate (LiPFes) in a 1:1 weight ratio of ethylene carbonate (EC) and
dimethyl carbonate (DMC) was used as the electrolyte (Purolyte A5 Series, Novolyte
Technologies). Coin-type cells were assembled with 400 um thick Li metal foil (Alfa Aesar,
99.9%) and glass microfiber separator (Sigma Aldrich, Whatman GF/A) inside an argon-
filled glovebox (mBraun, [O2] < 0.5 ppm, [H20] < 0.5 ppm).

Electrochemical characterization. Galvanostatic charge/discharge measurements
were performed at room temperature using a battery testing system 8.0 (Neware). Cyclic
voltammogram (CV) measurements were conducted at room temperature using a VMP3
multichannel potentiostat (BioLogic). All capacity measurements were normalized to the
mass of the active material, with the electrode loading density being approximately 1-2
mg cm™.

Materials characterization. Powder X-ray diffraction (XRD) patterns were collected
using a Bruker D8 Advanced diffractometer with a copper Ka radiation and a LYNXEYE
detector having a fixed divergence slit (0.3°). Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) images were obtained using a Thermo
Scientific Apreo field-emission scanning electron microscope at the Center for Electron
Microscopy and Analysis (CEMAS) at The Ohio State University (OSU).
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. Results and Discussion
1. Structural characterization
1.1.  (Mgo.2Feo.2Nio.2Cuo.2Zno.2)O samples

(Mgo.2Feo.2Nio.2Cuo.2Zno.2)O-Ar. All materials presented in this work were prepared using
a traditional solid-state method. The crystallinity of the materials was investigated using
a powder X-ray diffractometer (XRD). The powder XRD pattern of the as-prepared Fe-
argon material (bottom panel of Fig. 1A) shows a multi-phase crystalline mixture, which
remains after ball-milling (top panel of Fig. 1A). Scanning electron microscopy (SEM)
analysis of the as-prepared Fe-argon material (bottom image of Fig. 1A) shows a wide
range of particle size distribution, approximately 2-10 um. Ball-milling reduced the particle
to an approximate range of 0.5-1.0 um (top image of Fig. 1A). SEM combined with energy-
dispersive x-ray spectroscopy (SEM/EDS) provided insight into the elemental distribution
within this complex mixture. Figure 1C shows the SEM/EDS mapping of the ball-milled
Fe-argon sample, illustrating the segregation of iron and copper elements. The powder
XRD analysis of the Fe-argon material can be indexed to three distinct cubic phases with
point groups Pn-3m, Fm-3m, and Fd-3m. The lattice constant of the Pn-3m cubic phase
matches well with the copper(l) oxide reference, while the spinel phase lattice constant
aligns with the Fe304 reference. SEM/EDS mapping was obtained to investigate these
observations further, and Figure 1C clearly shows that iron and copper are segregated
into clusters in the EDS mapping images. Since oxygen is homogeneously distributed
throughout the sample, it can be concluded that all three crystalline phases are oxide
compounds. Zinc, nickel, and magnesium exhibit similar distribution patterns, leading to
the assignment of the unlabeled rock salt phase in the powder XRD (bottom panel of Fig.
1A) as an oxide compound composed predominantly of Zn, Ni, and Mg.

The distinct iron and copper distribution patterns in the EDS mapping support the
identification that the Pn-3m cubic phase is copper(l) oxide, and the spinel phase is
FesOa. It is expected that a redox-sensitive species such as Fe?*, present in the form of
FeO, would be oxidized to a more stable form, such as Fe30s, in the presence of Cu?*
under extreme conditions of 1100 °C used in this study. However, Balcerzak et al. (ref.?5)
have demonstrated the formation of (Mgo.2C00.2Nio.2Cuo.2Zno.2)O using the spinel Co304
as the cobalt source rather than CoO. In this work, it is thus surprising that the spinel
FesOs4 does not form a solid solution with the rock salt phase. The preparation of
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O under argon at 1100 °C was attempted, and the XRD shows
a multi-phase crystalline mixture containing a rock salt phase and the cubic Pn-3m phase
(Fig. S1). This Pn-3m phase is copper(l) oxide, as previously identified, and its presence
indicates the reduction of copper(ll) oxide by a redux-sensitive cation. The most likely
redux-sensitive species among the other cations in this compound is Co?* (from CoO),
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which can easily be oxidized to the spinel Co3O4. However, no spinel phase is identified
in the XRD pattern (Fig. S1), consistent with Balcerzak et al. (ref.26). FeO shows all the
hallmarks of CoO, from structure properties (see Table S1) to the thermochemistry as
demonstrated, but fails to form a solid solution in the Fe-argon system as opposed to CoO
in the (Mgo.2C00.2Ni0.2Cu0.2ZNno.2)O system.

(Mgo.2Feo.2Nio.2Cuo.2Zno.2)O-air. (Mgo.2Feo.2Nio.2Cuo.2Zno.2)O was prepared in air, and the
powder XRD pattern of the as-synthesized material (bottom panel of Fig. 1B) also shows
a multi-phase crystalline mixture, which is conserved after ball-milling (top panel of Fig.
1B). SEM analysis for the as-synthesized Fe-air material (bottom image of Fig. 1B) shows
a wide range of particle size distribution, reaching about 2-15 um. This particle size was
reduced via ball-milling to an approximate range of about 0.5-1.0 um (top image of Fig.
1B). Figure 1D shows the SEM/EDS mapping of the ball-milled Fe-air sample, where one
can observe the segregation of the iron element.

The powder XRD pattern of the Fe-air sample (Fig. 1B) can be indexed to only two
phases: a spinel phase and a rock salt phase. The spinel phase again matches the peaks
and lattice parameter of the reference FesO4 compound, and the SEM/EDS mapping (Fig.
1D), which shows cluster spots rich in iron, is used to corroborate these findings. The
remaining elements, namely copper, zinc, magnesium, and nickel, show similar EDS
mapping, suggesting that the rock salt phase in the powder XRD pattern is predominantly
composed of these four elements. Although the iron EDS mapping image shows some
clustering, it also shows that some iron fractions are homogeneously distributed with
copper, zinc, magnesium, and nickel. The composition of the rock salt phase in this
sample is more likely (Mgo.25Nio.25Cuo.25Zn0.25)1-xFexO, assuming Fe is in a +2-oxidation
state. It is also possible that the fraction of Fe homogeneously distributed in the EDS
mapping may have originated from fine particles of Fe3O4 deposited on the surface of the
rock salt phase since the sample was ball-milled to reduce the particle size. However, the
(Mgo.25Nio.25Cu0.25Zn0.25)1xFexO structure is a more accurate description of this rock salt
phase since the four-component rock salt phase (Mgo.25Nio.25Cu0.25Zn0.25)O shows severe
structural distortion (bottom panel of Fig. S2) which has been ascribed to a tetragonal
distortion caused by the Jahn-Teller effect initiated by the Cu?* ion in the stucture®. This
distortion does not manifest on the rock salt phase in the XRD in Figure 1B (bottom panel).
It is, therefore, possible to prepare a single-phase rock salt (Mgo.25Nio.25Cu0.25Zn0.25)1-
xFexO by simply controlling the number of moles of FeO added before heating in air.
Eventually, it would also be interesting to investigate the magnetic properties of this Fe-
doped complex oxide system.

Another approach was attempted to synthesize a single-phase
(Mgo2Feo2Nio 2Cuo.2Zno2)O compound using a solid-state method, where a premade single-
phase (Mgo.25Nio.25Cu0.25Zn0.25)O was ball milled with FeO (0.25 moles of FeO for every
mole of (Mgo.25Nio.25Cu0.25Zn0.25)O) and the powder XRD of the mixture was measured
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(middle panel of Fig. S2). It is clear from the XRD that the two materials are still present
as separate phases after ball milling. The mixture was then placed in a preheated tube
furnace at 1100 °C in an argon atmosphere for 20 hours and quenched in argon. The
resulting material (top panel of Fig. S2) gave an XRD pattern identical to that observed

with the Fe-Argon.
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Figure 1. Characterization of (Mgo.2Feo.2Nio.2Cu0.2Zno.2)O prepared in an argon or
air atmosphere. (A) and (B) Powder XRD patterns and SEM images of the as-prepared
(bottom) and ball-milled (top) argon (A) and air (B) synthesized sample. (C) and (D)
SEM/EDS mapping of the elemental distribution obtained for the ball-milled sample of
the argon (C) and air (D) samples.
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1.2.  (Mgo.2Mno.2Nio.2Cuo.2Zno.2)O sample

(Mgo.2Mno.2Nio.2Cuo.2Zno.2)O-argon. The series of experiments that were previously
conducted with iron were repeated here by substituting iron with manganese. The powder
XRD pattern of the as-prepared Mn-argon material (bottom panel of Fig. 2A) shows a
single-phase crystalline material, which is retained after ball-milling (top panel of Fig. 2A).
SEM analysis for the as-prepared Mn-argon material (bottom image of Fig. 2A) shows a
regular particles morphology and a wide range of particle size distribution, reaching about
2-10 um. This particle size was further reduced via ball-milling to an approximate range
of about 0.5-3.0 um (top image of Fig. 2A). SEM/EDS was used to gain more insight into
the elemental distribution in this seemingly single-phase rock salt material. Figure 2C
shows the SEM/EDS mapping of the ball-milled Mn-argon sample, showing the
segregation of the copper element.

The powder XRD of the Mn-argon sample (Fig. 2A) shows a single-phase
crystalline pattern that can be indexed to a rock salt phase. However, EDS mapping (Fig.
2C) shows that while Mg, Ni, Mn, and Zn are homogenously distributed across the
material, Cu seems to be segregated from the four elements resulting in Cu-rich and Cu-
deficient regions. An interesting finding with this EDS mapping is the distribution of the
oxygen element, which appears to show some deficiency in the particles or areas rich in
copper. Since oxygen is not entirely absent from these copper-rich areas, it is
hypothesized that the copper-rich regions may be composed of Cu20. The cubic phase
Cu20 coincidentally has a lattice parameter that matches the as-synthesized Mn-argon
rock salt in the bottom panel of Figure 2A. However, while the lattice constant of Cu20
overlaps with the rock salt pattern, the intensity of the peaks does not reflect those of
Cu20. Atypical Cu20 would have the highest intensity in the (111) plane at about 36.47°
than the (200) plane at about 42.31° in Figure 2A, which is the opposite of what is
observed. One plausible explanation is that the XRD pattern reflects a mixture of two
cubic crystalline phases, where the cubic Cu20 overlaps with a rock salt phase composed
predominantly of Mg, Ni, Mn, Zn, and O. Finally, the lower oxygen EDS intensity in
copper-rich areas is simply due to the lower content of this element in Cu20 relative to
the rock salt phase.

(Mgo.2Mno.2Ni0.2Cuo0.2Zno.2)O-air. The (Mgo.2Mno.2Nio.2Cuo0.2Zno2)O material was also
synthesized in air where the XRD reflects a multi-phase crystalline mixture (bottom panel
of Fig. 2B), which is conserved after ball-milling (top panel of Fig. 2B). SEM analysis for
the as-synthesized Mn-air material (bottom image of Fig. 2B) shows a wide range of
particle size distribution, reaching about 2-10 um. This particle size was reduced via ball-
milling to an approximate range of about 0.5-2.0 um (top image of Fig. 2B). Figure 2D
shows the SEM/EDS mapping of the ball-milled Mn-air sample, showing the segregation
of the manganese element.

The powder XRD of the Mn-air material can be indexed to two different cubic
phases with point groups Fm-3m and Fd-3m. Lin et al. (ref.?”) reported this spinel phase
as the CuMn204 compound as they attempted to prepare (MnCoNiCuZn)Os using a
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nebulized spray pyrolysis method. This phase was also observed by Chen et al. (ref.??)
as they tried to prepare the manganese-doped (MgCoNiCuZn)1xMnxOs compound.
Although the lattice parameter of this spinel phase matches well with the CuMn204
compound, the SEM/EDS mapping does not agree with the assignment. The EDS
elemental mapping shows a segregation of the manganese and a similar distribution
pattern for magnesium, nickel, and copper, while zinc is homogeneously distributed
across all particles. These observations allow us to propose that the spinel phase
predominantly comprises zinc and manganese, while the rock salt phase is an oxide
phase consisting predominantly of magnesium, nickel, copper, and zinc. It is possible that
this spinel phase can form a solid solution with the rock salt phase at a sufficiently high
temperature, as demonstrated by Chen et al. (ref.?8). However, it is beyond the scope of
this work.
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Figure 2. Characterization of (Mgo.2Mno.2Nio.2Cu0.2Zno.2)O prepared in an argon or
air atmosphere. (A) and (B) Powder XRD patterns and SEM images of the as-prepared
(bottom) and ball-milled (top) argon (A) and air (B) synthesized sample. (C) and (D)
SEM/EDS mapping of the elemental distribution obtained for the ball-milled sample of
the argon (C) and air (D) samples.
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2. Electrochemical Characterization
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Figure 3. Electrochemical characterization of (Mgo.2C00.2Nio.2Cu0.2Zno.2)O, Fe-
argon, and Fe-air. (A),(D),(G) Voltage profiles for (Mgo.2C00.2Nio.2Cu0.2Zno.2)O (A), Fe-
argon (D), and Fe-air (G) acquired within a voltage window of 0.01-3.00 V. (B),(E),(H)
Capacity retention plots for (Mgo.2C00.2Nio.2Cu0.2Zno.2)O (B), Fe-argon (E), and Fe-air
(H). The first two cycles in this voltage profile and capacity retention plots are formation
cycles acquired at 100 mA g-', and the subsequent cycles are at 500 mA g-'. (C),(F),(l)
Rate performance of all three compounds cycled between 0.01-3.00V at 100, 500,
1000, 2000, and 3000 mA g' for (Mgo.2Coo.2Nio.2Cuo0.2Zno.2)O (C), Fe-argon (F), and Fe-
air (1).

The electrochemical performance of (Mgo.2Coo.2Nio.2Cuo.2Zno.2)O, Fe-argon, Fe-air,
Mn-argon, and Mn-air as an anode in LIBs was evaluated in a CR2032 coin-type battery
geometry with Li-metal as the counter electrode using galvanostatic cycling. A typical
loading used in this work was about 1.2 mg cm except otherwise specified. The voltage
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profile, capacity retention, and rate performance plots for these materials are shown in
Figures 3 and 4. The first two cycles on the voltage profile and capacity retention plots
are formation cycles measured within a 0.01-3.00 V voltage window and at a current
density of 100 mA g'. These measurements provide a first lithiation capacity of about
1050, 1035, 1180, 1060, 1200 mAh g-' and a first delithiation capacity of about 550, 610,
680, 600, 620 mAh g for (Mgo.2C00.2Nio.2Cuo.2Zno.2)O, Fe-argon, Fe-air, Mn-argon, and
Mn-air respectively. About 50% coulombic efficiency is observed for these materials on
the first cycle, typical of conversion-type charge storage mechanism™1%1", The long-term
cycling performance was evaluated within a 0.01-3.00 V voltage range at a current density
of 500 mA g'. A maximum lithiation capacity of about 570 mAh g' for
(Mgo.2C00.2Nio.2Cu0.2Zno.2)0, 550 mAh g-' for Fe-argon, 600 mAh g-' for Fe-air, 480 mAh
g for Mn-argon, and 550 mAh g-! for Mn-air was observed (Fig.3B, E, H and Fig.4E, H
respectively). The long-term cycling performance of these materials shows an increase
in capacity with cycling except Mn-argon, which shows a stable capacity profile over time.
Figure 3A, D, G and Figure 4D, G show the voltage profile of (Mgo.2C00.2Nio.2Cu0.2Zno.2)0,
Fe-argon, Fe-air, Mn-argon, and Mn-air, respectively. The first lithiation in these voltage
profile plots shows a plateau at about 0.8 V for (Mgo.2C00.2Nio.2Cuo.2Zno.2)O (Fig. 3A), 0.9
V for Fe-air (Fig. 3G), 0.7 V for Mn-air (Fig. 4G) and three different plateaus at about 1.2,
0.7, 0.2 V for both Fe-argon (Fig. 3D) and Mn-argon (Fig. 4D). The subsequent cycles
show a slopping voltage, quite different from the plateau observed during the first
lithiation, indicative of significant structural changes in these materials after the first
lithiation. Figure 3C, F, |, and Figure 4F and | show the (Mgo.2C00.2Ni0.2Cu0.2Zno.2)O, Fe-
argon, Fe-air, Mn-argon, and Mn-air rate performance data, respectively. These rate
performance data were acquired within a voltage window of 0.01-3.00 V and with current
densities of 100, 500, 1000, 2000, and 3000 mA g-'. These materials demonstrate high
stability at variable current densities, accumulating about 320 mAh g for
(Mgo.2C0o0.2Nio.2Cuo.2Zno.2)O (Fig. 3C), 280 mAh g for Fe-argon (Fig. 3F), 220 mAh g
for Fe-air (Fig. 3l), 220 mAh g for Mn-argon (Fig. 4F) and 210 mAh g' for Mn-air (Fig.
41) at a current density of 3000 mA g-'. The capacity of these materials fully recovers to
their original values at 100 mA g-! after these current cycles.
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Figure 4. Electrochemical characterization of (Mgo.2C00.2Nio.2Cu0.2Zno.2)O, Mn-
argon, and Mn-air. (A),(D),(G) Voltage profiles for (Mgo.2C00.2Nio.2Cu0.2Zno.2)O (A), Mn-
argon (D), and Mn-air (G) acquired within a voltage window of 0.01-3.00 V. (B),(E),(H)
Capacity retention plots for (Mgo.2C00.2Nio.2Cu0.2Zno.2)O (B), Mn-argon (E), and Mn-air
(H). The first two cycles in this voltage profile and capacity retention plots are formation
cycles acquired at 100 mA g', and the subsequent cycles are at 500 mA g'. (C),(F),(l)
Rate performance of all three compounds cycled between 0.01-3.00V at 100, 500,
1000, 2000, and 3000 mA g™' for (Mgo.2C00.2Nio.2Cuo.2Zno.2)O (C), Mn-argon (F), and
Mn-air (1).

The electrochemical performance and lithium storage mechanism of the single-
phase rock salt material, (Mgo2Co00.2Nio.2Cu0.2Zno2)O, have been extensively
studied'31417.18 and its electrochemical profile is used as a benchmark upon which to
compare the electrochemical performance of the cobalt-free multiphase materials
prepared in this work. Most multi-metal oxide compounds reported as lithium-ion anodes
are pure single-phase materials. This may lead one to believe that single-phase in these
materials is a prerequisite for a high-performing anode. Nguyen et al. (ref.?%) recently
suggested that a proper secondary phase might even be advantageous to the
electrochemistry of these complex metal oxides. We considerably extended their study
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by preparing analogs of the (Mgo.2Co0.2Nio.2Cu0.2Zno.2)O material with a diverse mixture
of secondary crystalline phases. The long-term cycling performance for the reference
compound (Mgo.2C00.2Nio.2Cuo0.2Zno.2)O looks similar to the multiphase analogs. They all
show similar long-term capacity values, as one will expect from the number of electrons
each material can store per unit formula, assuming each is a pure single-phase
compound. An important thing to note regarding the long-term behavior of these materials
is the exceptionally stable trend observed with the Mn-argon sample, as every other
sample shows an increase in capacity over time. (Mgo.2Co00.2Nio.2Cu0.2Zno.2)O does not
show any visible long-term advantage over the multi-phase samples. However, it
performs better at the highest current density used in this work (3.0 A g-"). The trend and
the capacity values for the rate performance data look similar for all these materials
except at 2.0 and 3.0 A g™', where (Mgo.2Coo.2Nio.2Cuo.2Zno.2)O standouts with slightly
higher capacity values. Since it has been demonstrated that the initial particle size
distribution of these complex oxides can significantly affect their capacity values®1, it is
hard to attribute these slight capacity differences at high current densities to the intrinsic
property of the material.

The voltage profiles of all these materials look very similar, implying a similar
mechanism of lithium storage as expected. However, the first lithiation half-cycle voltage
profile looks different from sample to sample due to the difference in the initial sample
composition demonstrated by the XRD and SEM/EDS mapping. For example, the Fe-
argon fist lithiation half-cycle shows three different plateaus that may correspond to the
three distinct phases identified on the powder XRD pattern. With this reasoning, one may
ask why two plateaus are not observed on Fe-air's first lithiation voltage profile since the
powder XRD shows a two-phase mixture. The spinel phase (mainly Fes3O4) has a first
lithiation voltage of 0.9 V (ref.?®), and the rock salt phase (mainly
(Mgo.25Ni0.25Cu0.25Zn0.25)O has a first lithiation voltage of 0.8 V (ref.'3). it is thus clear that
the two peaks overlap to form the single plateau observed. Although the first lithiation
half-cycle looks different for Fe-argon and Fe-air, their corresponding delithiation half-
cycle and subsequent cycles look identical. This observation implies that, although we
may initially start with different compositions for the two materials, the first lithiation
eventually leads to a similar composition. The same story holds for Mn-argon and Mn-air.
An exciting aspect of these multi-metal oxide materials as lithium-ion battery materials is
the ease with which one can tune the voltage of a given composition by simply substituting
one metal element with another or completely removing a metal component'3. This
concept is not easy to see on the voltage profiles of these materials, but it is clear on their
differential capacity plots (Fig. S3 and S4). The deferential capacity plot of
(Mgo.2C00.2Nio.2Cu0.2Zno.2)O shows the last delithiation peak starting at about 1.3 V and
ending around 2.5 V at a current density of 100 mA g-'. However, if cobalt is replaced with
iron (Fe-argon and Fe-air) or Mn (Mn-argon and Mn-air), the same delithiation peak ends
around 2.0 V at the same current density. That is a 0.5 V lower voltage observed for these
later materials compared to the former, which, if used as an anode material in LIBs, can
significantly improve energy density. To end this discussion, a ball-milled powder
composed of MgO, MnO, NiO, CuO, and ZnO (Fig. S6) was used to prepare a slurry
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similar to the ones made with the materials presented above. The electrochemical
performance (Fig. S7) of these binary metal oxides mixed is not as good as the ones
presented in this work. There is no doubt that these complex multi-metal oxide
compounds have some exceptional electrochemistry as anode materials in LIBs.
However, a pure single-phase material does not appear necessary for the outstanding
electrochemistry observed.

V. Conclusion

The effect of secondary phases on the electrochemistry of complex multi-metal
oxides such as (Mgo.2Co0.2Nio.2Cuo0.2Zno2)O was investigated. The electrochemical
performance of the pure single-phase (Mgo.2C00.2Nio.2Cu0.2Zno2)O material was
compared to that of the cobalt-free multi-phase Fe-air, Fe-argon, Mn-air, and Mn-argon
materials and they all provided a maximum long-term capacity of about 570, 600, 550,
550, and 480 mAh g' respectively at a current density of 500 mA g-' for 250 cycles. They
all show similar rate performance data and voltage profile plots, suggesting that pure
single-phase is not a strict requirement for the outstanding electrochemical performance
observed for these complex multi-metal oxides. Since a single-phase material is not a
hard constraint for good electrochemistry, as demonstrated, one is not limited by specific
metal types, which gives the battery community an expanded design space without the
use of critical elements such as cobalt and nickel. A less advertised advantage of these
complex multi-metal compounds is the ease with which voltage can be tuned by simply
substituting an element.
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