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Earth-abundant, cost-effective electrode materials are essential for sustainable rechargeable batteries and global decarbonization.
Manganese dioxide (MnO,) and hard carbon both exhibit high structural and chemical tunability, making them excellent electrode
candidates for batteries. Herein, we elucidate the impact of electrolytes on the cycling performance of commercial electrolytic
manganese dioxide in Li chemistry. We leverage synchrotron X-ray analysis to discern the chemical state and local structural
characteristics of Mn during cycling, as well as to quantify the Mn deposition on the counter electrode. By using an ether-based
electrolyte instead of conventional carbonate electrolytes, we circumvent the formation of a surface Mn(Il)-layer and Mn
dissolution from Li,MnO,. Consequently, we achieved an impressive ~100% capacity retention for MnO, after 300 cycles at C/3.
To create a lithium metal-lean full cell, we introduce hard carbon as the anode which is compatible with ether-based electrolytes.
Commercial hard carbon delivers a specific capacity of ~230 mAh g~' at 0.1 A g~ without plateau, indicating a surface-
adsorption mechanism. The resulting manganese dioxidellhard carbon full cell exhibits stable cycling and high Coulombic
efficiency. Our research provides a promising solution to develop cost-effective, scalable, and safe energy storage solutions using
widely available manganese oxide and hard carbon materials.
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Achieving global decarbonization encompasses the electrification
of vehicles and infrastructures with sustainable energy storage
systems. Lithium-ion batteries (LIBs) have garnered significant
attention due to their exceptional advantages as an energy storage
technology, including high energy density and excellent energy
efﬁciency.I The inclusion of elements such as cobalt (Co) and nickel
(Ni) prevails in contemporary LIBs, which creates supply chain
vulnerability due to their scarcity in the Earth’s crust as well as high
and fluctuating costs.” Beyond the rational selection of redox-active
transition metals, other essential factors, such as manufacturing
methods and scalability, need to be considered. Therefore, it is
imperative to develop rechargeable batteries with Earth-abundant,
scalable, and low-cost electrode materials that can be manufactured
at low cost.™ Manganese-based oxide materials are particularly
attractive due to their wide availability and versatility in forming
various crystal structures, including spinel, layered, disordered
rocksalt, and tunnel structures.>® Many manganese-based oxide
materials have shown promising properties across different battery
systems, including non-aqueous and aqueous chemistries.

Manganese dioxide (MnO,) has a long history of development
and commercialization in energy storage and conversion. For
example, electrolytic manganese dioxide (EMD) was commercia-
lized in the 1970s as a cathode material for primary lithium
batteries.®’ Micron-sized EMD has high volumetric energy density,
enabling the popularity of compact primary Li-MnO, batteries in
electronics. Chemical manganese dioxide (CMD), another category
of MnO,, is also widely studied because of its excellent structural
and chemical tunability. Notable examples include y-MnO, and
@-MnQO,, which are composed of interconnected [MnOg] octahedra
yielding one-dimensional 1 x 1 and 2 X 2 tunnels, respectively.®’
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The tunnel structure can potentially enable reversible ion insertion/
extraction, yet long-term cyclable MnO, is rarely reported.

Conventionally, the Li-MnO, primary battery is not believed to
be rechargeable, even though manganese dioxide exhibits commend-
able structural reversibility.'®"'> One of the bottlenecks is the poor
reversibility and the safety concerns of the lithium metal anode.
Another concern is the Mn dissolution, migration, and deposition,
which has been widely reported for Mn-rich materials.'>'* If the
dissolution could be eliminated, the cyclability of MnO, would be
greatly enhanced in a rechargeable fashion. Mn(IIl) is present in the
discharged MnO,. Acidic species in the electrolyte can attack Mn
(IIT) and trigger Mn dissolution. Therefore, electrolyte innovations
become crucial to mitigate Mn dissolution to support the long cycle
life of MnO,-based rechargeable batteries without compromising
their low-cost features.'” Ether-based electrolytes using lithium
imide salts are free of acid and thus become promising candidates
to prolong the cyclability of MnO,.'¢ However, the structural and
chemical state of cycled MnO, is underexplored, especially the
impacts of different electrolytes on the surface Mn in a lithiated
state.

To make viable MnO,-based rechargeable LIBs, we need to have
knowledge beyond the rational selection of electrolytes and an
understanding of structural and chemical changes of cycled MnO,
from the surface to bulk. Answering the following question also
becomes critical: how can the MnO, cathode be effectively paired
with a low-cost and scalable anode to maximize the cost benefit of
MnO,? Ether electrolytes are well known to be incompatible with
graphite anode. In contrast, hard carbon can be an alternative.'”'®
Hard carbon is highly tunable and widely available, which can be
advantageous in large-scale energy storage. In Na-ion batteries, hard
carbon receives extensive attention. When cycled in ether electro-
lytes, hard carbon anodes exhibit higher initial Coulombic efficiency
(ICE) and higher capacity than cycled in carbonate electrolytes. To
date, limited efforts are placed on the influences of electrolytes on
hard carbon in LIBs.
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Here, we systematically investigate the stability of MnO, upon
repeated Li-ion storage in different electrolytes. We conclude that an
ether-based electrolyte 1M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) 1,3-Dioxane (DOL)/1,2-Dimethoxyethane (DME)
can substantially mitigate Mn dissolution in Mn-based cathodes. The
Mn chemical states at the surface and in the bulk are elucidated by
synchrotron X-ray analysis. Commercial carbonate electrolytes lead
to a Mn(Il)-rich surface layer because of the disproportionation
reaction of unstable Mn(III). In contrast, micron-sized EMD exhibits
outstanding structural reversibility in 1 M LiTFSI DOL/DME even
in the presence of abundant Mn®", achieving approximately 100%
capacity retention after 300 cycles at C/3. We then study the
electrochemical behavior of a disordered carbon (hard carbon) anode
in the ether electrolyte, aiming to establish a rechargeable hard
carbon-MnO, battery cell. The adsorption-based mechanism pro-
vides a capacity of ~230mAh g~' for the hard carbon anode. To
provide the initial Li inventory and compensate for the considerable
lithium loss in the full cell during the first cycle, we introduce a thin
Li metal layer on the hard carbon anode. Fluorescence X-ray
microscopy further quantified the amount of Mn deposited on the
hard carbon anode in the ether and carbonate electrolytes, providing
strong evidence for the advantage of LiTFSI DOL/DME in
inhibiting Mn dissolution. Our work provides a proof-of-concept
design for applying MnO, and hard carbon materials for sustainable,
cost-effective batteries.

Results and Discussion

Different battery configurations are displayed in Fig. 1. The
usage of carbonate electrolytes results in Mn dissolution, migration,
and deposition behaviors, which shorten the cycle life of the
batteries (Fig. 1a). Carbonate electrolytes also lead to overgrown
SEI and significant dendrite formation. An ether electrolyte can
potentially enable a MnO,-based battery with substantially mitigated
Mn dissolution (Fig. 1b). However, the use of a complete Li metal
anode is still far from being practically feasible. Low-cost carbon
anode can be an alternative solution to build a MnO,-based battery,
where a trace amount of Li could be added to compensate the Li loss
during cycling (Fig. 1c). Table S1 summarizes the dictating factor of
cyclability in different cell configurations. In this study, we
gradually build such a rechargeable hard carbon-MnO, battery cell
by identifying individual battery components, investigating their
degradation mechanisms and mitigation strategies, and ultimately a
full-cell construction. The MnO,llHard carbon batteries offer a
sustainable energy storage solution due to the abundance of raw
materials.

We processed commercial EMD with heat treatment to remove
water. Figure Sla shows the phase (mostly 7-MnO,).2*?! EMD

a

consists of micron-sized particles (5-20 pym) with irregular mor-
phology as displayed in Fig. S1b. Since EMD is a scalable material
and has been widely commercialized for primary batteries, we use it
as the material to evaluate how different electrolytes perform in the
Li metal cells. We first compared the performance of MnO, in
different electrolytes in Li metal cells (Fig. S2). In general, we found
that 1 M LiTFSI DOL/DME (abbreviated as ‘“ether” in the subse-
quent discussion and figures) can enable the highest capacity
retention, whereas 1 M LiPFs EC/EMC (abbreviated as “carbonate”
in the following figures) causes rapid fading. The 1 M LiTFSI DOL/
DME electrolyte can also provide a slightly increased average
discharge voltage. There is a substantially lower buildup of
impedance and less Mn dissolution in the 1 M LiTFSI DOL/DME
electrolyte. In the ether electrolyte (Figs. 2a—2b), EMD shows an
ICE of 69% and a higher reversible capacity of 140 mAh g™" in the
initial cycle at C/3. The capacity retention after 300 cycles at C/3 is
as high as ~100%. Collectively, our results show that the ether
electrolyte is favorable for cycling MnO,, which provides a great
starting point for building the MnO,llhard carbon full cell.

Next, we investigate how different electrolytes impact the
stability of EMD at the surface and in the bulk. To investigate the
ensemble-averaged Mn electronic and chemical environments, we
analyzed Mn K-edge X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS). The absorp-
tion edge and whiteline shift toward lower energy after discharge,
showing Mn reduction (Fig. 3a). At the discharged state, the average
Mn oxidation state is 3.28. At the charged state, the average Mn
oxidation state is 3.72 (Fig. 3b). We expect that the presence of Mn
(IID), especially at the end of discharge, can be a source of Mn(III)
disproportionation impacted by the electrolyte chemistry. Mn(III)
disproportionation forms soluble Mn(II), which is detrimental to the
stability of anode interphase and electrolytes.'* EXAFS probes the
local structural environment of Mn (Fig. 3c). The first coordination
shell is assigned to Mn-O. We observe a slightly elongated Mn-O
corresponding to the Jahn-Teller distorted MnOg octahedra in
lithiated EMD.??> In the second coordination shell, for pristine
MnO,, a strong peak related to Mn-Mn sharing by edge
(Mn-Mn,4,.) and a weak peak represented by Mn-Mn sharing by
corner (Mn-Mngome,) can be found.?>** Mn,O, gives a very strong
Mn-Mn bonding feature, consistent with previous literature.” While
preserving the Mn-Mnegge and Mn-Mnopm, features, the Mn K-edge
EXAFS of lithiated EMD is different from that of the pristine
sample, suggesting that there are some local structural changes.
Despite the abundant Mn(IlI) and notable change of the Mn
coordination environment, EMD delivers negligible capacity decay
(Fig. 2), which means the tunnel structure is overall stable during
repeated cycling. Such structural integrity might be related to the
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Figure 1. Different configurations of batteries based on a MnO, cathode. (a) Li-MnO, batteries using carbonate-based electrolytes, exemplified by lithium
hexafluorophosphate (LiPFg) in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) here. EC/EMC = 3/7 by weight. (b) Li-MnO, batteries based on ether-
based electrolytes, exemplified by 1 M LiTFSI DOL/DME here. DOL/DME = 1/1 by volume. (c) Li/hard carbon-MnO, batteries based on 1 M LiTFSI DOL/
DME. DOL/DME = 1/1 by volume. A trace amount of Li metal is used to provide Li inventory for cycling and accommodating Li loss, which is in sharp contrast

to (a) and (b), where excessive Li metal is used.
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Figure 3. (a) Mn K-edge hard XAS spectra at different states of charge (SOCs). CH means charged to 3.6 V. DC means discharged to 1.8 V. The cycled EMD
was collected after fifty cycles at C/3. Mn K-edge XAS spectra of Mn(IV)O, and Mn,(III)O; are provided as references. (b) Calculated Mn oxidation states based
on the white-line energy. A linear relationship between oxidation state and energy is assumed. The cyclable Mn oxidation state range is marked. This panel
shares the same color scheme as (a). (c) Fourier transformed (FT) magnitude of Mn K-edge EXAFS at different SOCs. (d) Mn L-edge soft XAS spectra of cycled
EMD electrodes at different SOCs and in different electrolytes. (e) Schematic of the surface and bulk Mn in EMD after being cycled in carbonate and ether

electrolytes.

intergrowth structure, poor cr%/stallinity and defects, which mitigate
the Jahn—Teller distortion.”**® We then compared the surface Mn
states of the electrode after cycling in different electrolytes using soft
X-ray absorption spectroscopy (XAS). The pristine MnO, exhibits a
characteristic of Mn(IV), shown in Figs. 3d and S3a (standard
spectra). Cycled in the carbonate electrolyte, the presence of Mn(II)
at the surface becomes clear at the 30th cycle and becomes dominant
at the 80th cycle. The fluorescence-yield (FY) mode has a probing
depth of 50 nm, which means the average thickness of the Mn(II)-
rich layer is at least 50 nm (Fig. S3b). Despite the abundance of Mn
(M), from the 30th discharge to the 80th discharge, the surface
chemical state of Li,MnO, cycled in the ether electrolyte has an
insignificant change. At the 80th discharge, there is no major
difference in XRD (Fig. S4). In Fig. 3e, the schematic depicts the

surface evolution of Li,MnO; in the ether and carbonate electrolytes.
The carbonate electrolytes produce HF via the PFg~ hydrolysis,
boosting the disproportionation reaction of Mn(IIl) and the forma-
tion of soluble Mn(I)."> In contrast, with the ether electrolyte
utilizing lithium imide salts resilient to hydrolysis, the Mn(III)
disproportionation is mitigated.'® Collectively, we show that Mn-
based materials are stabilized in the ether electrolyte, which would
help the MnO,llhard carbon full cell.

Despite the excellent rechargeability of MnO, cathodes, a suitable
anode is needed for large-scale energy storage because cost and safety
are particularly critical over energy density. Ether electrolytes
generally have poor compatibility with the commercial graphite
anode, and thus no full-cell design has been reported to the best of our
knowledge.'® Here, we study the compatibility of the 1M LiTESI
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DOL/DME electrolyte with a hard carbon anode. It is well known that
in Na and K chemistries, hard carbon can exhibit higher capacity,
faster charge capability, and outstanding cyclin§ life in ether-based
electrolytes over carbonate-based electrolytes.'*”” We wonder if the
trend can be replicated in LIBs. According to the cyclic voltammetry
(CV) data (Fig. 4a), the electrolyte undergoes reduction during the
first discharge, suggesting a noticeable SEI formation. The curves
overlap well beyond the second cycle, suggesting the excellent
reversibility of the electrochemical cell. In Figs. 4b—4c, the
rate capability test at different current densities (from 0.1 A g~ ' to
1A gfl) demonstrates that hard carbon delivers a high CE (>99.5%)
and a decent capacity at high current density, for example, 120 mAh
g 'at1 A g, The sloping voltage profile indicates an adsorption-
based reaction mechanism. In addition, the average discharge voltage
is much higher than the Li metal plating potential, which is beneficial
to fast-charging and low-temperature operations. The specific capacity
of hard carbon cycled in the ether electrolyte is higher than that cycled
in the carbonate electrolyte (Figs. 4d—4f). Both electrolytes provide
similar coulombic efficiencies, with an ICE (~75%) and an average

CE (>99.5%). After 250 cycles, the capacity retention is ~86%. To
conclude, the ether electrolyte performs better than the carbonate
electrolyte. In addition, no plateau capacity is observed cycled in the
1 M LiTFSI DOL/DME electrolyte. The origin of plateau-capacity in
hard carbon anode remains controversial. Several mechanisms have
been proposed, includin§ E)ore filling, Na-ion insertion, and cation-
solvent co-intercalation.””>® Qur results indicate that the reaction
mechanism of hard carbon in the DOL/DME electrolyte is predomi-
nantly surface adsorption (Fig. 4g). When paired with a MnO,
cathode, a MnO,llhard carbon full cell performs intercalation and
adsorption reaction mechanisms in the cathode and anode, respec-
tively.

At this point, the compatibility of hard carbon and MnO, with the
ether electrolyte has been substantiated. Both electrodes are Li-free
in the as-synthesized state. Therefore, we need limited Li metal as a
Li-ion source for the Li-free electrodes. Thus, a thin Li metal foil is
pressed with hard carbon, akin to a pre-lithiation process. Figure 4h
shows that after 24 h the open circuit voltage (OCV) of the cell can
reach ~0 V vs Li/Li*, suggesting successful “contact pre-lithiation.”
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Figure 4. (a) Cyclic voltammetry plots of hard carbonlILi metal cells in 1 M LiTESI DOL/DME at 0.2 mV s . (b) Rate capability of hard carbon in the ether
electrolyte at different current densities. (c) Corresponding voltage profiles of (b). (d) Cycling performances of hard carbonlILi metal cells in 1 M LiTFSI DOL/
DME and 1 M LiPFs EC/EMC at 0.1 A g~'. The mass loading of hard carbon cycling in 1 M LiTESI DOL/DME and 1 M LiPF, EC/EMC is 7.0 mg cm ™2 and
8.0 mg cm 2, respectively. (e)-(f) Voltage profiles of hard carbon in different electrolytes at a specific cycle number. (g) Schematic of the proposed Li-ion storage
mechanism in hard carbon. The curve is modified from real data of the hard carbon in Na-ion batteries. (h) The evolution of the open circuit voltage (OCV) of a
hard carbon/Li composite electrode in 1 M LiTFSI DOL/DME. A small piece of Li metal (4 mm diameter) is directly pressed on the center of a hard carbon
anode (10 mm diameter). The mass of Li metal is 2.0 mg while the mass of hard carbon is 6.2 mg. The composite electrode then follows the conventional cell
assembly process using a Li metal disk as the counter electrode. The changing OCV indicates the successful prelithiation of hard carbon by the Li metal.
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Figure 5a presents the cycling performance MnO,llhard carbon full
cells, where the hard carbon anode surface has a small piece of Li metal
(0.7 mg, 4 mm diameter, ~100 um). Note that the full cell here is only
a proof of concept. The usage of Li metal can be further reduced.
During the early cycles, Li metal provides Li inventory and compen-
sates for the Li loss due to the SEI formation on the hard carbon anode
and irreversible Li intercalation in the cathode. The cells deliver a
similar initial areal capacity of 1.26 mAh cm™ in the two electrolytes.
After 200 cycles, the capacity retention in the ether electrolyte is 91%,
which is much higher than that in the carbonate electrolyte (58%)
(Fig. 5a). The voltage profile (Fig. 5b) shows that the cell cycled in the
carbonate electrolyte has a rapid decrease of energy density and energy
efficiency. Our results further show the high compatibility between the
ether electrolyte and hard carbon and MnQO, electrodes. When the small
piece of Li metal is used as the stand-alone anode (Fig. 5c), the capacity
of the Li-MnO, cell drops to <5% after five cycles. In addition, the cell
has a low ICE of 70%, similar to that of Li-MnO, battery with
excessive Li metal (Fig. 2b). These results demonstrate that hard carbon
is indeed the main electrochemically active component in the
MnO,llhard carbon full cell.

To quantify Mn deposited on the hard carbon, fluorescence X-ray
mapping was performed on the surface of the hard carbon anode after
200 cycles in the two electrolytes (Figs. 5d—5e). Only a few spots with
high Mn intensities are observed in the ether electrolyte. In contrast,
noticeable Mn deposition can be observed in the carbonate electrolyte
(the mean Mn concentration is 21.51 ug cm™2). The concentration
of the deposited Mn follows a normal distribution or Gaussian
distribution.

Conclusions

In this work, we provide a comprehensive study of manganese
oxide and hard carbon in half and full cells. MnO, is shown to be
intrinsically reversible in Li-ion storage. The electrolyte is the key to
mitigating Mn dissolution and maximizing the cycle life of EMD. In
the ether electrolyte (1 M LiTFSI DOL/DME), a capacity retention
of ~100% is achieved after 300 cycles at C/3, outperforming the
1M LiClIO4, PC/DME and 1M LiPFs EC/EMC electrolytes.
Supported by synchrotron X-ray spectroscopic data, the Mn(I)-
rich layer originated from the disproportionation mechanism is
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minimized by using the ether electrolyte. We also demonstrate the
compatibility between the hard carbon anode and the ether electro-
lyte. The adsorption-based mechanism provides a capacity of ~230
mAh gfl. Based on these findings, we fabricate MnO,llhard carbon
full cells with a lean Li metal to provide the initial Li inventory and
accommodate the low ICE of hard carbon. Cycling in the ether
electrolyte offers a higher cycling performance and substantially
mitigates Mn dissolution. In summary, the utilization of Earth-
abundant, low-cost, and scalable manganese oxides and hard carbon
show promises for energy storage systems.

Materials Preparation and Cell Fabrication

Commercial electrolytic manganese dioxide (EMD) was pur-
chased from Thermo Scientific Chemicals (activated, tech. 90%,).
The material was then heated at 350 °C in the air for 12h. The
electrode slurry is composed of 90 wt% heated EMD, 5 wt% carbon
black, and 5 wt% polyvinylidene fluoride (PVDF), homogenously
dispersed in N-methyl-2-pyrrolidinone (NMP). The slurry is cast onto
aluminum foils first dried at 80 °C for 4h and then at 120 °C for
overnight in a vacuum oven. Commercial hard carbon is ordered from
MSE Supplies LLC. The electrode slurry is composed of 90 wt% hard
carbon, 2.5 wt% carbon black, and 7.5 wt% sodium alginate,
homogenously dispersed in deionized (DI) water. The slurry is cast
onto aluminum foils first dried at 80 °C for 4 h and then at 120 °C for
overnight in a vacuum oven. Electrodes are cut into discs of 10 mm
diameter. The average mass loading of the cathode electrode for half-
cell configuration was 3.04.0 mg cm™ 2 The 2032-coin cells are
assembled in an Argon filled glovebox. Half cells were made with
manganese dioxide as the working electrode, Li metal as the counter
electrode, and Celgard 2325 as the separator. Flooded electrolytes are
used in each cell. In full cell preparation, thin Li metal (4 mm
diameter) is manually rolled and pressed on the top of hard carbon.

Electrochemical Measurements

The constant-current charge/discharge tests were performed on
the Land battery-testing system. All batteries were cycled at room
temperature (22 °C-23 °C). The voltage range of cathode measure-
ment is 1.8 to 3.6 V vs Li/Li". The specific capacity shown in the
software is divided by 0.9 since the purity of EMD is 90%. The
voltage range of hard carbon anode measurement is 0.001 to 3.0 V
vs Li/Li*. The voltage range of the MnOllhard carbon full cell is 1.8
to 3.6 V. Electrochemical impedance spectroscopy (EIS) was tested
on an electrochemical potentiostat (Princeton Versa STAT3) with a
frequency range of 100k-0.01 Hz and a potential amplitude of
S5mV s . Cyclic voltammetry (CV) was conducted on the same
potentiostat.

Material Characterizations

The scanning electron microscopy (SEM)-energy dispersive
spectroscopy (EDS) mapping was performed on a scanning electron
microscope (FESEM, LEO 1550). X-ray diffraction (XRD) data was
measured on a Bruker D8 Advance diffractometer with Cu Ko
source. The cycled electrode was fixed and covered with Kapton
tape. Soft X-ray adsorption spectroscopy (soft XAS) was obtained at
Beamline 10-1 in Stanford Synchrotron Radiation Lightsource
(SSRL). Data were acquired under ultrahigh vacuum (10~° Torr)
at room temperature. The energy resolution is approximately 0.2 eV,
and the beam spot measures about 1 mm> Samples were affixed to
an Aluminum sample holder within an argon-filled glovebox and
securely sealed during transfer. The soft XAS data was analyzed by
Pymca. Normalization to [0,1] was applied for the collected data.
The energy correction was conducted based on the reference spectra
and the characteristic peak of Mn (II) at 640eV. Hard X-ray
adsorption spectroscopy (hard XAS) was conducted at beamline
20-BM in the Advanced Photon Source at Argonne National
Laboratory. The electrode underwent a sealing process with
Kapton tape before measurements. Analysis of XANES and

EXAFS data was 3[,laerformed using ATHENA software following
standard methods.” X-ray fluorescence microscopy (XFM) data
were gathered at the §-BM beamline at the Advanced Photon
Source, Argonne National Laboratory, utilizing a sub-micrometer
focused 10-keV X-ray beam with a step size of 30 um, while the
samples were raster-scanned. The hard carbon was peeled off from
the Cu current collector prior to the XFM measurements to avoid
interference signal from Cu. XFM data was analyzed by ImageJ. For
all the electrodes used in synchrotron experiments, dimethyl
carbonate (DMC) solvent was employed to remove the residual salts.
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