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Abstract

Complex manganese oxides have been extensively studied as intercalation Li-ion
battery electrodes. The simple oxide MnO has been proposed as a conversion anode
material with a theoretical capacity of 756 mAhg~! for full reduction to the metal.
We report the reaction of MnO with Li using in situ X-ray diffraction and find no
sign of crystalline products upon either discharge or charge. However, the absence of
reflections, paired with electrochemical impedance spectroscopy, suggests disordered
discharge products. We also examine composite electrodes with porous particles of
MnO as the active component, with pores generated through the reductive heating of
Mn30,4. We compare the behavior of these with more dense MnO powders, including
studies of the electrode morphologies pre- and post-cyling. We find differences in the
first discharge relevant to the utility of such mesostructuring in conversion reaction
materials. Specifically, we find this type of mesostructure, which gives advantage in
intercalation and pseudocapacitive storage, does not yield the same benefits for con-

version reaction systems.



Introduction

The realization of Li-ion battery (LIB) technology that came with layered transition metal
oxides is a key contributor to the ubiquitous nature of portable electronics. LIBs have
more recently found use in electric vehicles. While the layered or channeled structures of
intercalation-based LIBs outperform previous technologies, especially nickel-metal hydride
and lead acid, there are fundamental limits to the achievable gravimetric capacities of
intercalation materials, which are typically only 150 mAhg~! to 250 mAhg~!.%2

Given the perpetual drive for electrochemical energy storage with higher energy densi-
ties needed for lighter, smaller batteries, the number of studies on conversion electrode ma-
terials with theoretical capacities between 600 mAh g=! and 1000 mAh g~! has increased
dramatically.® Initially considered to be feasible only at high temperatures with molten
salt electrolytes,*> transition metal oxides that store charge by conversion were found to
exhibit reversibility at room temperature with sufficiently small particle sizes.® Since this
revelation, a number of studies have reported the performance of M, X, compounds that
react with Li by conversion, such that M = a transition metal and X = O, S, N, P, and F.%¢

Conversion reactions are understood to follow as (Eq.1):°

M Xy + (bn)Lit + (bn)e” = aM® + bLi, X (1)

The application of Eq. 1 to MnO is (Eq. 2):

MnO + 2Li"T 4+ 2~ = Mn° + Li,O (2)

A major issue that plagues conversion electrodes is significant irreversibility, which
leads to poor coulombic efficiency and short cycle life. This is due in part to kinetic issues,
though theoretical and experimental works have also found evidence of significant thermo-

dynamic barriers to reversibility in displacement and conversion systems.”~? In addition to



chemical irreversibility, conversion materials undergo nanostructuring during the first dis-
charge, whereupon initially micron or sub-micron particles are converted to nanoparticles
of M that are 2nm to 5nm in diameter in a matrix of disordered Li, X.°

This study focuses on porous transition metal compounds, which have been extensively
studied for surface-based energy storage, especially pseudocapacitors. Mesopores have
been used to improve performance in several intercalation systems and are shown to have
superior performance to nanoparticles. 12 Porosity has also been applied to transition
metal oxide conversion materials in attempts to improve electrochemical performance,
with hopes for porosity to deliver similar benefits to coulombic and energy efficiency as
have been observed for intercalation and capacitive storage. 317

We find here that porosity can yield temporary capacity improvement, but does not re-
solve the significant hysteresis and irreversibility encountered in conversion systems. Ad-
ditionally, studies reporting on porous materials for conversion reactions only rarely detail
why there are or are not advantages afforded by porosity, for example, by characterizing
the morphology of the material with cycling, as we do here. 13151819

Most reports of porous transition metal oxides for Li-ion batteries with charge storage
by either intercalation or conversion have exclusively been prepared by templating. Here,
we prepare porous MnO through spontaneous, template free routes, by heating dense
Mn30, in a reducing atmosphere, based on methods reported by Toberer et. al.?’ We
compare the benefits of mesopores on the order of 15nm to 40 nm to nonporous MnO by
galvanostatic cycling and investigate mesostructures before and after cycling by scanning

electron microscopy (SEM). Additionally, we report in situ X-ray diffraction (XRD) and

electrochemical impedance spectroscopy (EIS) for the conversion reaction of MnO with Li.



Experimental

Cell Assembly and Electrochemical Analysis

For in situ studies, as-purchased MnO powder (Alfa Aesar) and the conductive carbon
additive SuperP® (TIMCAL) were ground by hand using an agate mortar and pestle in a
75:15 ratio by weight. The powders were dried overnight in a vacuum oven at 120 °C. In
an Ar-filled glovebox, the loose powder cathode and Li metal anode were assembled into
a cell with a Be window at the cathode side, which allowed the collection of XRD data in
situ.?! A glass fiber filter paper (Whatman®) GF/D) separator prevented electrical shorting
between electrodes. The electrolyte was a 1 M solution of lithium hexafluorophosphate
(LiPFg) in ethylene carbonate and diethyl carbonate (EC:DEC) in a 1:1 ratio by volume.
In situ XRD data was collected on a Bruker D8 powder diffractometer with Co Ko (A =
1.79 A) equipped with a LynxEye detector. Due to the cell configuration, data collection
was limited to a 20 range of 40° to 60°. Relevant reflections were primarily in the 40° to
50° range, so this region is the focus of in situ XRD analysis.

Electrochemical cycling was carried out using half-cells assembled in stainless steel
2032 coin cell cases (MTI). For coin cells, electrodes were a cast composite of MnO (either
porous or nonporous), SuperP®), and polyvinylidene fluoride (PVDF) binder in a 75:10:15
ratio by weight. The electrode components were made into a slurry with N-methyl-2-
pyrrolidone (NMP). The slurry was cast onto Cu foil using the Dr. Blade method and the
cast film was dried on a hot plate at 120 °C for 3 hours. From the cast film, 15 mm diameter
circles were cut out and dried in a vacuum oven at 120 °C overnight. The separator was
a 19mm diameter polypropylene sheet (Celgard). The electrolyte used was 1M LiPF;
in ethylene carbonate and dimethyl carbonate (EC:DMC) in a 1:1 ratio by volume. The
reference electrode was 15 mm diameter scraped Li metal (STREM Chemicals). Cells were
assembled in an Ar-filled glovebox.

Electrochemical measurements for in situ and cycling studies were performed using a



Bio-Logic VMP-3. Galvanostatic cycling with potential limitation (GCPL) was carried out at
a rate of C'/20, as calculated for the 2 e~ reaction of MnO with 2 moles of Li, with an upper
potential limit of 3V and a lower potential limit of either 0.2V or 0.01 V. For all cycling,
rates and capacities were normalized to the mass of MnO in the electrode. During in situ
GCPL, electrochemical impedance spectroscopy (EIS) data was collected in the frequency
range of 500 kHz to 100 mHz at various states of charge. Data was collected with 6 points
per decade and in logarithmic spacing, with a sinus amplitude of 10 mV and a waiting

period of 0.10 s between each frequency.

Preparation of Porous MnO

Porous MnO was prepared as reported by Toberer et. al.2° MnO powder was ground and
pressed into 13 mm pellets using 5 metric tons of force. Pellets were sintered at 950 °C for
24 h and then quenched in water to retain Mn30O,, suppressing transformation to the room
temperature equilibrium phase, Mn,O3;. Mn30, was reduced to MnO at 475°C for 6 h in
flowing 5% H, in N, gas.?° X-ray diffraction (XRD), using a Philips X’Pert Diffractometer
with Cu Ka radiation (A = 1.5418 A) in the 26 range of 10° to 100°, and Rietveld refine-
ment, using Topas software,?? confirmed the phase purity of the quenched and reduced
products. Reduction to MnO involved a mass loss of about 6.9%, which was accommo-
dated by the generation of connected pores on the order of 15nm to 40 nm, as previously
reported,2® with pore walls of a similar size. The morphology of Mn30, and the resulting
MnO were compared by SEM using an FEI X140 Sirion FEG microscope. SEM samples
were mounted with Cu tape and sputter-coated with Au/Pd to improve resolution and

prevent charging. Images were collected with a beam voltage of 5kV and a spot size of 3.



Results and Discussion

In situ XRD and Electrochemical Impedance Study of MnO Conversion

We carried out in situ XRD and EIS at several states of charge to learn about the conversion
reaction of MnO with Li. For this experiment, the working electrode was nonporous MnO
and SuperP®) in a 75:15 ratio by weight against a Li metal anode using 1 M LiPFg in
EC:DEC electrolyte. The loose powder cell was cycled galvanostatically at a rate of C'/20,
calculated based on the reaction of MnO with 2 moles of Li (Eq. 2).°

The first cycle is shown in Figure 1(a), with time for the discharge on the lower x-
axis and the corresponding capacity on the upper z-axis. XRD collected during the first
discharge is shown in Figure 1(b) as a function of time, which is aligned with the time
axis of the GCPL in Figure 1(a). Figure 1(c) shows select XRD patterns, which provide
visualization of the relative intensity of MnO reflections before (¢ = 0), part way through
(t =10), and at the end of (¢ = 24) the first discharge. Before discharge (¢ = 0), there were
intense MnO reflections at 41.0° and 47.5° in Co Ka 260 and other, lower intensity peaks
(marked with *) corresponding to Be and BeO from the window of the in situ cell.

There was a decrease in the intensity of MnO peaks during discharge, indicating the
reaction of MnO with Li (Figure 1). However, XRD shows no crystalline discharge prod-
ucts. The proposed products from the reaction of MnO with 2 moles of Li are Mn° and
Li,O (Eq.2).® We saw no crystalline Li,O by XRD, due in part to the low Z elements of
Li,O which make it a weak X-ray scatterer. Also, Li,O formed by conversion of a transition
metal oxide is expected to have little-to-no long-range order, which limits phase identifi-
cation of cycling products by XRD.32¢ There are reports of crystalline Li,O at the end of
discharge, detected by ex situ XRD, with conversion of MnO and several higher valent Mn
oxides.?” However, various in situ studies see no evidence of crystalline Li,O at the end
of discharge, such as in the conversion of Mn3;0, and Co0.%2% These in situ results are

in agreement with our findings, suggesting electrochemical products are amorphous, but
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Figure 1: (a) GCPL at C/20 with potential limits of 0.01V and 3V was recorded for non-
porous MnO, with EIS measured at various states of charge [(i), (ii), (iii), and (iv)] (EIS
is shown in Figure 3). (b) In situ XRD for the first discharge is shown as a contour plot vs.
discharge time. (b) Initial MnO reflections at 41.0° and 47.5° in Co Ka 26 do not change
concurrent with a small plateau near 0.6V (a). (b) Along the discharge plateau, MnO
peaks decrease in intensity until disappearing at end of discharge. XRD on charge is not
shown, but MnO peaks do not return between the end of discharge and end of charge, and
no new peaks evolve. (c) Select XRD scans are shown, with * for peaks associated with Be
or BeO from the window of the in situ cell.
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Figure 2: XRD collected before cycling shows two MnO reflections, which decreased in
intensity during discharge. No other peaks formed with either discharge or charge. The
sets of vertical lines at the bottom of the figure indicate the expected peak positions of
various crystalline Mn® phases that could form. Data for these phases are plotted from
ICSD entries 42743,%% 41775,%* and 41509.2°> MnO peaks do not return with charge, which
is suggestive of a charge product with no long-range order.

have the opportunity to crystallize during ex situ experiments.

Several phases of Mn" could form on discharge, but none of which were observed
(Figure 2). However, disordered Mn" could account for the lack of reflections at the end
of discharge. Additionally, if there were broad, low intensity peaks coming from 2 nm to
5nm particles, ?® the signal could be lower than the background of the XRD data. Jiao et. al
also found no evidence of crystalline Mn° at the end of discharge for Mn3;O, by XRD, but
did see locally ordered Mn" by X-ray absorption spectroscopy.2®

Furthermore, we do not see evidence for the reformation of crystalline MnO on charge
(Figure 2). This is in agreement with similar in situ studies of transition metal oxide con-
version electrode materials, especially CoO.° Our findings are also consistent with those of
the in operando characterization of Mn3;0,, in which charge product(s) showed no crys-
talline phase by XRD, but locally resembled MnO.2® Ex situ X-ray absorption near edge
spectroscopy (XANES) of MnO conversion saw some, but not complete, oxidation of Mn

to the 2+ state upon charge.?® Charge products with only local, rather than long range,



order have also been observed for MnO and NiO, among others. %282
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Figure 3: EIS was recorded at various states of charge during galvanostatic cycling, which
are marked in Figure 1(a). The spectra are shown here in a Nyquist plot. (i) The impedance
before discharge was moderate and (ii) decreased with discharge to 0.5V. (iii) Impedance
decreased further with complete discharge to 0.01V. (iv) With charge to 3V, both the
imaginary and real components of impedance increased.

While in situ XRD provides only partial phase information for the cycling of MnO,
namely the conversion of MnO to X-ray amorphous product(s) upon discharge and charge,
we can gain insight about the nature of the products from EIS recorded at various states
of charge, marked in the GCPL in Figure1(a) as (i), (ii), (iii), and (iv). The collected
spectra are shown in Figure 3 by the same labels. Before discharge (i), the loose powder
cathode has an impedance spectra with a semicircle at low impedance and a tail at higher
impedances. With discharge to 0.5V (ii), just beyond the small plateau in GCPL, the size of
the upper intercept of the semicircle is decreased, suggesting a decrease in charge transfer
resistance. By XRD, we see no change in the MnO peak intensities at this state of charge,
so the small plateau [Figure 1(a)(ii)] and change in impedance likely result from solid
electrolyte interphase (SEI) formation. SEI has been shown to occur near this potential for
carbonate electrolytes and to reduce the charge transfer resistance.3%3!

At the end of discharge (iii), both the real and imaginary components of impedance
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Figure 4: SEM of cast composites electrode of (a) nonporous MnO before cycling shows
micron-sized grains. (b) The micrograph of nonporous MnO after cycling shows cracks and
sub-micron features. (¢) Porous MnO before cycling has 15nm to 40 nm pores and pore
walls. (d) The micrograph of cycled porous MnO shows that the pores have been destroyed
and the dominant feature sizes resemble those of (b) nonporous MnO after cycling.

were again decreased. According to the model for conversion reactions, we expect Mn’
nanoparticles in a matrix of disordered Li,O at the end of discharge. %32 The decreased size
of the semicircle could correspond to improved Li* conductivity, which suggests the forma-
tion of disordered Li,O. This fits with the absence of Li,O reflections by in situ XRD. Studies
on FeF, conversion report a percolative network of Fe nanoparticles upon discharge, ex-
pected to provide an electron conduction pathway through the sub-micron domains of the
initial phase.3? For discharged MnO, we saw negligible change in the low impedance (high
frequency) regime of EIS, suggesting no enhanced electron conductivity upon discharge.
After charging to 3V (iv), the semicircle grew beyond its initial size. Additionally, the
high impedance intercept of the semicircle was less well-defined than before cycling (i).
This could be the result of reduced homogeneity of the electrode-electrolyte interface after
charge (iv), possibly arising from a variety of domain sizes or an increased roughness at
the electrode interface, as observed by SEM after 20 cycles [Figure 4(b)]. Alternatively, the

nature of the observed impedance could arise from the presence of various phases upon
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charge. Since less than 60% of the discharge capacity was recovered with charge, we did
not expect a single-phase product. Each different surface or phase present could contribute
a different semicircle, the combination of which would give rise to the disperse and ill-
defined end of the semicircle at mid-range frequencies upon charge. Other possibilities
include a contribution of SEI or electrolyte decomposition to charged state EIS. While
electrolyte interactions play a large role in some of our observations and, generally, in
electrochemical energy storage materials that operate below 1V, we focus here on the
inorganic aspects of MnO conversion.

The combination of in situ XRD and EIS at various states of charge suggests the forma-
tion of small domains of amorphous phases from micron-sized particles at the end of the
first discharge that persist with charge. By XRD, we also saw no crystalline phases at dis-
charge or charge. The formation of disordered Li,O at discharge is supported by XRD and
decreased impedance. XRD and EIS support SEI formation during the plateau near 0.6V,
because the impedance shows a decrease in charge transfer resistance, but MnO reflection

intensities in XRD show no change before and after this electrochemical feature.

Comparing nonporous and Porous MnO

As described in the experimental section, MnO with connected porosity was prepared by
reducing Mn3Q,, following the procedures described by Toberer et. al.®®* The phase and
morphology of Mn3;O, were assessed by XRD and SEM. XRD and Rietveld refinement
showed good agreement to sintered and quenched Mn30O, [Figure 5(a)] and reduction to
MnO [Figure 5(b)]. SEM shows macroscale porosity for Mn30, [Figure 6(a)] and smaller,
secondary pores 15nm to 40 nm wide in the reduced MnO [Figure 6(b)]. The nanoscale
pores of MnO were evident at pellet surfaces and cross-sections, showing porosity was
throughout the micron-sized grains. BET surface area and BJH pore size distribution for
MnO prepared by the methods employed here have been previously reported by Toberer

et al. from N, sorption measurements,?° reporting low surface areas between 1 m? g*

12
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Figure 5: XRD and Rietveld refinement confirmed the phase purity of (a) Mn3;O, prepared
by solid state methods and (b) reduction to MnO by heat treatment in flowing 5% Hs/Ns.
XRD data is shown as black circles, the Rietveld fit is shown in red, and the difference is
shown in orange.

and 6 m? g~! with a pore size distribution centered at 50 nm.2° We find similar pore size
distributions by N, sorption measurements, consistent also with observations by SEM.

6,3435 we expected the smaller domain sizes and minor in-

Based on previous studies,
crease in surface area that accompany porosity to improve the capacity and capacity reten-
tion of the conversion reaction of MnO. We compared the electrochemical performance of
micron-sized grains of MnO [Figure 4(a)] and MnO prepared by the reduction of Mn;0,
[Figure 4(c)]. Following, these will be referred to as nonporous and porous MnO, respec-
tively.

Composite electrodes of nonporous and porous MnO were prepared with SuperP®
and PVDF and cast onto Cu foil. Electrodes were tested in coin cells with 1 M LiPFg in
EC:DMC electrolyte against a Li metal anode. Galvanostatic cycling was carried out at
/20, calculated based on the reaction of MnO with 2 moles of Li (Eq. 2).°

The theoretical potential for the reaction of MnO with Li is 1.032V vs. Li/Li*.3¢ We car-

ried out GCPL with an upper potential limit of 3V and a lower potential limit of either 0.2V

13



Figure 6: SEM of (a) Mn30, prepared by solid state methods showed micron-sized grains.
(b) SEM after heating in flowing 5% H,/N, shows pores and pore walls 15 nm and 40 nm
wide throughout micron-sized grains.

14
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Figure 7: (a) The first three cycles of GCPL are shown for porous and nonporous MnO
cycled at C'/20 between 0.2V and 3 V. The first cycle is shown with solid lines, the second
with dashed lines, and the third with dotted lines. GCPL shows a large overpotential on the
first discharge for porous and nonporous MnO. (b) Capacity per cycle is shown for porous
and nonporous MnO, with discharge capacity shown by open shapes and charge capacity
shown by closed shapes. With these potential limits, porous MnO appears to cycle better
than nonporous MnO. However, (a) GCPL shows that neither cell achieved full discharge
with this lower potential limit.
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or 0.01V. The first three cycles of GCPL with a lower potential limit of 0.2V are shown
in Figure 7(a) for porous and nonporous MnO and capacity per cycle is shown in Fig-
ure 7(b). For the discharge-charge profiles shown, electrodes had loadings of 5.6 mg cm 2
and 7.7 mgcm~2 of porous and nonporous MnO, respectively.

GCPL revealed a difference in the reaction potentials for porous and nonporous MnO
on the first discharge. For both porous and nonporous MnO, there was a short plateau near
0.6V associated with SEI formation, based on observations for nonporous MnO by in situ
XRD and EIS and previous studies.3%3! Beyond this short plateau, only negligible capacity
was achieved for nonporous MnO over a short plateau at 0.2V. Porous MnO also had a
plateau near 0.2V, but with an order of magnitude higher capacity.

In the second and third discharges of porous MnO, two plateaus were present, one slop-
ing from 0.5V to 0.25V and a second near 0.2V that resembled the first cycle discharge
plateau. While two plateaus typically indicate two distinct chemical processes, for porous
MnO the difference in potential of the two plateaus arises from microstructural, rather
than chemical, differences in the processes taking place. Conversion electrodes have large
overpotentials on the first discharge that result from the energy associated with nanostruc-
tural evolution from initial particles to nanoscale domains of discharge products.® Since
the theoretical capacity was not achieved on the first discharge and the plateau did not end
before the lower potential limit was reached, during the second discharge (1) the sloping
plateau at 0.5V comes from the reduction of active material that has already undergone
reaction with Li in the first cycle and (2) the plateau at 0.2V is the reaction of previously
unreacted MnO with Li, with the same overpotential as the first discharge.

Nonporous MnO had negligible capacity in the first three cycles, with only a small
fraction of the active material reacting with Li. Galvanostatic cycling and capacity per cycle
number [Figure 7(a) and (b)] with a lower potential limit of 0.2 V suggest that porous MnO
offers an advantage over nonporous MnO, with first discharge capacities of 425 mAh g=!

and 25mAh g~! and capacities near 200 mAh g~! and 25 mAh g~! approaching 20 cycles,

16



respectively.
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Figure 8: (a) The first three cycles of GCPL are shown for porous and nonporous MnO
cycled at C/20 between 0.01V and 3 V. The first cycle is shown with solid lines, the second
with dashed lines, and the third with dotted lines. For porous and nonporous MnO, there
is a larger overpotential on the first discharge than in subsequent discharges. There is
also irreversible capacity for both porous and nonporous MnO. (b) Gravimetric capacity
per cycle is shown for porous and nonporous MnO. Discharge capacity is shown with open
shapes and charge capacity is shown with closed shapes.

The cycling of porous and nonporous MnO with a lower potential limit of 0.01V (Fig-
ure 8) shed light on the differences observed between porous and nonporous MnO cycled
with a lower potential limit of 0.2V (Figure 7). With a lower potential limit of 0.01V,
the cycling and capacity per cycle of porous and nonporous MnO were strikingly similar
[Figure 8(a) and (b)]. For the discharge-charge profiles shown, electrodes had loadings

of 6.0mgcm 2

and 10.7mgcm™?2 of porous and nonporous MnO, respectively. Porous
MnO had a first discharge capacity of 945mAhg~! and that of nonporous MnO was

865 mAh g!. The first charge capacities for porous and nonporous MnO were also similar,

17



at 375mAh ¢! and 360 mAh g~!, respectively. About 40% of the capacity was lost with
the first charge, similar to that observed for porous MnO with a lower potential limit of
0.2V (Figure 7).

A feature observed for porous and nonporous MnO regardless of lower potential limit
was a small plateau near 0.6V during discharge, just as was seen for in situ XRD of non-
porous MnO [Figure1(b)]. This feature is consistent with SEI formation.3%3! On the
first discharge with a lower potential limit of 0.01V, the theoretical capacity of MnO
(756 mAh g—!) was exceeded for both porous and nonporous MnO. The 0.6V plateau in
the first discharge contributes 25 mAh g~! and 50 mAh g~! for nonporous and porous MnO.
Even taking this into account, the observed capacity exceeds the theoretical. Additional
capacity may come from either storage by the conductive carbon additive or other elec-
trolyte decomposition processes at low potentials.®3° The contribution of SEI to capacity
and its influence on other aspects of cycling appear to be significant in transition metal
oxides operating below 1V and especially in those that are mesoporous, with more sur-
face area upon which SEI can form.!>!> Although EIS experiments showed a decrease in
charge-transfer resistance following SEI formation (Figure 1 and Figure 3), the stability of
the SEI with cycling was unclear.

With a lower potential limit of 0.01V, there was a difference in the potential of the
first discharge plateau for porous and nonporous MnO [Figure 8(a)]. The first discharge
plateau began at 0.22V for porous MnO and at 0.15V for nonporous MnO [Figure 8(a)].
This explains the negligible capacity observed for nonporous MnO with a lower potential
limit of 0.2V. As mentioned, a higher overpotential is typically observed for the first dis-
charge of conversion materials. The apparent benefit of mesopores to capacity for MnO
cycled with a lower potential limit of 0.2V is simply an exaggerated manifestation of the
decreased first discharge overpotential of porous MnO relative to nonporous MnO (Fig-
ure 7). Ponrouch et. al saw a similar difference in overpotential with temperature between

NiO cycled at room temperature and at 150°C.%” For NiO, the temperature had a similar

18



effect to that observed here between nonporous and porous MnO.

However, the difference in the first discharge overpotential does not explain the simi-
lar performance for porous and nonporous MnO after the first cycle with a lower poten-
tial limit of 0.01V. Rather, by GCPL (Figure 8) any benefit of porosity was lost beyond
the first discharge. SEM of MnO electrodes pre- and post-cycling showed significant mi-
crostructural changes for both nonporous and porous MnO after 20 cycles (Figure4). In
Figure4(a) and (c), we see initial domain sizes on the order of microns for nonporous
MnO and tens of nanometers for porous MnO. SEM showed that initially distinct porous
and nonporous MnO closely resembled one another after cycling; the micron-sized grains
of nonporous MnO were broken down into smaller domains and the small pores of porous
MnO were destroyed with repeated volume expansion and contraction during cycling.

Similar observations have been made for the conversion reaction of Co;0, with 10 nm
pores (generated through templating) by two groups via ex situ TEM and small angle X-ray
scattering. 18 These results of destroyed mesopores in the first few cycles are in contrast to
those of Dupont et. al for mesoporous Cr,03, for which porosity persisted through at least
40 cycles. > Regardless of how long the structures lasted with cycling, for each mesoporous
system the capacity with cycling resembled that of its nonporous, micron-sized analogue
upon loss of porosity.'>1%!® Mesoporous Cr,O; also had a decreased overpotential relative

to the bulk initially, but beyond the first cycle had the same hysteresis as bulk Cr,03.1°

Conclusions

We find the electrochemical conversion reaction of MnO with Li to form X-ray amorphous
products. This is evidenced by the decreasing intensity of MnO reflections over the first
discharge and the absence of any emerging peaks by in situ XRD. EIS suggests SEI forma-
tion at 0.6V and discharge products with lower impedance than the initial phase. These

observations support that presence of disordered, rather than crystalline, discharge prod-
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ucts that locally resemble Mn° and Li,O. Charge products also appear amorphous, and
less than 60% of the first discharge capacity was recovered upon charge. We are unable
to determine the chemistry of the charge product(s) by XRD, but expect that they locally
resemble MnO. 2%

We observe a higher capacity and lower overpotential on the first discharge for porous
relative to nonporous MnO. In the appropriate potential range, we find strikingly similar
cycling for nonporous and porous MnO. SEM reveals significant mesoscale changes with cy-
cling, including the destruction of mesopores. While it is known that conversion electrodes
undergo extensive changes at the atomic and nanoscale, we find the nature of conversion
also impacts the mesoscale. Accordingly, mesoscale structures, such as porosity, do not
yield the same lasting benefits to conversion materials as as they afford in intercalation

and pseudocapacitor electrode materials.
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