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Binary metal oxide anodes in lithium-ion batteries show extra capacities at their
initial discharge. In this article, Hua et al. perform a systematic study of iron and
manganese oxides’ lithiation phase behaviors and report unexpected
observations of bce-FeOy solid solution and MnO pulverization, processes
correlated with the extra capacities seen at different depths of discharge.
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Lithiation phase behaviors of metal oxide

anodes and extra capacities

Xiao Hua,"/8* Phoebe K. Allan,” Harry S. Geddes, Elizabeth Castillo-Martinez,® Philip A. Chater,”
Thomas S. Dean,’ Arianna Minelli," Peter G. Bruce,>® and Andrew L. Goodwin'

SUMMARY

Binary metal oxides have received sustained interest as anode mate-
rials due to their desirable capacities, exceeding theoretical values
particularly in the first discharge. Although they have received
increasing attention in recent years, topical debates persist
regarding not only their lithiation mechanisms but also the origin
of additional capacity. Aiming to resolve these disagreements, we
perform a systematic study of a series of iron and manganese oxides
to investigate their phase behavior during first discharge. Using a
combination of in operando pair distribution function measure-
ments and our recently developed Metropolis non-negative matrix
factorization approach to address the analytical challenges concern-
ing materials’ nanoscopic nature and phase heterogeneity, here we
report unexpected observation of non-equilibrium FeO, solid-solu-
tion phases and pulverization of MnO. These processes are corre-
lated with the extra capacities observed at different depths of
discharge, pointing to a metal-dependent nature of this additional
capacity and demonstrating the advantage of our approach with
promising prospects for diverse applications.

INTRODUCTION

In the search for next-generation electrode materials for lithium-ion batteries (LIBs),
there is often a tendency to focus on discovering new materials or morphologies.
However, to be market friendly, these new technologies must be scalable.” An alter-
native strategy is to seek to resolve problems associated with longer-established,
commercially attractive candidates. Binary (first-row transition) metal oxides
(M,O,) are one such family. They are known as desirable anode candidates because
of their low cost and high capacities,” often significantly exceeding their theoret-
ical values in the first discharge and resulting in extra capacities.” '® In the last two
decades,"’ despite tremendous effort in both mechanistic investigation and mate-
rials engineering with certain performance enhancements achieved, a generally
accepted understanding of their lithiation phase behaviors has not yet been
achieved.'”"” In the absence of such mechanistic knowledge, diagnostic investiga-
tions of the extra capacities—even from the same material>®*—have alluded to
fundamentally different causes, i.e., surface side reactions®’ versus space
charge.®"® A systematic investigation of these oxides’ initial discharge is therefore
crucial to resolve these apparent contradictions.

Because M,O, are considered conversion materials, i.e., which lithiate via recon-

structive phase transitions, their lithiation usually exhibits heterogeneous and nano-
scopic properties, giving rise to significant challenges in characterization for which
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non-routine experimental methods are required. Recentinstrumental advances have
expanded the frontier of structure measurement to atomic precision using modern
crystallographic techniques, e.g., pair distribution function (PDF) analysis.'” Never-
theless, reliable and robust structure identification of a multi-phase system—partic-
ularly when some species either adopt non-equilibrium structures or are interrelated
by phase transitions—remains a practical challenge. To circumvent this challenge,
we combine PDF with Metropolis non-negative matrix factorization (NMF),?° a novel
analytical approach developed for mixed-phase deconvolution with no requirement
of prior knowledge of the material system concerning the number and the nature of
the phases.”’ We apply this methodology to a series of Fe O, (FeO, Fe30,,
and a-Fe;O3) and Mn, O, (MnO and Mn30,4) phases as model systems for a compar-
ative study, because their reversible cycles (after the first discharge) show a metal-
dependent behavior.”” In addition, although the lithiation of M,O, is dominated
by two-phase reactions, some non-divalent M, O, phases experience additional sin-
gle-phase insertion processes upon initial discharge,’#?*?° giving rise to a rich
mechanistic variation ideal for testing the practicability, as well as establishing the
protocol, of our method on complex systems.

Our analyses across the Fe, O, series uncovered an unexpected and consistent for-
mation of body-centered cubic (bcc) FeO, (0 < x < 1) solid solution, a phase that
is challenging to access via conventional analytical procedures and that has been
unanimously perceived as a-Fe or rocksalt (rs)-type FeO in the literature; 16172426
we additionally observed a particle-grinding process in both Mn,O, materials that
shows no sign of Mn redox. This electrochemical pulverization and the bcc-FeO,
phase transition take place at early and late discharge, respectively, in association
with the observed extra capacities, likely implying their different origin between
Fe, O, and Mn,O,. In light of this metal-dependent nature, together with the FeO,
solid-solution behavior that underpins the reversibility of Fe,O,,”” we challenge
the space charge (or interfacial storage) model®'®—whereby the extra capacity of
metal oxides arises from surface capacitance of metal nanoparticles—which was re-
inforced by a magnetometry study.® Although our study suggests strong correlation
between the electrolyte/surface side reactions’? and these additional capacities,
there are several viable mechanisms at play, with the dominant factor determined
by the specific metal species involved. Therefore, our renewed discharge phase
behaviors of MO, serve as an important crystallographic and mechanistic
reference from which to revisit previous studies and elucidate fully the extra capacity
at low voltage. From a methodological perspective, this work demonstrates the
robustness, flexibility, and reliability of the NMF approach to explore mechanisti-
cally highly convoluted chemical and electrochemical reactions, with a broad impli-
cation not only in a range of battery chemistries (e.g., alloy, displacement, and inser-
tion) but also in fields beyond energy storage (e.g., catalysis and materials
engineering).

RESULTS

Selection of metal oxides

Among the selected metal oxides, a-Fe,O3 experiences the most complex lithiation,
because it additionally involves oxide rearrangement from hexagonal close-packed
(hcp) to face-centered cubic (fcc) configuration.?* We therefore chose to elaborate
the investigation of a-Fe,Oj3 step by step to demonstrate the analytical protocol, us-
ing which the other oxides were then studied systematically. Because of the ex-
pected mechanistic difference between MO and M30, phases (M = Fe and Mn),
our studies of these two series are described separately. Unless stated otherwise,
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Figure 1. NMF analysis of discharged o-Fe,03 employing different numbers of components
(A) Analysis using three CPs (see also Video S1).

(B) Analysis using four CPs (see also Video S2).

(C) Analysis using five CPs (see also Video S3).

The corresponding ratios from each analysis are shown at the bottom (colored hollow circles and triangles in B and C correspond to the summation of
the ratios using the specified CPs). For easy comparison between different metal oxide species, the x axes of the galvanostatic profiles in this work are all
plotted against normalized Li content, meaning the number of Li is weighted against the number of metal centers (x) in MO, (M = Fe and Mn), i.e., the
full (theoretical) capacity for a-Fe,O3 corresponds to 3 Li per FeOg/,. The shaded area in (A) denotes the extra capacity. The CPs randomly

parameterized and derived from the analysis are denoted by solid lines, whereas the CPs constrained during the analysis are denoted by dotted lines.

The labeled phases are tested via refinement and compared with the calculated patterns denoted by black circles.The color code to represent distinct
phases (or CPs) is consistent.

all analyses were performed on the in operando PDF data series acquired during
these materials’ first discharge.

a-Fe O3

Our initial NMF analysis was based on an assumption of no prior knowledge of the
system. Consequently, three randomly defined components (hereafter shortened
to CP) were employed, corresponding to the two end phases of the lithiation reac-
tion and a single additional intermediate phase—the only constraint applied in this
analysis was the number of phases (i.e., three). Following this, we add one CP (rep-
resenting a new intermediate structure) in every subsequent analytical step. The
initial three-CP analysis (Video S1) returned distinct patterns (Figure 1A) for the start-
ing, intermediate, and end phases, which can be modeled by a-Fe;O3; (R-3¢),
LiFe,O3 (Fm-3m), and a-Fe (Im-3m, 2 nm particles), respectively. The evolution of
their phase ratios echoes the reported two-step lithiation from a-Fe,O3 to Fe nano-
particles via a rs-related Li,Fe,O, intermediate (however, its composition and struc-
ture vary among different studies).?*?*?® In addition, the PDF data reconstructed

based on the NMF output exhibit excellent agreement with the experimental pat-
terns (Figure S1).

To explore the presence of any additional phase (or structure modification), a four-
CP analysis was performed, with the potential extra phase assigned to the 4th CP.
Because the two end members of the lithiation (a-Fe,O3 and Fe) have been firmly
established, their respective CPs were defined using the experimental data (i.e.,
the first and the last pattern of the experimental PDF series) and were constrained

Cell Reports Physical Science 2, 100543, September 22, 2021 3
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Figure 2. Understanding the NMF-derived components

Li content of Li,MnO,;; (n)

A) PDF reconstruction of Li,Fe,O, and bcc-FeO, intermediate phases using the specified CPs derived from Figure 1C.

(
(B)
(C) PDF reconstruction of MnO using the NMF output from Figure 3C.
(D) Evolution of the MnO particle size derived from refinement.

(E) PDF reconstruction of Li;_,Mn3,,O4 using the NMF output from Figure 4D.

(F) Evolution of excess Mn (x) in Liy_,Mn3,,O4 (blue) and its particle size (red) derived from refinem

ent.

Evolution of the Fe content (x) in Li,Fe, O, (blue) and the oxygen content (x) of bcc-FeOy (red) derived from refinement.

The shaded area denotes extra capacity. The standard deviations of the refined parameters are denoted by error bars.

during the analysis (denoted by dotted lines in Figure 1B and thereafter). The other
two CPs, considered unknown, were randomly assigned and were subsequently
resolved by NMF analysis (Video S2). The results (Figure 1B) unsurprisingly show
one pattern that agrees with the LiFe,O3 phase (CP2); the other component (CP4)
appears analogous to Fe (CP3) except for (1) a discernible increase in peak positions
to higher r and (2) a new atom pair emerging at a separation of around 1.9 A These
two features—attributed to (1) an expanded Fe sublattice resulting from accommo-
dation of O?” and (2) an average O-Fe distance of the distorted OFe4 octahedra,
respectively—distinguish themselves from structural characteristics of either a-Fe
(bce) or rs-type FeO, pointing to a rare iron monoxide polymorph bce-FeO, which
we recently identified upon charging of Fe,O,.”” The total ratio of bcc-FeO and
Fe (denoted by a red circle in Figure 1B) is consistent with the Fe weighting derived
from the initial three-CP analysis. On the one hand, this observation demonstrates
the high sensitivity of the NMF algorithm that allows decoupling of phases with sub-
tle structural differences; on the other hand, it suggests an underlying correlation
between bcc-FeO and Fe that is likely underpinned by a solid-solution reaction via
bee-FeOy, (1 > x > 0).%? The systematic change of interatomic distances and thus
a continuous shift of PDF peaks could be qualitatively represented by mixing of
the two end members.

Based on the four-CP results, we proceeded with a five-CP analysis by including a
new unknown CP. The as-identified bcc-FeO intermediate was constrained,
together with the two end-member phases (Video S3). For the two remaining un-
known CPs, the analysis returned two similar patterns, with one (CP2) agreeing
with LiFe,O3 and the other (CP5) differing only in peak intensities (Figure 1C). Ac-
cording to their phase ratios, these two CPs, likely jointly representing Li,Fe,O5,
are correlated in a similar manner to that between bcc-FeO and Fe. These correla-
tions manifest themselves more evidently in the reconstructed PDFs (Figure 2A) as
continuous peak changes. We tested this theory via refinement, confirming that
the Li,Fe, O, and bcc-FeO, series could be modeled by using cation-disordered
a-Lio_xFe,O, (Fm-3m) and tetragonally distorted FeO, rocksalt (14/mmm)?’ solid so-
lutions, respectively, and that the systematic variations in peak intensities and

4 Cell Reports Physical Science 2, 100543, September 22, 2021
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Figure 3. NMF analysis of discharged FeO and MnO

(A and C) Two- and three-CP NMF analysis of discharged FeO.

(B and D) Two- and three-CP NMF analysis of discharged MnO.

The corresponding ratios are shown at the bottom. The styling follows the same format as Figure 1.

positions (Figure 2A) could be rationalized by coherent changes in phase composi-
tions (Figure 2B) and lattices (Figure S2A) during the Li insertion and solid-solution
evolution, respectively. We note the surprising presence of bcc-FeO, during
discharge, given that earlier studies unanimously reported a direct extrusion of
a-Fe from the intermediate LineXOZ.B'Zé"28 However, not only could the employ-
ment of this bce-FeO phase significantly improve the refinement (Figure S2B), but
its distorted Fe sublattice (due to hosting 0?7) and the two-step solid-solution
behavior” also could account for the reported defective Fe structure®® and succes-
sive formation of two types of Fe nanoparticles upon lithiation, ' respectively, recon-
ciling the inconsistency highlighted previously in the literature.

FeO and MnO

Turning to the divalent metal monoxides, our initial analysis included only two un-
constrained CPs based on an assumption of no intermediates. The NMF-derived
CPs exhibit distinct patterns corresponding to rs-type FeO/MnO and a-Fe/o-Mn
phases whose evolutions reveal an inactive regime in both materials (shaded area
in Figures 3A and 3B). This regime is associated with considerable capacity (>0.8
Li per metal center) that shows no apparent connection with these oxides’ phase
evolution, contributing to the additional (or extra) capacity that has been extensively

Cell Reports Physical Science 2, 100543, September 22, 2021 5
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Figure 4. NMF analysis of discharged Fe30,4 and Mn3;0,

(A and C) Three- and five-CP NMF analysis of discharged Fe3Oj,.

(B and D) Three- and five-CP NMF analysis of discharged Mn304.

The corresponding ratios are shown at the bottom. The styling follows the same format as Figure 1.

studied in the battery community.”*"¢"®?7 Although this additional capacity is
commonly observed at the end of discharge,”® i.e., in FeO and a-Fe,Os5, it occurs
unexpectedly at the beginning of lithiation for MnO, indicating the nature and the
origin of this extra capacity are different for the two metals. We return to this point
in the Discussion.

To examine a possible intermediate phase, three-CP analysis was performed with
the as-identified MO and M phases constrained. Judging by the derived ratios (Fig-
ures 3C and 3D), the newly deconvoluted CP3 in the FeO and MnO systems appears
to be correlated with Fe (CP2) and MnO (CP1), respectively. This CP3 pattern in FeO
is complexed with rocksalt features (i.e., peaks at 3.1 and 5.3 A), with the rest of the
peaks consistent with the bce-FeO uncovered in a-Fe,O3. Verified by refinements
(Figure S3A), we confirm the presence of the bcc-FeO, series with the highest (nom-
inal) Fe oxidation state likely lower than +2 (x < 1) given its formation upon the reduc-
tion of FeO. In MnO, by contrast, the CP3 pattern looks almost identical to that of the
parent MnO, with a marginal variation in peak intensities that could be more readily

6 Cell Reports Physical Science 2, 100543, September 22, 2021
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seen in the reconstructed PDFs (Figure 2C). As confirmed by refinement (Figure 2D),
these intensity variations are an indication of particle size reduction,®” which occurs
throughout the first discharge. Although size reduction would be expected for con-
version materials in the first discharge because of their reconstructive phase transi-
tions,” its occurrence in association with the extra capacity underlines their potential
correlation.

Fe3;0,4 and Mn;0,

Our initial analysis of Fe304 and Mn3O,4 assumed one intermediate phase for each
system and hence included three unconstrained CPs. Their resulting patterns could
be well modeled by Fe304/Mn30,4 (CP1), a-Fe/a-Mn (CP3), and LiFe3O4 (Cmmm)/
LiMn3Oy4 (C2/m) as the intermediate phases (CP2 in Figures 4A and 4B). In light of
the results of a-Fe;O3 requiring five CPs to fully describe its phase behavior, we
directly proceeded with a five-CP analysis, during which only the two end-member
phases (M30,4 and M) were constrained. For Fe3O4 (Figure 4C), two among the three
resulting patterns agree with LiFe3O, (CP2) and bcc-FeO (CPS) as expected,
whereas CP4 is associated with a negligible ratio whose pattern also lacks distinct
physical meaning. These observations, supported by refinement, confirm the
presence of bcc-FeO, (Figure S3B) and the adequacy of four CPs to describe
Fe30,'s lithiation. Our identification of the LiFe30,4 phase is consistent with a recent
transmission electron microscopy (TEM) study,®’ despite all earlier reports*->-*
having suggested a Li,Fe304 phase with a maximum Li content (x) of 2.

For Mn3QOy4 (Figure 4D), the three deconvoluted CPs all show patterns comparable to
LiMn3O4 (CP2), with negative and positive peak shifts observed for CP4 and CP5,
respectively. An evaluation of their reconstructed PDFs (Figure 2E) followed by
verification via refinement (Figure 2F) showed that the overall variations of these pat-
terns follow two steps. The first pathway corresponds to a Li;_,Mn3.,O4 solid-solu-
tion process until reaching a composition of MnO (x = 1); this electrochemically
formed MnO subsequently undergoes pulverization with no discernible sign of
phase transformation, contributing to additional capacity (= 0.8 Li per metal center)
in the same way as the pristine MnO, confirming the link between the pulverization of
MnO and the extra capacity.

DISCUSSION
2xLit Fe
oLt bcc-FeOy 15y —0=—=— 14 +
Reaction 1: FeO @204 V2 FeOxt1>x20) xLi,O
+
(1 - x)Li,O
o 3Fe
U e 3 bce-FeO ? +
Reaction 2: Fe;O, —— LiFes0y — ereSdizezo 150
OpO actic insertion
+
Li,O
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The key mechanistic difference among FeO, Fe304, and a-Fe,Os lies in the presence
and the nature of the initial insertion process. Although this process is absent from
FeO (reaction 1), the insertion mechanism significantly varies between Fe3O4 and
a-Fe;03. In Fe304 (reaction 2), it undergoes a two-phase reaction forming LiFezO4
via topotactic Li* insertion; subsequent lithiation of LiFe3O, results in the extrusion
of bce-FeO (and LizO). In contrast, the insertion process in a-Fe,Oj (reaction 3, Fig-
ure 5A) appears significantly more intricate, because it involves (1) transformation of
oxide sublattice from hcp in a-Fe;O3 to fecin LiyFe, O, and (2) a concurrent solid-so-
lution process via the Li, Fe, O, (y = 2 — x) intermediate whose Fe content (x) increases
from ca. 1 to 4/3, corresponding to nominal compositions of LiFeO, and LiFe,Os,
respectively. Further lithiation of LiFe,Oj3 triggers the extrusion of bcc-FeO (and
Li,O), whereas the parent phase retains the solid-solution behavior via Li,Fe, O,
(Y = 2 — x), where the change of Fe content (Figure 2B) mirrors that in the Li,Fe,O5
series (as denoted by y' in the formula and illustrated using a different color gradient
in Figures 5A and 5C). The coexistence of the two solid-solution series is likely driven
by a phase separation of the Fe** and Fe?* species that dominate the Li,Fe,O, and
FeO, phases, respectively.

Subsequent lithiation of bcc-FeO, follows the same pathway in FeO, Fe3O,, and
a-Fe,O3 via topotactic extraction of O?~ from the Fe sublattice (to form Li,O on
the FeO, surface; Figure 5C, process 1).”” According to the refinement (Figures
S2A and S4), this FeO, — Fe phase transition likely occurs via two steps, following
an order-to-disorder transition (with respect to the O®~ distribution within the Fe
sublattice; Figure 5C, process ll) that governs the lithiation reaction in the reversible
cycles of FexOy.22 Note that given the distorted nature of the FeO, nanoparticle (ca.
2 nm), complexed with the oxygen contribution from Li,O (ca. 3 nm), precise deter-
mination of the oxygen content (x) is difficult. Thus, the preceding reactions
involving FeO, correspond to an idealized and simplified representation.

(Li*) 2Lt Mn

MnOpano —> ¢ +
pulverisation LI2 o

Reaction 4: MnO

ot 3Mn
(Li*) oLi
B

L L+ 3MnO - 3MnO,ane —> { +
Reaction 5: Mn;O4 LiMn304 pulverisation 3Li,0

topotactic insertion via Li1_xMn3,x04 0 < x <1)

+
Li,O

For the Mn series, the initial insertion is only seen in Mn3O4 (reaction 5), which occurs
topochemically, forming LiMn3QO4 via a two-phase pathway. Further Li incorporation
triggers phase separation between Li;O and the Mn-rich domain, the latter
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Figure 5. Lithiation phase behaviors of «-Fe,03; and Mn3;0,

(A and B) Phase behaviors based on the phases identified via NMF and quantified via refinement.

(Cand D) Corresponding schematicillustrations at selected states of discharge (indicated by black dashed arrows and red circles). Background colors of
the phases reflect their compositions at the same states of discharge shown in (A) and (B).

In (A), color gradients purple — indigo and cyan — indigo, respectively, denote increased Fe composition (x) in Li,Fe, O, and Li,Fe,O; solid-solution
series, whereas cyan — yellow corresponds to bee-FeO, with reduced oxygen content. In (B) and (D), gradient purple — cyan/process | and gradient
cyan — green/process |I, respectively, denote increased excess Mn (x) in Liy _,Mn3.,,04 and its reduced particle size (x = 1), with the white dashed lines
highlighting this pulverization process in (B). Li,O phases are simplified by using gray dashed lines and circles. In (C), the equivalent representation of
the surface charge modelis indicated by process |, whereas process Il suggests an order-to-disorder transition with respect to the oxygen distribution in
the bee-FeO; g and bee-FeOq 5 phases obtained by Monte Carlo simulation”” (without considering the surface structures). Red and yellow balls/sticks
denote oxygen and iron atoms/bonds, respectively. White dashed lines highlight a tetragonally distorted rs-FeO unit cell, in which the bcc-Fe unit is
also highlighted using black lines.
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undergoing a simultaneous transformation via Li;_,Mn3,,04 (0 < x < 1) solid solu-
tion (Figure 5B), where Mn progressively substitutes Li (in the 2c¢ site of the C2/m
structure) until reaching a composition x = 1 to form the rs-type MnO. Despite com-
parable onset of insertion between Fe30,4 and Mn3QO4, a prominent solid-solution in-
termediate is only observed in Mn3O,. Its monophasic phase transition allows the
derived rs-MnO to largely retain the parent structure’s coherent length (Figure 5D,
process l), in striking contrast with the extruded bcc-FeO, which has very small sizes.
Although the particle size of this rs-MnO decreases upon further reaction (Figure 5D,
process ll), we highlight that this size reduction is not a result of lithiation (of the par-
ticle), as previously reported,'? but rather an unexpected outcome of a secondary
process that also occurs in pristine MnO (reaction 4). The fully converted metal nano-
particles (ca. 2 nm) and Li,O (ca. 3 nm) show sizes comparable to those in Fe,O,,.

All three non-divalent metal oxides transform into a rocksalt-type Li; _,M,O5 (M = Fe
and Mn) intermediate upon initial Li reaction. Although these intermediates in Fe304
and Mn3O4 have a relatively ordered cation distribution, the hcp — fcc transition in
the O sublattice of a-Fe,O3 leads to a cation-disordered rocksalt (DRX) LiFe,O3,
which is electrochemically active within the voltage window of 4.0-1.5 V.?* Although
some DRX materials can be obtained thermally at reasonable temperatures, for
some compositions, to introduce disorder requires extensive mechanical forces
via ball-milling.”® Given the important discoveries of the DRX materials in cathode
and anode applications,**® the unique phase behavior observed in a-Fe;O3 sug-
gests a viable new route to electrochemically access the cation disorder.*®

A recent study on the solid-electrolyte-interphase (SEI) chemistry of metal oxide
anode (based on NiO as the model compound) confirmed that the electrolyte side
reactions take place alongside oxide's conversion throughout its reaction voltage
window (1-0 V) and can be divided into several mechanistically distinct stages at
different depths of lithiation, including the beginning and the end of discharge.’
This suggests a correlation, at least partly, between these electrolyte reactions
and the extra capacities observed in Fe,O, (ca. 1.0-1.3 Li per Fe) and Mn,O,, (ca.
0.8 Li per Mn), because they are observed below 1 V. For the Mn oxides in particular,
because of the concomitant particle grinding of the MnO phase, we infer that this
MnO (or Mn?*) plays a catalytic role in exacerbating the extra capacity, given the
reduced particle size; hence, the larger surface area may prompt more electrolyte
side reactions. Although the nature of these reactions cannot be confirmed, it should
be fundamentally different from the space charge (or interfacial storage) mecha-
nism,%?? a theory reinforced by a magnetometry study (of Fe304)° in which a system-
atic change of magnetic moment of the metal oxide electrode was detected upon
cycling and was attributed to a surface storage of e~ on the converted metal nano-
particles (and hence a capacitive response). Although we may not rule out the pos-
sibility of a surface capacitance on the Mn nanoparticles at the end of discharge (i.e.,
<0.2V), we can confirm that these surface e, if they exist, do not constitute the main
source of the extra capacity in the Mn oxides.

We also point out that the space charge theory requires “no phase changes or forma-
tion of iron oxide"® upon charging of Fe,O,. Although this criterion seems to be ful-
filled based on the lack of (long-range) structural change in the reported X-ray diffrac-
tion (XRD) results,® our own PDF analysis suggests the Fe — bcc-FeO redox reaction
occurs.”” Together with the unexpected observation of this bec-FeO during the first
discharge, our renewed mechanistic understanding of Fe, O, challenges that phase-
behavior criterion and offers an alternative rationale to the reported results in that
magnetometry study.® By way of example, given the solid-solution behavior of
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bce-FeO,—a phase that deviates from the thermodynamically stable structure—one
cannot simply exclude the possibility of non-equilibrium species, such as Fe™ (3d”)
and/or O~ (25?2p®), formed during the phase transition. Both species have an un-
paired electron or electrons that could justify the detected magnetic moment. In
addition, the accumulation of O?~ (or O7) at the FeO,/Li,O interface for the Li* reac-
tion provides an equally sensible surface charge model (Figure 5C, process 1) to ac-
count for the observed capacitive behavior.

Based on our prior study?” of the same series of materials on their charging process,
as well as subsequent cycles, their reversible capacities are dominated by reactions
between Fe/Mn and bcc-FeO/zincblende-MnO, suggesting the extra capacity
observed during the initial discharge is largely irreversible. Even if excess storage
of e does occur on the particle surface and contribute to a reversible extra capacity,
it does not necessarily preclude the capacity contribution from the electrolyte” and/
or the LiOH surface reactions’ observed in the NiO and RuOj systems, respectively.
Given the metal-dependent nature demonstrated in this study, this extra capacity is
likely a result of several causes, with the dominant source depending on the specific
metal species. In light of our renewed discharge mechanism of Fe,O, and Mn,O,, as
well as our recently discovered reversible formation of non-equilibrium FeO and
MnO phases that underpin these materials’ reversibility in subsequent cycles,”” it
is important to revisit earlier diagnostic studies and develop further a comprehen-
sive understanding of the low-voltage discharge capacities.

As a multivariate method, Metropolis NMF delivers solutions to experimental data-
sets (of size m) in the form of linear combinations of n fundamental components
(m > n).?" This principle renders our methodology ideal for the study of two-phase re-
actions in which each phase’s structure is independent of its mixing ratio. However,
we also demonstrate the viability of this method to explore solid-solution processes
in which a continuous and monophasic phase change occurs across lithiation or de-
lithiation. Because of the non-negative constraints employed in the algorithm, the
PDF patterns of the NMF-derived components are physically meaningful and directly
point to actual phases or structure modifications, paving the way for a robust phase
analysis. This methodological advantage appears more evidentwhen ourapproach is
compared with the state-of-the-art technique, namely, principal-component analysis
(PCA).37-40

To demonstrate our point, we reanalyzed our a-Fe,Oj; data using the PCA
a|0|oroach.37 As its algorithm forces its components (denoted as CPpca) to be mutu-
ally orthogonal, the derived CPpca and the weightings often show negative values
(Figures 6A and 6B) and therefore are not physically meaningful. Although ideally
meaningful patterns could still be produced via reconstruction (Figure 6C), to do
this requires the number of CPpca predetermined based on their eigenvalues (Fig-
ure 6A). These values are an unbiased estimate of the significance for each CPpca;
however, their evaluation, and hence the determination of the number of CPpca,
is rather intuitive, rendering the PCA method susceptible to exclusion of minor,
albeit important, components. For example, we show that the PCA results for the
a-Fe;O3 system suggest three, but not five, CPs (CP1-CP3 in Figure 6A). Although
they seem sufficient to describe the three key phases, information concerning the
two solid-solution series (likely concealed in CP4 and CP5) is lost—including the
structural fingerprints that support bee-FeO,. Furthermore, the reconstruction re-
quires the CPpca coefficients for each phase to be individually decoupled from
the overall weighting. This is challenging for systems with multiple coexisting phases
when their CPpcp coefficients are both unknown and correlated. Thus, in practice, to
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Figure 6. PCA of discharged a-Fe,03
(A and B) The five most significant components (CPpca) obtained from the PCA of the a-Fe,O3 data series and their weightings. Black dotted lines mark
the zero line for each CPpca to show their negative values. The values in the brackets correspond to eigenvalues (4;) and the percentage of variance

n
(si =4/ Y 4j) of each CPpca, according to which CP4pcp and CP5pca are both unimportant.
i=1

(C) PDFs of the three phases reconstructed using CP1pca, CP2pca, and CP3pca. Their coefficients are determined based on an assumption of 100% of
a-Fe,Oj3 (green), LiyFe, O, (orange), and Fe (pink) at the beginning, Li 1.0, and the end of discharge, respectively (marked by dash-dotted lines in B).

reconstruct key phases (Figure 6B) would require an assumption of their 100% con-
centration at a rather biased selection of data points (Figure 6C). For instance, the
reconstructed LiFe, O, was based on the postulate that the Li 1.0 sample was
entirely composed of this intermediate—which deviates from the NMF and refine-
ment results (Figures 1 and S5).

This comparative study reflects a less biased procedure using the NMF method and
its better capability to disentangle highly correlated data, rendering NMF a more
suitable and reliable approach for complex systems than the PCA method. Indeed,
the NMF-derived phases could serve as reliable references for further quantitative
handling of the data, but we highlight that even a preliminary analysis in the absence
of prior knowledge of the material system can deliver key phases whose behaviors
are accurate and comparable to the results from an in-depth refinement (Figure S5).
This method is also resilient to the quality of the dataset, because it does not require
data coherence from in situ/in operando experiments and is applicable to ex situ
data series.”’ In addition, our approach uses the additivity nature of the PDF data,
precluding the viability of the diffraction method (in the presence of correlated
phase transitions). Although the analysis lays emphasis on atomic structures, this
method would be equally effective for (highly) crystalline materials and feasible for
other experimental techniques whose data also have additivity properties, e.g.,

spectroscopy.“'44

To summarize, we performed a systematic analysis of a series of discharged Fe, O,
and Mn,O, using the Metropolis NMF approach to investigate their mixed-phase
lithiation mechanism during the first discharge. In comparison to the conventional
PCA method, we highlight the advantage of the NMF method in resolving highly
correlated phases during their intricate phase transitions, involving both mono-
and biphasic reactions and complexed with particle size reductions. This analytical
advantage has led to our discovery of bce-FeO, solid-solution and MnO pulveriza-
tion processes, which are associated with the extra capacities observed at the late
discharge of Fe,O, and early lithiation of Mn,O,, respectively. In light of this
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metal-dependent property, as well as the bcc-FeO, (1 > x > 0) single-phase
behavior, we questioned the space charge model® used to rationalize the additional
capacity and suggested the necessity of revisiting earlier studies based on our re-
newed phase behaviors of metal oxides. Although these model systems constitute
a small (albeit important) family of energy storage materials, the potential of our
method suggests its far-reaching implication for a range of battery chemistries
and offers promising prospects for diverse applications beyond energy storage.
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