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Abstract

Magnetite, Fez0a, holds significant interest as a Li-ion anode material because of its high

theoretical capacity (926 mAh/g) associated with multiple electron transfers per cation center.


mailto:amy.marschilok@stonybrook.edu

Notably, both crystallite size and agglomeration influence ion transport. This report probes the
effects of crystallite size (12 and 29 nm) and agglomeration on the reactions involved with the
formation of the surface electrolyte interphase on FesOas. Isothermal microcalorimetry (IMC) was
used to determine the parasitic heat evolved during lithiation by considering the total heat
measured, cell polarization, and entropic contributions. Interestingly, the 29 nm FesO4 based
electrodes produced more parasitic heat than the 12 nm samples (1346 J/g vs. 1155 J/g). This
observation was explored using scanning electron microscopy (SEM) and X-ray fluorescence
mapping in conjunction with spatially resolved x-ray absorption spectroscopy (XAS). SEM
imaging of the electrodes revealed more agglomerates for the 12 nm material, affirmed by XRF
maps. Further, XAS results suggest Li* transport is more restricted for the smaller crystallite size
(12 nm) material, attributed to its greater degree of agglomeration. These results rationalize the
IMC data, where agglomerates of the 12 nm material limit SEI formation and parasitic heat

generation during lithiation of Fe3Oa.

1. Introduction

The transition metal oxide magnetite, FesOs, is attractive as a next generation anode
material for Li-ion batteries as it offers low cost, low toxicity and a high specific capacity (924
mAh/g) resulting from the ability to transfer multiple electrons per cation center.}? FesO4 adopts
an inverse spinel oxide structure with a close packed oxygen framework and iron ions occupying
tetrahedral (8a) and octahedral (16d) sites.® Due to the dense crystallographic structure of the
material, poor Li* and Fe?*/Fe3* mobility can cause significant overpotentials* that limit full

electrochemical utilization of the material, particularly at higher current densities.> To mitigate



overpotential in FesO4, a common strategy is to nanosize the active material, thereby reducing
the length of solid-state diffusion pathways and increasing active surface area.> ' The approach
has been effective in improving rate capability and increasing utilization of the material .8

One consequence of nanosizing Fez04 is that the resulting small crystallites may undergo
significant agglomeration, which is apparent when the active material is processed into a
composite electrode.® TEM imaging of FesOa electrodes indicate that the resulting
agglomerates consist of tightly packed crystallites with low void space. 1° Depending on the size
of the agglomerate and the packing of individual crystallites, active material utilization can be
reduced for crystallites located towards the center of the aggregate at high (de)lithiation rates.
Multi-scale mathematical models, which account for mass transport at both crystallite and
agglomerate length scales, indicate that the relative importance of transport limitations at these
two length scales is dependent on the size of the primary crystallites.!"*? For Fe3O4 crystallites <
10 nm in size, the models indicate that transport limitations through the agglomerate are the
critical factor, but for larger crystals (ca. 30 nm), transport through both crystallites and
agglomerates are significant ***2 Thus, consideration of Li ion transport through both crystallites
and formed agglomerates of FesOs is critical for assessing electrochemical behavior.

In addition to size and morphology, the electrochemical function of FezO4 is impacted by
the formation of the electrically insulating solid electrolyte interphase layer (SEI) on the active
material particles. ***° Ideally, the SEI, once formed, protects the active material from further
reaction with the electrolyte while still allowing the transport of Li* ions during subsequent
electrochemical cycling. Yet, for conversion electrode materials such as Fez04, which undergo
large volume changes during lithiation and delithiation, each cycle presents the possibility of

exposing new surface area for additional electrolyte reduction.'®'” Continual formation of



additional SEI consumes lithium ions, solvent and can also insulate particles electrically,

resulting in electrochemical isolation of the active material and subsequent capacity fading.*®: 8-
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Direct characterization of the SEI layer is challenging because it is a thin (<100 nm),
amorphous layer composed of light elements (Li, C, O, F) and is sensitive to air and moisture. In
a recent report, the chemical composition of SEI formed on FezO4 was investigated through
XPS.2 In ethylene carbonate based electrolyte, it was found that the SEI consisted primarily of
lithium carbonate, lithium alkyl carbonates, lithium alkoxide, and lithium fluoride components.
These compounds are also primary components of the SEI formed on graphite?®23, and thus the
SEI composition is anticipated to be similar for FesO4 and conventional graphite based anodes.

A relatively under-reported technique for analyzing the onset of electrolyte reduction
associated with SEI formation and the heat that it generates is isothermal microcalorimetry
(IMC). IMC has been used to study parasitic heat flows?*?8 and the effects of electrolyte
additives?® 2° in the formation of the SEI layer on graphite anodes.®%%! In a recent study, IMC
was used to characterize SEI in FesO4 based electrodes, representing the first use of the
technique for studying a conversion electrode material.*> Heat flow during the first lithiation of
Fe304 was measured with IMC and was compared with heat contributions predicted from heats
of formation for the Faradaic reaction, cell polarization, and entropic contributions.®? The
difference between total heat flow observed and the sum of polarization and entropic
contributions was attributed to heat evolved from non-Faradaic (parasitic) side reactions
associated with SEI formation. Operando X-ray absorption near edge structure (XANES)
spectroscopy was used to track oxidation state as a function of lithiation via linear combination

fitting of the data to reference spectra. The results showed that between ~ 1.9 and 2.7 electron



equivalents of lithiation, the average Fe oxidation state remained constant at approximately +2,
while from 0 — 1.9 electron equivalents and from 2.7 — 8.3 electron equivalents the Fe oxidation
state reduced linearly with measured electrochemical electron transfer. These results provide
evidence that the reduction of electrolyte and onset of SEI formation was the primary
electrochemical reaction between 1.9 and 2.7 electron equivalents during the lithiation of Fe3Oa.
The XANES result was in good agreement with the microcalorimetry data, which indicated
deviation of measured heat flow from values predicted by polarization and entropic contributions
beginning at approximately 2 electron equivalents.

For the first time, we explore the role of crystallite size on non-faradaic heat generation
associated with SEI formation in FesO4 electrodes, while also considering the impact of
crystallite agglomeration. Using FesO4 synthesized at both 12 nm and 29 nm, IMC was used to
investigate the thermodynamic behavior during the first lithiation process. Both SEM and XRF
imaging of the electrodes revealed more aggregates for the 12 nm material. Operando, micron
resolution x-ray absorption near edge structure (XANES) measurements were used to determine
the lithiated phase composition across agglomerates at multiple discharge rates. The
complimentary SEM, XRF, and spatially resolved XANES measurements provide a mechanistic
basis for the seemingly counterintuitive result of reduced parasitic heat flow in 12 nm vs. 29 nm
Fe304 electrodes, where closely packed crystallites in agglomerates of the 12 nm crystallites

reduce electrolyte access and limit the amount of SEI formed during lithiation.

2. Experimental

2.1 Synthesis of 12 nm and 29 nm Fe304



Fe304 of 12 nm and 29 nm crystallite size was synthesized using previously reported co-
precipitation methods. 633 Briefly, for the synthesis of 12 nm Fe3O4, an aqueous solution of
FeCl2-4H,0 was added dropwise to a deoxygenated mixture of NH4OH and H20. 573 The
product was washed with water until neutral and then vacuum dried. For the synthesis of 29 nm
Fez04 an aqueous solution of FeCl,-4H>0 was dropped into a deoxygenated mixture NHsOH and
H>0 and stirred under air for 24 hours. The product was washed with water until neutral and

dried under vacuum.

2.2 Physical Characterization of Fe3O4

X-ray powder diffraction data was collected using a Rigaku Miniflex X-ray
diffractometer with a Cu Ka source. Crystallite sizes for FesO4 were determined from Rietveld
refinement using GSAS-11 software and a structural model of FesO4 (PDF #01-088-0315). Rwp
values from the Rietveld fits were < 2.0%. Scanning electron microscopy (SEM) measurements
were collected with an analytical high-resolution SEM (JEOL 7600F) instrument, operating at an
accelerating voltage range of 10 kV. Surface area of the FesO4 powders was determined through
nitrogen gas adsorption using the Brunauer-Emmett-Teller (BET) method. BET measurements

were conducted using an 11 point analysis with a Quantachrome Nova 4200e.

2.3 Electrochemistry for Thermal Measurements



Electrodes were prepared using a slurry of 80 wt% Fez04 and 20 wt% polyvinylidene
fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) cast onto copper foil. Coin type cells were
assembled with lithium metal anodes, polypropylene separators and an electrolyte of 1 M LiPFe

in ethylene carbonate (EC): dimethyl carbonate (DMC) 30:70 by volume.

2.3.1 Isothermal Microcalorimetry (IMC)

Coin cells were wired and placed in the ampoules of a TA instruments TAM I11
microcalorimeter and held at a constant temperature of 30 °C. The cells were discharged and the
heat dissipation was measured against a reference ampoule. Lithiation was performed with a Bio-
logic VSP potentiostat at a constant current rate of 40 mA/g (C/25) to 0.03 V. After lithiation, the

cells rested at open circuit voltage for 24 hours.

2.3.2 Open-circuit Potential (OCP) and Calculation of Contributions from Entropic Heat (AS)

and Polarization Heat

Coin cells were used to measure open-circuit potentials (OCPs) at various depths of
discharge (DOD) during lithiation of FezO4. The cells were discharged in short segments of time
in an environmental chamber kept at 30°C at a rate of 40 mA/g. The first seven segments of
discharge proceeded for one hour (40 mAh/g). The following five segments discharged for 2.5
hours (100 mAh/g) each and the final seven segments were discharged for 2.1 hours (84 mAh/qg)
each until a potential cutoff of 0.03 V. The cells were allowed to rest for 48 hours under open

circuit voltage following each discharge segment. After 48 hours, the cell temperature was



decreased to 25 °C. The temperature was increased in steps of 2.5°C to a peak temperature of
35°C. At each step the temperature was held for 2 hours to allow for equilibration. Finally, the
temperature was returned to 30°C for an additional 10 hours. A second order polynomial line
was fit to the OCPs measured at 30°C before, during and after the temperature steps to normalize
the OCP data. An example of a potential profile with temperature steps and corrected potential
profile is shown in Figure S1. The five corrected temperature data points were linearly fit to
calculate dE/dT all with R? values greater than 0.95. Entropic contributions to heat flow were
calculated as the product of current (40 mA/g), temperature (30°C) and change in OCP with
respect to temperature (dE/dT).

In the procedure above, OCP values were measured over the course of 68 hours after
their discharge segment. However, 68 hours is not a sufficient length of time for total
equilibration of FezO4 during lithiation. A previous report showed that OCPs for FezOa4 required
up to 500 hours to reach an apparent plateau.** Thus, the measured OCP values were
extrapolated from 68 hours to 500 hours in order to estimate their equilibrium values. The
extrapolated OCPs were then used to calculate polarization heating values during discharge. The
polarization contribution was determined at each increment as the difference between loaded

potential and OCP multiplied by the current.

2.3.3 Operando synchrotron-based X-ray microfluorescence (U-XRF) mapping and X-ray

absorption spectroscopy (XAS) measurements.

X-ray microfluorescence (u-XRF) mapping and X-ray absorption spectroscopy (XAS)

measurements of Li/Fe3O4 experimental cells were acquired at beamline 5-1D of the National



Synchrotron Light Source Il (NSLS 1) at Brookhaven National Laboratory. Kirkpatrick-Baez
(KB) mirrors were used to create a focused spot of approximately 2 um x 2 pum with energy
tunable via a double crystal monochromator. The monochromator was calibrated using Fe metal
foil and p-XRF maps were collected at 7.2 keV to excite the Fe K-edge (7.112 keV). Samples
were oriented approximately 45° relative to the incident beam and were rastered in the beam path
using an XY-stage. X-ray fluorescence was detected using a 3-element VVortex ME3 silicon drift
detector positioned at 45° relative to the sample. Data was collected over a sample area of 200
um x 200 pum using a step size of 5 um and an acquisition time of 0.2s. Data acquisition and
visualization were performed using Python-based beamline software developed for NSLS-11
Beamline 5-ID. u-XRF maps were generated by fitting the fluorescence spectra using PyXRF
Python-Based X-ray Fluorescence Analysis Package.® The integrated intensity of the Fe Kal
fluorescence line at 6.4 eV was normalized by the incident beam energy for each image.

From the pu-XRF elemental maps, specific points were selected for XAS measurements
were collected on specified points with 2 um x 2 um spatial resolution using fluorescence
geometry at the Fe edge. Energy was scanned with a step size of 5 eV in the pre-edge region (-
100 to -15 eV below the edge), while across the edge (-15 eV to 30 eV), the step size was 0.5 eV.
In the post-edge region (30 to 350 eV above the edge) the step size was variable and gradually
increased from 1 eV to 3.6 eV. XAS data were aligned and normalized using Athena software.
Linear combination fitting (LCF) of the x-ray absorption near edge structure (XANES) was
performed using Athena software.® Three reference spectra were used for LCF: the pristine
(undischarged) cell, the cell lithiated to 2.0 Li per mole of FesO4 (Liz.oFesO4) and Fe? foil. Fits

were performed on data 20 eV below to 40 eV above the edge energy (Eo). Average oxidation



state of Fe at various positions after lithiation was calculated using the sum of the fractions of
each phase multiplied by their respective oxidation state.

Cells for the operando measurements were assembled using a working electrode (80 wt%
Fe304, 20 wt% PVDF), polyethylene separator, and lithium metal anode. For each cell, an initial
u-XRF map was collected prior to lithiation and positions were specified for XAS
measurements. The cells were discharged at a rates of C/10, C/2 or 2C to a cutoff potential of 0.1
V. XAS measurements were collected throughout discharge at selected points on the pu-XRF
maps to track changes to the Fe edge during reduction. Post discharge, additional pu-XRF data

were collected.

3. Results and Discussion
3.1 Isothermal Microcalorimetry (IMC)

Li/magnetite (FesOa4) cells with crystallite sizes of 12 nm or 29 nm (determined by
Rietveld refinement of XRD patterns, Figure S2) were discharged under a constant current while
heat flow was simultaneously monitored using isothermal microcalorimetry (IMC). The cell
potential and heat flow profiles for representative cells with 12 and 29 nm Fez0a during the first
lithiation process are presented in Figure 1. To ensure the reproducibility of the IMC
measurements, 3 cells with 12 nm FesO4 electrodes and 3 cells with 29 nm FezO4 electrodes
were analyzed. Results for the replicate cells are included in the supplemental information file,
Figures S3 and S4. Similar heat flow profiles were also observed between replicate cells of each
type, with integrated heat values of -4000 + 100 J/g and 3690 + 80 J/g for 12 nm electrodes and
29 nm electrodes, respectively, where the error is representative of one standard deviation from

the mean. To interpret the heat flows determined via IMC, the lithiation mechanism of Fe3O4
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must be considered. Previous studies have identified the mechanism as initiating with Li*
insertion (equations 1 and 2) into the host spinel structure, followed by conversion to FeO and
Fe® (equations 3 and 4).48
(1) The first lithium equivalent intercalates into an interstitial octahedral (16c) site.
(Fe)ga(Fez)16q04 + LiT + e = (LiFe)16c(Fez)16404 1)
(2) The second lithium equivalent intercalates into the FesOs lattice, displacing the Li* already

situated in 16c¢ sites and the two Li* are redistributed between 8a, 48f and 8b interstitial tetrahedral

sites.

(LiFe);6c(Fez)16404 + Li* + e — (Liz)ga/4s/8p (Fe3)16¢/16d04 (2)

(3) The third and fourth lithium equivalents result in the formation of a Li.O-FeO and Fe® metal

composite:

(LiZ)Sa/48f/8b(Fe3)16c/16d04 + 2L1+ + Ze_ - 2L120 ' FeO + FeO (3)

(4) Reaction of the final four lithium equivalents produce iron metal and Li2O:

2Fe0 + 4Li* + 4e~ - 2Li,0 + 2Fe® (4)

11



Thus, the overall lithiation reaction for FesOas is (5):

Fe;0, + 8Li* + 8e~ — 3Fe® + 4Li,0 (5)

On the basis of the overall reaction (equation 5), changes in enthalpy (AHmn), entropy
(ASixn) and Gibbs free energy (AGn) Were estimated using standard heats of formation (Hs) and
standard entropies (Sr) for FesOa s), Fes), Ligs) and Li2Os).2® The overall reaction (5) predicts a
release of 5,508 J per gram of for the full lithiation of FesO4 (Table 1). The total energy released
from the lithiation of magnetite was determined by measuring total heat evolved (Q) with IMC
and the electrical work (W). For both crystallite sizes the combined heat and work output
exceeded the theoretical change in Gibbs free energy. Furthermore, the experimental cells
exhibited capacities in excess of the theoretical 8 electron equivalents by 1.6 and 2.1 electron
equivalents, for 12 and 29 nm samples, respectively. Thus, the extra released energy and
delivered capacity suggest the occurrence of other heat-generating reduction processes in

addition to the lithiation of Fe3Oa.
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Figure 1. Potential(top) and heat flow(bottom) profiles for the lithiation of Fe3O4 under a current

of 40 mA/g of Fez04 to a potential of 0.03 V. Heat flow is reported in mW per gram of Fe3O4

and negative values indicate heat leaving the cell (exothermic = “exo0”).

Theoretical
Capacity Capacity (Li AGrxn (J/g)= AHxn-
AHixn (J/g) | TASmn (3/9)
(mAh/g) equivalents) TASixn
926 8.0 -5503 4.844 -5508
Measured
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Crystallite Capacity W,
Capacity Q, Heat
size (nm) (Li Work | AHt (J/g)= Q-W
(mAh/g) (J/9)
equivalents) (J/g)
12 1110 9.6 -4014 3066 -7080
29 1164 10.1 -3704 3220 -6924

Table 1. Theoretical capacity, enthalpy(AHxn), entropy (ASixn) and Gibbs free energy (AGrxn) for
the complete reaction of FesO4 and eight Li to form Fe® metal and Li>O. Measured data shows

the heat measured from IMC and electrochemical work for the lithiation of Fe3Oa.

During the initial stages of lithiation, between 0 and 2 electron equivalents, the 12 nm
Fe304 electrode operates at a higher potential than the 29 nm electrode with lower heat flow,
indicative of reduced polarization. In this discharge region, two Li* ions insert into vacant
interstitial sites within FezO4 while the average Fe oxidation state is reduced from 2.67 to 2, as
represented by equations (1) and (2).* Smaller crystallites are less polarized during intercalation
mechanisms due to shorter intracrystal diffusion distances.88 10.37-40

After the initial insertion process, the lithiation of Fe3O4 progresses to the conversion
reactions of LixFesO4 to FeO-Li,O and Fe®, occurring during the long voltage plateau at ca. 0.87
V.48 Along this plateau, the 29 nm electrode exhibited a 10-15 mV higher voltage (inset of
Figure 1) and heat flows 8-10 mW/g lower than the 12 nm electrode. Thus, at this lithiation level
the smaller crystallite material was more polarized, the inverse of the trend observed in the
intercalation stage. Previous operando thermodynamic and x-ray absorption spectroscopic

analyses have identified that parasitic reactions associated with SEI formation occur shortly after
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two electron equivalents of reduction for FesO4.3? Thus, the polarization after lithiation by >2.0
electron equivalents is influenced by SEI formation.

The measured heat flow reached a maximum at the end of discharge (beyond 6.0 e-)
when the potential decreased from 0.87 to 0.03 V. Previous reports of the FezO4 lithiation
mechanism indicate that the reduction product, Fe® metal, is present in this voltage region.* & 32
The 29 nm Fe304 electrode reached a greater peak heat flow, but maintained a higher potential
during this voltage range compared to the 12 nm sample. With a higher operating voltage, the
higher heat flow may not be attributed to greater polarization, but more likely to increased
parasitic heat.

Total heat flow measured with IMC was interpreted with an energy balance for a battery
to isolate the individual components that contribute to heat generation. The first law of
thermodynamics states that the change in internal energy (AU) of a system is equal to heat (Q)
and work (W) released or absorbed by the system. For a constant volume system, such as the

sealed coin cells used in this study, the change in internal energy is equivalent to the change in

enthalpy (AHiot).
AU _ AHtOt _ ~ _ H
- e QW (6)

The total change in enthalpy for the general energy balance of batteries includes
contributions from enthalpies of reactions, enthalpies of mixing, phase changes and heat
capacity.*#2 For this study the enthalpies of mixing and phase changes are considered negligible

and heat capacity is not involved since the experiments were performed isothermally. Derivation
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of the energy balance is provided in the Supplemental Information and the energy balance for

these experiments can be simplified to%:

Q = I(Eload - Eocp) +1 (T di%) + Qp (7

The total heat (Q) is comprised of contributions from three main components: (1) polarization
heating, (2) entropic changes, and (3) parasitic reactions. Polarization heating occurs due to the
Joule heating created from passing a current through the internal battery resistance. Polarization is
observed by the cell overpotential (Eioad - Eocp) Where ohmic losses, charge-transfer overpotential,

and mass-transfer limitations influence cell resistances. Reactions at the anode and cathode cause

entropy changes that result in entropic heating I(T di%). The final term, Qp, is heat flow from

non-faradaic reactions typically a result of SEI formation or other parasitic reactions.

Contributions from these three components are considered in analysis of the results.
3.2 Polarization and entropic heating

In order to interpret the differences in IMC heat flow between the 12 nm and 29 nm
electrodes, the polarization and entropic heating contributions to total heat flow were determined.
Polarization, or resistive joule heating, was calculated by multiplying the discharge current by
the difference in the loaded and open-circuit potentials throughout the first lithiation (Figure 2).
The polarization contribution calculation captures all sources of polarization in the system,
including charge transfer resistances (including charge transfer through the formed SEI and other

interfaces), mass transfer limitations (including concentration overpotential which develops as a

16



result of electrode tortuosity), solid phase diffusion limitations, and ohmic resistances in the cell.
During the initial 2 electron equivalents of lithiation, the 29 nm electrode exhibited greater
polarization, while after the intercalation stage (> 2 electron equivalents), the 12 nm Fe3O4
displayed increased polarization. This result is consistent with the heat flows determined from
IMC. Notably, the heat flow due to polarization was significant (12-35 mW/g) despite utilizing a
slow discharge rate (C/25). Polarization can be minimized at slower rates, but electrochemical
studies have shown that conversion electrodes have an inherent overpotential (~0.65 V) even at
low current density.*>* The large inherent overpotentials in conversion electrodes have been
attributed to the sluggish rearrangement of Li* and transition metal ions during phase
transformations.*

The most striking result of the calculated polarization contributions to heat flow is the
apparent reversal in the relationship between polarization and crystallite size at approximately 2
electron equivalents of reduction. The crystallite size material (12 nm) mitigated polarization
during the first two electron transfers when the reduction mechanism consists of Li* intercalation
into the interstitial sites of the parent FesO4 inverse spinel structure. Beyond 2 electron
equivalents, when conversion to FeO and Fe® occurs, the smaller crystallites (12 nm) resulted in
increased polarization. This finding is further explored in the next section on the non-faradaic
contributions to generated heat flow.

Entropic changes during the lithiation were calculated using the temperature dependence
of the open circuit voltage (Figure 2c). The entropic term was calculated using the formula
I*T*dE/dT, where | is discharge current, T is discharge temperature (303.15 K) and dE/dT is the
linear change in OCV with respect to temperature. The calculated entropic term is the partial

derivative of the total entropy of the Li/FesO4 system with respect to the number of coulombs

17



transferred.*® Negative entropy values indicate that passage of charge decreases the system
disorder. Interestingly, the 12 nm FezO4 showed more negative entropic changes during the first

lithiation relative to the 29 nm Fe30a.

3.0
220
©
|5
5 1.0
o

I*T*dE/dT (mW/g) Polarization (mW/g)

0 — T T T T T T 1

0 2 4 6 8§ 10 12
Electrons
Figure 2. (a) Potential profile during discharge with intermittent rest steps. Upticks in potential
represent positions where the applied current was removed and the cell potential recovered

during the rest period. (b) Polarization and (c) entropic heating during the first lithiation of

FesO4. Data for 12 nm Fe3O4 was adapted from [*?].
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3.3 Parasitic Reactions

The third contribution to heat flow within a battery is the generation of parasitic heat.
Generated parasitic heat is visualized in Figure 3 by comparing the summed contributions of
polarization and entropic heating with the IMC heat flow profile. During the intercalation stage
of reduction (0-2 e-) the IMC heat flow was matched by the predictions based on polarization
and entropy contributions. The predicted and experimentally observed heat flows began to
deviate at the start of the ~0.87 V plateau and continued to diverge until the potential limit of
0.03 V. The differences between the total heat flow (IMC) and the contributions from
polarization and entropic heating were attributed to parasitic side reactions including those
associated with the formation of the SEI layer on the Fe3zO4 active material surfaces. A previous
report used this methodology in conjunction with operando XAS to demonstrate that the onset of
SEI formation occurs after two electron equivalents when the cell potential was ~0.87 V where
discharge continues with no change in the oxidation state of the iron.3? Notably, previous
investigations report that the SEI forms at ca. 0.8 V vs. Li/Li*, in good agreement with this
observation.**14 474 The differences between observed total heat flow by IMC and the sum of
entropic and polarization contributions continued to increase during the region of voltage decay
after 6 electron equivalents of reduction. Reports of other metal oxide conversion electrodes have
claimed that fully reduced metal nanoparticles catalyze SEI reactions at potentials below 0.8 V.
17.50-53 The increase in parasitic heat flow in this stage support the possibility of further

electrolyte decomposition through the interaction with Fe® metal nanomaterials.
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Figure 3. Polarization and entropic heating contributions were summed (“ent+pol”) and

compared to the total heat flow measured by IMC. Comparisons for FesO4 crystallite sizes of 12

The heat generated from parasitic side reactions was quantified by integrating the area
between IMC total heat flow and the predicted heat flows from polarization and entropic heating
contributions (Figure S5). The 29 nm sample exhibited greater total parasitic heat (-1346 J/g)
than the 12 nm Fe3O4 (-1155 J/g). The generated heat can be separated into three segments
according to the lithiation mechanism of FezO4 (Figure S5). The first segment is the first two
electrons of reduction when the mechanism is Li* intercalation and there is very little parasitic

heat flow. The second segment is the long voltage plateau at ca. 0.8 V where the 29 nm Fez04
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produced 43% more parasitic heat than 12 nm Fes3Os. (Table S1). The final segment is the region
of voltage decay from 0.8 to 0.03 V where the 29 nm Fe3O4 produced 48% more parasitic heat.
BET surface area of the 12 nm Fe3O4 (100 m?/g) was significantly higher than that of the 29 nm
FesO4 powder (26 m?/g), indicating that the surface area of the primary crystallites alone does
not correspond to the level of electrolyte reduction during SEI formation. The role of
agglomeration of the 12 nm and 29 nm FezO4 particles was further investigated, and is discussed

in subsequent sections, to further explore the observed results.

Crystallite | Total heat| Total heat | Parasitic

Size (nm) |IMC (J/g) |predicted (J/g)| Heat (J/g)
12 -4014 -2859 -1155
29 -3704 -2358 -1346

Table 2. Total heat measured from IMC, predicted total heat from entropic changes and
polarization, and calculated parasitic heat (reflecting the difference in IMC and predicted heat)

for 12 nm and 29 nm FesQ; electrodes.

3.4 SEM images of prepared electrodes

The results of the thermodynamic analysis of 12 nm vs. 29 nm electrodes were further explored
by assessing the possible role of agglomeration on parasitic reactions. SEM images of electrodes
prepared with 80 wt% Fe304 and 20 wt% PVDF show that 12 nm FezO4 formed dense

agglomerates with an averaged diameter of several microns. (Figure 4(a,b)). In contrast,
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electrodes prepared with 29 nm FeszO4 exhibited fewer large agglomerates, suggesting that the
Fe3O4 particles are more dispersed within the polymer matrix. A magnified view of the electrode
containing 29 nm Fez04 particles indicates that it is more porous compared to that of the 12 nm
crystallites. (Figure 4(c,d)). These findings are not unexpected, as smaller crystallites have high
surface energy resulting from large surface area to volume ratios. These results suggest that the
denser, more tightly packed agglomerates of 12 nm FezO4 could restrict electrolyte access, thus

limiting the amount of solid electrolyte interphase that can form during electrolyte reaction.

Figure 4. Scanning electron microscope (SEM) images of coatings prepared with 80 wt% Fez0a
and 20 wt% PVDF. Coatings with 12 nm Fe3O4 are shown in (a, b) while coatings with 29 nm

Fe3O4 are shown in (c, d).
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3.5 Submicron Resolution X-ray Spectroscopy
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Figure 5. Comparison of electrochemistry data for operando Li/Fe3O4 cells having either 80% 12
nm Fe304, 20% PVDF or 80% 12 nm Fe304, 20% PVDF. Electrolyte is 1 M LiPFs 30:70

EC:DMC. Cells with were discharged at both C/10 and C/2 rates.

In order to further interrogate the role of agglomeration on the resulting electrochemistry
of the 12 nm and 29 nm Fe3O4 electrodes, operando x-ray fluorescence elemental mapping in
combination with spatially resolved X-ray absorption near edge spectroscopy (XANES)
measurements were performed on Li/Fe3O4 batteries. This technique enabled probing of
oxidation state evolution as a function of spatial position on the FesO4 aggregates. For both 12
nm and 29 nm Fe3O4 electrodes, operando measurements were performed at both C/10 and C/2
discharge rates. Figure 5 shows an overlay of the voltage profiles for the four operando cells
during lithiation to 0.01 V vs. Li/Li*. In good agreement with the data collected on coin cell

based batteries at C/24 rate (Figure 1), 12 nm electrodes exhibited reduced polarization during
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initial lithiation prior to 2 electron equivalents of reduction. Furthermore, when comparing the
operando cells containing 12 nm or 29 nm electrodes for a given discharge rate (C/10 or C/2), the
29 nm electrodes had higher loaded voltage along the long voltage plateau from ca. 2 — 6
electron equivalents, indicating greater polarization of the 12 nm electrodes after initiation of SEI
formation and the conversion reaction to Fe® metal.

For each of the four cells, prior to discharge a 200 x 200 um Fe K-edge elemental map of
the electrode was collected, focusing on a region of agglomerated crystallites. Post discharge, a
fluorescence map of the same region was re-collected. Comparison of pre and post discharge
maps for 12 nm — C/10, 12 nm — C/2, 29 nm — C/10, and 29 nm — C/2 operando cells are shown
in supplementary figures S8, S10, S12, and S13, respectively. For 12 nm based electrodes,
minimal movement (< 10 um) of the electrodes was observed, though some apparent cracking of
the larger agglomerates appears to have occurred during the discharge. For the 29 nm electrodes
discharged at C/10 rate, significant differences in the morphology of the aggregates before and
after discharge were observed, though only slight movement of the 29 nm electrode was
observed under discharge at the higher C/2 rate.

The most notable difference between the fluorescence maps of the 12 nm vs. 29 nm
electrodes is the variation in signal intensity of aggregated vs. unaggregated regions of the Fe3Oa.
For 12 nm electrodes, the fluorescence signal intensity varies by > 500% between aggregated
and de-aggregated regions of the electrode, while for the 29 nm electrodes, this difference is only
ca. 150 — 200 %. Thus, the fluorescence maps suggest that for 12 nm FesQO4, the aggregates are
considerably more dense and tightly packed compared to the aggregates of 29 nm Fe3Oa4. The
fluorescence maps also suggest that for the 12 nm FezO4 electrodes, a greater percentage of

Fes04 is contained in agglomerates. These findings are in good agreement with the SEM
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images in Figure 4, which also indicate more significant agglomeration and higher agglomerate

packing density for the 12 nm Fe3O4 electrodes.
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Figure 6. Operando XANES data for (a, b) 80% 12 nm Fe304, 20% PVDF electrodes and (c, d)
80% 29 nm Fe304, 20% PVDF electrodes discharged at a C/2 rate. XANES spectra were
collected at regions alternating between the edges and centers of the FesO4 aggregates. Spectra
from the edges of the aggregates are shown in (a, ¢), spectra from the center of the aggregates are

shown in (b, d).

25



400000

300000

20000C

100000

400001

32000

24000

16000

80000

320000

240000

160000

80000

240000

200000

160000

120000

e
O
~

Normalized u(E)

—~~
o
~

(f)

Normalized u(E)

Normalized u(E)

(h)

26

Normalized p(E)

16
1.4 | — Position 2

1.0}
08
06
04
02F

16

14+

0.8
06
04l
02}

0.0 L
7100 7110

1.8 T

—Fe°
—— Position 1

—— Position 3

1.2 | — Position 4

0.0 L
7100 7110

7120

1
7130

Energy (eV)

7140

7150

1.8 T

——Fe” foil

—— Position 1
Position 2
| — Position 3

12L Position 4

| —— Position 5

10} Position 6

0.0 L
7100 7110

7120

7130

Energy (eV)
T X T

7140

7150

7150

1.0 T T
——Fe’ foil
10 —— Position 1
1.4 | — Position 2 i
—— Position 3
12+ Position 4 1
10F
0.8
0.6
04+
02
O 1 1 1 1
7100 7110 7120 7130 7140
Energy (eV)
1.8 T T T T
—— Fe’ foil
L) Position 1
1.4 | — Position 2 4
—— Position 3
12+ Position 4 1
—— Position 5 .
1.0 Position 6 G ———
08} 4
0.6 | E
04 E
0.2} E

1
7120

Energy (eV)

1
7130

1
7140

7150



Figure 7. (a, c, e, g) In-situ XRF maps at collected on operando cells post discharge at an
energy of 7200 eV. (b, d, f, h) XANES spectra collected at points specified on the corresponding
XRF maps. (c, f, i, I). Data is shown for (a-d) 80% 12 nm Fez04, 20% PVDF electrodes and (e-f)

80% 29 nm Fe304, 20% PVDF electrodes discharged at (a,b,e,f) C/10 and (c,d,g,h) C/2 rates.

X-ray absorption near-edge structure (XANES) spectra were collected for each of the
four cells throughout discharge, where measurements were collected at locations (spot size ca. 2
x 2 um) alternating between the centers and edges of the FesO4 agglomerates to assess for
differences in oxidation state evolution. Operando XANES data collected at C/2 rate are shown
in Figure 6 for 12 nm Fe304 (Figure 6a, 6b) and 29 nm Fez0s (Figure 6c, 6d) electrodes, while
data for cells discharged at C/10 are shown in supplemental figures S9 and S11. For the 30 nm
material, XANES spectra collected at both the edges (Figure 6c) and the centers of the
agglomerates (Figure 6d) continually shift during discharge from an initial edge position of ca.
7125 eV in the undischarged state to lower energy, finally reaching a metallic-like edge energy
of ca. 7112 eV by the end of discharge. The same uniform spectral shift is observed for the 12
nm electrode for data collected at the edges of agglomerates (Figure 6a). However, for spectra
collected at the centers of the 12 nm aggregates (Figure 6b), the XANES spectra do not fully
transition to a metallic oxidation state. Instead, at the end of discharge the spectra suggest that
the active material has an intermediate or mixed oxidation state between that of Fe3O4 and Fe®
metal. The inhomogeneity of oxidation state evolution between agglomerate edges and centers
was not observed for the 12 nm electrode discharged at C/10 (Figure S9), indicating that Li*

transport limitations are more apparent at faster discharge rates.
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The differences in discharge homogeneity across agglomerates for 12 nm and 29 nm
electrodes discharged at C/2 and C/10 rates were further probed by collecting XANES
measurements at multiple agglomerate edge/center locations for each of the cells post discharge.
Figure 7 shows the specific locations on the XRF maps where the measurements were collected
(denoted by numbers on the maps) along with the corresponding XANES spectra. Visual
inspection of the data clearly indicate that for 12 nm — C/10, 30 nm — C/10, and 30 nm — C/2
cells, the spectra have similar edge position and spectral shape regardless of whether the data
was collected at the center or the edge or an aggregate. In contrast, the 12 nm — C/2 cell exhibits
consistent spectral differences dependent on the agglomerate edge or center position.

Linear combination fitting (LCF) of the post-discharge XANES data was used to estimate
the phase compositions at each spatial position. The three reference spectra used for the LCF
analysis were the undischarged electrode, the electrode at LioFe3O4, and Fe metal. The
undischarged and Fe metal references represent the initial and final states of the Fe center, while
the partially lithiated Li>FesO4 was used as a third, intermediate reference representing the
lithiated FesO4 structure before the conversion reaction to Fe® and LiO. Analysis of the LCF
indicate that the primary phase at aggregate edges and centers for the 12 nm — C/10, 30 nm —
C/10, and 30 nm — C/2 cells, as well as at the edge positions of the 12 nm — C/2 cell, was Fe°
metal (ca. 80%), with ca. 20% contribution of Li2FesO4. However, aggregate centers of the 12
nm — C/2 cell contained a significantly higher percentage of Li2Fe3O4, at ca. 50%. Average Fe
oxidation state was calculated on the basis of the compositions determined by LCF (Table 3) and
clearly show that the center of the 12 nm Fe3O4 aggregates, when discharged at the C/2 rate,

have a higher oxidation state indicating only partial conversion to Fe® metal.
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The spatially resolved XANES results unambiguously show that Li* transport limitations
in agglomerates of 12 nm Fez04 are significant, resulting in discharge inhomogeneity in the
edges vs. the centers of agglomerates. Reduced active material utilization for crystallites located
in the centers of the agglomerates could be caused by restricted electrolyte access resulting from
dense packing and low void space between the agglomerated 12 nmFezO4 nanoparticles. In
contrast, more loosely packed 30 nm crystallites of FesO4 exhibit homogeneous discharge due to
reduced tortuosity of the electrolyte through the agglomerates. The significance of these findings
as they relate to the thermodynamic analysis of 12 nm vs. 30 nm Fe30s is that the transport
limitations and restricted electrolyte access in the 12 nm agglomerates could also limit the
amount of SEI formation during discharge, resulting in a lower parasitic heat and for the 12 nm
electrodes. Additionally, as SEI formation occurs, pathways for Li* transport through the
densely packed agglomerates could be further restricted, resulting in greater polarization relative

to the 29 nm electrodes.

Position # from XRF Average oxidation state from LCF fit

map 12nm C/10 | 12nm C/2 | 29 nm C/10 | 29 nm C/2
Position 1 (edge) 04+01 | 02+01 | 02+01 | 02+0.1

Position 2 (center) 04+0.1 1.2+0.1 0.1+0.2 04+0.1

Position 3 (edge) 05+01 | 01+01 | 02+02 | 02+0.1

Position 4 (center) 04+0.1 1.2+0.1 0.1+0.2 04+0.1

Position 5 (edge) - 02+0.1 - 04+0.2

Position 6 (center) - 1.1+£0.1 - 05+0.1

29



Table 3. Calculated average oxidation states from LCF fitting results for spectra at positions

identified on XRF maps in Figure 7.

3.6. Heat flow during delithiation.

IMC data including cell potential and heat flow profiles for representative cells with 12
and 29 nm Fez04 during the first delithiation is shown in Figure 8. Delivered capacity, heat
evolved and work associated with the cells are tabulated in Table 4. Results for replicate cells
measured under the same conditions are included in the supplemental information file, Figures
S3 and S4. Previous mechanistic studies of the delithiation of FezOa indicate that the process
proceeds via reconversion of Fe® nanoparticles and Li>O domains to a disordered, highly
nanocrystalline FeO-like structure:* 8

Fe® + Li,0 — FeO + 2Li* + 2e” (6)

The heat flow profiles for the 12 nm and 29 nm electrodes have the same general shape,
with the heat evolution peaking at 3.0 V. However, the 29 nm electrodes deliver significantly
greater capacity compared to the 12 nm electrodes, as well as greater heat flow associated with
the higher degree of delithiation. The variation in delivered delithiation capacity and heat flow is
caused by the different properties of the lithiated electrodes, which in turn impact the resulting
delithiation process. These properties include differences in agglomeration of the active
materials and differences in the quantity of formed SEI. Furthermore, it is also anticipated that
the nature of the Fe® nanograins in the lithiated state also has an impact. In a previous report? , it
was observed that the size and bond length disorder of Fe® nanograins in fully lithiated Fe3Os is
dependent on the Fe3O4 crystallite size, and that these differences impact the homogeneity of

subsequent delithiated FeO phase.
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It is notable that the 29 nm electrodes deliver significantly higher capacity during
delithiation compared to the 12 nm electrodes. This finding provides additional evidence that
significant transport limitations exist for the 12 nm electrodes after discharge, and is in good

agreement with the spatially resolved XANES results.
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Figure 8. (a) Potential (top) and heat flow (bottom) profiles during the first delithiaton of Fe3Oa.

Representative data for 12 nm and 29 nm electrodes is shown.

Crystallite | Capacity | Capacity (Li | Total heat | Total Work | AH = Q-W
Size (nm) | (mAh/g) | equivalents) | IMC (J/g) (J/g) (J/9)
12 529 4.6 -815 -3504 2689
29 826 7.1 -968 -4916 3948

Table 4. Total heat and work measured during the first delithiation of Fe3O4 for representative
cells with 12 nm and 29 nm electrodes.

Discussion
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Electrochemical and thermodynamic analysis of FesO4 electrodes with 12 nm and 29 nm
crystallite sizes indicate that: (1) cells with 12 nm FezO4 electrodes are less polarized than those
with 29 nm material through the first 2 electron equivalents of reduction, (2) with the onset of
SEI formation at ca. 0.8 V the relationship between polarization and crystallite size is reversed,
with 29 nm samples being less polarized. These results were explored by assessing the role of
agglomeration of the FesO4 nanoparticles by SEM, XRF mapping, and spatially resolved
XANES. SEM results show that the 12 nm electrodes are more agglomerated than the 29 nm
electrodes, and that the agglomerates of 12 nm FezO4 are more densely packed, and X-ray
fluorescence maps of the aggregates within the electrodes during lithiation support this assertion.
Furthermore, spatially resolved XANES measurements indicate more significant transport

limitations for the 12 nm FesO4 electrodes.

H R
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Figure 8. Schematic showing SEI formation on densely packed agglomerates of 12 nm Fe3O4

crystallites and crystallites of 30 nm Fez0a.
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The above results suggest that agglomeration of the 12 nm and 29 nm Fe3O4 particles
plays a critical role in determining the amount of parasitic heat generated due to SEI formation,
as well as the associated electrochemical behavior. This is illustrated schematically in Figure 8.
While both 12 nm and 29 nm particles agglomerate, agglomerates of 12 nm FesO4 are
significantly more closely packed, with less void space, relative to agglomerates of 29 nm Fez0..
During initial reduction via intercalation through ca. 2 electron equivalents, which occurs prior to
the onset of SEI, polarization is lower for the 12 nm material, primarily due to shorter material
diffusion lengths vs. the 29 nm material. After the onset of SEI formation at ca. 0.8 V, the Li*
diffusion channels in 12 nm Fe3Oj4 are significantly constricted. In contrast, for more loosely
packed 29 nm crystallites, electrolyte access to the core of the agglomerates is not significantly
reduced after SEI formation occurs. As a result, the Li* diffusion now more facile in the 29 nm
electrodes than those with the 12 nm material. Furthermore, the amount of SEI formation in the
12 nm densely packed agglomerates is concentrated on the exterior of the agglomerates rather
than the surface of each crystallite, resulting in a lower amount of parasitic heat generated
relative to the 29 nm electrodes and consistent with the lower total discharge capacity. The
assertion that agglomeration of FezO4 can limit the amount of SEI formation due to restricted
electrolyte access has been previously reported in investigations of dispersed vs. agglomerated
Fes04'® as well as self-assembled FesO4 nanoparticle clusters,*® supporting the proposed
mechanism described above. While the transport limitations associated with the SEI formation
are anticipated to contribute to capacity loss in the electrodes over extended cycling, it is noted
that capacity fade in FesOq is further complicated by additional factors, including (1) the loss of

electrical contact between active material particles during volume expansion / contraction during
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cycling®, and (2) the size, disorder, and homogeneity of Fe® and FeO phases in lithiated and
delithiated states respectfully, which impact the reversibility of the conversion reaction.® These

factors also must be considered when assessing the cycling behavior of the FezO4 system.

4. Conclusion

The effects of both crystallite size and nanoparticle agglomeration on the heat generation
was probed using isothermal microcalorimetry of cells containing electrodes of 12 nm or 29 nm
Fes0s. The heat evolved during lithation of the FesO4 was analyzed by comparing the total heat
measured via IMC to the theoretical prediction based on heats of formation for the Faradaic
reaction as well as cell polarization and entropic contributions. The results of the thermodynamic
analysis were unanticipated, with the 29 nm Fe3O4 electrodes producing more parasitic heat than
the 12 nm Fe304 electrodes (1346 J/g vs. 1155 J/g). The reduced parasitic heat flow for the
smaller crystallite size material was further explored using scanning electron microscopy (SEM),
XRF mapping, and spatially resolved XANES analyses. SEM images of the electrodes revealed
more tightly packed agglomerates for the 12 nm material, with these results affirmed in the XRF
maps. Furthermore operando spatially resolved XANES measurements showed higher transport
limitations through the 12 nm FesO4 agglomerates. These results provide a mechanistic basis for
the IMC results, where closely packed crystallites in agglomerates of the 12 nm material reduce
electrolyte mobility and limit the amount of SEI formation, as well as corresponding parasitic

heat generation, during the lithiation process.
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