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The global shift to electricity as the main energy carrier will require innovation in electrochemical energy
storage (EES). EES systems are the key to the “electron energy economy,” minimizing losses and increasing
reliability between energy supply and demand. However, steep challenges such as cost, cycle/calendar life,
energy density, material availability, and safety limit widespread adoption of batteries for large-scale grid
and vehicle applications. Battery innovation that meets today’s challenges will require new chemistries,
which can originate from understanding charge transport phenomena at multiple time and length scales.
The advancement of operando characterization can expedite this progress as changes can be observed
during battery function. This article highlights progress in bulk and interfacial operando characterization
of batteries. Specifically, a case study involving Fe;0, is provided demonstrating that combining X-ray
absorption spectroscopy and isothermal microcalorimetry can provide real-time characterization of
productive faradaic redox processes and parasitic interfacial reactions during (de)lithiation.
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Operando characterization of electrochemical energy
storage

Electrochemical energy storage is critical to achieve an “elec-
tron energy economy, where electricity generated by renewable
resources powers all end-use applications. Rechargeable lithium-
ion batteries are among the most adopted energy storage systems;
however, demands for higher power and energy densities, longer
lifetime, and more rigorous safety assurance require significant
material chemistry and engineering innovation. Challenges for lith-
ium-ion batteries include sluggish ion transport due to inhomoge-
neous material phase transitions, irreversible electrode—electrolyte
parasitic reactions, and energy losses arising from heat dissipation.
Therefore, the ability to characterize the structural evolution, elec-
trolyte decomposition, and thermal behaviors concomitant with the
battery’s electrochemistry represent an important approach toward
solving the complex technical challenges of rechargeable batteries.

Operando characterization is at the forefront of battery
research [1]. Unlike ex-situ characterization, which requires
removing battery components from the cell body, operando
characterization is non-destructive revealing synchronous elec-
trochemical information that reflects working conditions when
current is applied. The majority of operando battery charac-
terization relies on electromagnetic (X-rays, optical) or particle
radiation including angle and energy dispersive X-ray diffrac-
tion (ADXRD, EDXRD), X-ray absorption spectroscopy (XAS),
transmission X-ray microscopy (TXM), X-ray microfluorescence
(u-XFM), neutron powder diffraction (NPD), transmission elec-
tron microscopy (TEM), nuclear magnetic resonance (NMR), and
Raman spectroscopy. These techniques have led to advances in
understanding the charge storage mechanisms that govern next
generation battery chemistries by detecting structural and chemi-
cal changes at the electrodes and electrode/electrolyte interphases.
However, the listed optical and X-ray based operando techniques
often require distinct cell configurations, access to specialty facili-
ties such as synchrotron light sources, and significant experience
in conducting electrochemical measurements and collecting/ana-
lyzing large data sets of spectra. Additionally, exposure to light,
electrons, neutrons, and X-rays can potentially change battery
materials overtime leading to possible ambiguity in the results
depending on the system. Therefore, non-radiation operando
methods can prove indispensable as the risk of radiation damage

is eliminated and instrumentation is more accessible.

Operando isothermal microcalorimetry
of electrochemical energy storage

Isothermal microcalorimetry (IMC) is a non-radiative operando
method where heat flow generated by the electrochemical cell is

measured at constant temperature. Isothermal microcalorimetry
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(IMC) has been employed to investigate multiple battery sys-
tems, including Li/Si, Li/LiNiy {Mn,, ,Co, ;O, (NMC811), graph-
ite/LiCo0,, and Li/Li,Ruy ;550,505 [2-5].

Generally, the energy balance of a battery is expressed as: [6]

0=GS +; (1)
Pt

where C, Q, and g are the heat capacity, the rate of heat gener-
ated from an active cell, and the rate of heat dissipation from a
battery to ambient conditions, respectively. The heat generated
from an electrochemical cell under the passage of current leads
to a local temperature change, which dissipates to its surround-
ings. In calorimetry, the thermal flux measured by the instru-
ment represents the heat dissipation from the cell through the
heat transfer media (i.e., air, oil etc.). In an isothermal micro-
calorimeter (IMC) heat flow is monitored at constant tempera-
ture; therefore, the capacitive heat (Cp %) and the heat transfer
ﬁ) associated with heat transfer media are
neglected. Thus, the rate of heat (referred as “heat flow” herein)

coeflicients (h =

dissipated from the cell (§) represents total heat flow generated
by the cell (Q) in IMC experiments.

Precedent literature has described theoretically and shown
experimentally that the total heat flow measured by the IMC is
composed of three predominate sources of heat generation: (1)
polarization, (2) entropy, and (3) parasitic reactions (Fig. 1)
[7-9]. Thus, total heat flow of a battery (Q) under isothermal
conditions is the summation of the polarization [I (E — Eeq)],

entropic [IT (%) ], and parasitic [Qparasitic] heat flow contribu-

tions (Eq. 2).

. dEeq
Q= I(E - ECQ) +IT dT + Qparasitic (2)

where, E represents the potential of the cell under the passage of

current (I), Eeq is the thermodynamic equilibrium potential, T'is

temperature of the isothermal bath, and d(f;q is the equilibrium
potential-temperature coefficient. Polarization heat flow arises
from any processes that causes the delivered potential to deviate
from the cells equilibrium potential at a given lithiation state.
The polarization of an electrochemical cell encompasses ohmic,
activation, and concentration polarizations [10]. Entropic heat
flow arises from entropy change due to the structural disorder
in the system, including sources of configurational entropy, pho-
non entropy, and electronic entropy [11]. The phonon entropy
and electronic entropy are associated with lattice vibration and
thermal disorder of the near-Fermi electron state, respectively.
The configurational entropy originates from the disorder of Li
atom placing vacancies, which is regarded as the dominant fac-
tor of the cell’s entropy change [12]. Parasitic heat flow is attrib-
uted to parasitic reactions, which include electrolyte decomposi-

tion and SEI formation. By measuring heat flow generated upon
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Figure 1: Heat flow sources in a cycling battery.

battery cycling, further insight into the reaction kinetics can be
obtained by understanding the electrode material, evaluating
the onset or evolution of parasitic reactions, and assessing the

(electro)chemical reactions that occur.

Bulk and interfacial operando characterization
of conversion materials

The need for operando characterization is pressing as many battery
chemistries with superior energy densities operate via more com-
plex, conversion mechanisms rather than traditional intercalation
processes. During a conversion reaction, electron transfer and ion
transport cause the changes in the electrode material structure.
These structural changes can be severe and irreversible, often
resulting in significant volume expansion and particle fracture lim-
iting capacity retention. Additionally, solid electrolyte interphase

(SEI) formation and evolution on conversion electrodes is more

©The Author(s) 2021

complex. Controlled formation of SEI is critical and occurs when a
non-aqueous liquid electrolyte decomposes on the solid electrode
surface [13, 14]. An SEI of appropriate thickness can protect the
electrode from side reactions (i.e., dissolution), thereby, extend-
ing cycle life. However, for conversion electrodes, structural and
volumetric changes can lead to SEI instability, where new active
sites for electrolyte reduction are continuously exposed in each
cycle [15, 16]. Continuous decomposition of electrolyte consumes
lithium ions and solvent, increases SEI layer thickness, and limits
ionic and electronic transport resulting in capacity loss [17, 18].
Notably, few techniques can dynamically characterize the forma-
tion and evolution of the SEI, as the layer is thin (<100 nm), amor-
phous, and sensitive to air/moisture [19]. Therefore, interfacial
operando characterization of conversion materials, in addition to
operando bulk characterization, is of the upmost importance for
developing innovative electrochemical energy storage systems with

higher energy densities.
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Figure2: The reduction of (a) EC and (b) FEC exhibiting the different products formed contributing to variations in the SEl on conversion electrodes.

Electrolyte modification for SEl stability on conversion
electrodes

The stability of the SEI on conversion anode materials can be
improved by using an electrolyte additive or co-solvent. While
ethylene carbonate (EC) is commonly used in lithium-ion
battery electrolytes, fluoroethylene carbonate (FEC) is a well
explored electrolyte additive. The addition of the fluorine group
to the cyclic alkyl ester reduces the energy of the lowest unoc-
cupied molecular orbital (LUMO), enabling FEC to reduce at
higher potentials (~1.1—2 V) [20] relative to the non-fluori-
nated ethylene carbonate (EC) analog (below 1 V) [20, 21]. EC
reduction results in the generation of insoluble lithium carbon-
ates and organic species (Fig. 2a), which can increase electro-
lyte and overall cell resistance [22, 23]. The overall reduction of
FEC yields a metastable FEC anion that further facilitates radical
polymerization (Fig. 2b) [24, 25]. The elastomeric structure in
the initial SEI layer formed through the recombination of radical
polymerization [26] can adjust to accommodate the significant
volume expansion that the electrode undergoes during lithia-
tion, therefore, resulting in improved cycle life. The production
of such fluorinated SEI species (LiF) facilitates Li* ion transport
and reduces the charge-transfer resistance at the electrode/elec-
trolyte interface [27]. Thus, FEC has been shown to generate
a denser, homogenously-distributed, low resistance, and more
elastic SEL which improves cycle life of conversion and alloying
anodes [5, 28]. The electrochemical benefits of FEC and subse-
quent SEI modifications have been experimentally observed in
lithium-ion batteries with silicon [26-35] and transition metal
anodes [36, 37].

©The Author(s) 2021

Magnetite (Fe;0,): a model insertion-conversion
electrode material

Magnetite (Fe;0,) is a model anode material for understanding
insertion and conversion reactions as it undergoes both pro-
cesses electrochemically. Abundant in nature, Fe;O, can theo-
retically deliver eight electrons per formula unit, resulting in a
high theoretical specific capacity (924 mAh/g). The redox active
centers, consist of Fe>* and Fe?* and occupy both tetrahedral
(8a) and octahedral (16d) sites within a cubic close-packed (ccp)
oxygen anion framework to form an inverse spinel structure
[38]. During lithiation, Li* ions intercalate into octahedral sites,
iron cations then migrate to form a rock-salt-like phase before
finally converting to nanosized Fe® and Li,O, Egs. 3-7 [39].
(1) 'The first Li* equivalent intercalates into an interstitial
octahedral (16c¢) site

(Fe)ga(Fe2) 16404 + Lit + ¢~ — (LiFe) 6. (Fe2)16404
3)
(2) 'The second Li* equivalent inserts into the Fe;O, lattice,
displacing the Li* located in the 16¢ site. The two Li*
redistribute between 8a, 48f, and 8b interstitial tetrahe-
dral sites

(LiFe) 6. (Fe2) 16404 + LiT + e~ — (Liz)sayass/sb(Fe3)16c/16404
(4)
(3) 'The third and fourth Li* equivalents result in a conver-

sion to Li,O-FeO and Fe® metal composites

(Lio)ga/asf/sb(Fe3)16c/16404 + 2LiT + 2¢~ — 2LirO - FeO + Fe’
5)

(4) Reaction of the final four Li* equivalents result in Fe°
metal and Li,O
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2FeO + 4LiT 4 4¢~ — 2Li,O + 2Fe° (6)

The overall lithiation reaction for Fe;O, is

Fe;04 + 8LiT + 8¢~ — 3Fe’ 4 4Li,O (7)
The application of Fe;O, as an anode material is limited
by poor capacity retention associated with significant volume
expansion resulting from phase changes during cycling and the
repetitive formation of an unstable solid electrolyte interphase
(SEI) 17, 18, 39]. FEC has been shown to improve cycle life of
Fe;0, cells by modifying the SEI layer [16, 40, 41]. For example,
Li/Fe;0, cells with 1.33 M FEC demonstrated a 280% increase
in delivered capacity relative to non-FEC cells after 100 cycles
[20]. X-ray photoelectron spectroscopy (XPS) characterization
of Fe;O, electrodes after lithiation in the presence of FEC [1 M
LiPF¢ 30:70 FEC/dimethyl carbonate (DMC)] and EC [1 M
LiPF, 30:70 EC/DMC] electrolyte showed increased LiF con-
tent in the SEI layer after lithiation with FEC, consistent with
reductive decomposition of FEC and thermal decomposition
of the LiPFg salt [16]. In addition, the Fe;O, electrodes lithiated
with FEC showed a decrease in inorganic and organic carbonate
species relative to EC, suggesting presence of an elastomeric,
cross-linked polymer product or in-situ CO, formation [16].
Operando atomic force microscopy (AFM) also showed FEC
electrolyte produces a denser SEI layer compared to EC elec-
trolyte on Fe;O, thin film electrodes during cyclic voltammetry
testing [41].

Operando bulk and interfacial characterization
of Fe;0,: an IMC and XAS approach

Herein we apply operando IMC and XAS to characterize bulk
and interfacial changes of Fe;O, during lithiation in the presence
of EC [1 M LiPF; EC/DMC (3:7)] and FEC [1 M LiPF¢ FEC/
DMC (3:7)]. The Fe;0, crystallite size was controlled via co-
precipitation synthesis [42, 43], and characterized via XRD and
TEM. In electrodes, the size of the active material will signifi-
cantly govern the area and morphology of the interface. Intui-
tively, electrodes packed with finer or porous-structured active
materials could have a larger contact area with the electrolyte.
On one hand, this increased contact facilitates the ion transport;
yet on the other hand, enlarged electrolyte-electrode interaction
area results in more interfacial parasitic reactions. Therefore,
controlling the parameter of size is critical for our study in order
to accurately quantify the different interfacial parasitic reac-
tion mechanisms introduced solely by the electrolyte solvents.
Mechanisms associated with parasitic reactions that contribute
to non-reversible capacity loss were evaluated by IMC. Chemical
and structural differences produced through the incorporation
of a fluorinated species within the electrolyte were evaluated by

analysis of the X-ray absorption near edge structure (XANES)

©The Author(s) 2021

and extended X-ray absorption fine structure (EXAFS) regions
of the operando XAS spectra. Thus when employed in concert,
IMC and XAS are shown to be effective and complementary
tools for understanding interfacial parasitic reactions, including
SEI formation operando providing comprehensive understand-
ing of electrolyte impact on the electrochemical Fe;O, conver-

sion process.

Materials characterization

X-ray diffraction (XRD) and transmission electron microscopy
were employed to characterize the as-synthesized Fe;O, nano-
powder. The inverse spinel structure was confirmed via Rietveld
refinement (Fig. 3a; Table S1). A crystallite size of 11+1 nm
calculated from the (220) peak using the Scherrer equation was
comparable to the refinement derived crystallite size of ~ 14 nm.
TEM images demonstrate that the Fe;O, material consists of
spherical particles (Fig. 3b). Particle size estimates from the
TEM images demonstrate a minimum particle size of 3 nm,
maximum of 18 nm, and an average particle size of 10 nm
(Fig. 3¢).

Operando isothermal microcalorimetry (IMC)

The voltage and heat flow profiles for the first lithiation of Li/
Fe;0, cells with 1 M LiPF¢ EC/DMC (3/7 v/v) and 1 M LiPFg
FEC/DMC (3/7 v/v) electrolyte are shown in Fig. 4 with dupli-
cate experiments presented in Figure S1. From the lithiation
mechanism of Fe;O, (Eq. 5), changes in enthalpy (AH
and Gibbs free energy (AG
using standard heats of formation (H;) and standard entropies
(S¢) of Fe;0,), Fe(y), Li), and Li,O, (Table S2) [44]. For an

eight electron equivalent reduction of Fe;O,, thermodynamic

an)’

entropy (AS were estimated

TXII) rxn)

considerations estimate a release of ~ 5300 J/g of heat. The energy
released from the Li/Fe;0, cells (AE) measured in Fig. 4a, b was
calculated by summing the electrical work (W) and the total
heat measured by the microcalorimeter (Q). Electrical work
was determined by integrating the cell potential with respect
to specific capacity, whereas the total heat was determined by
integrating the heat flow with respect to time (Table S2). For
both the EC and FEC-containing Li/Fe;O, cells, the measured
energy change (AE) exceeds the theoretical value of thermody-
(Eq. 5; Table S2), indicating
electrochemical kinetics under a loaded current also contributes

namic Gibbs energy change (AG,,,)
to the heat output. Even at a moderate rate of discharge, elec-
trochemical lithiation does not coincide with a thermodynamic
equilibrium state, especially in conversion-type electrode mate-

rials whose kinetic resistance can be significant. As a result, the
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red is the calculated fit, green is the difference, and blue represents background. (b) TEM image and ¢ particle size distribution statistics.
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actual energy change in electrochemical processes considering
kinetic factors should be more than the predicted AG,,, solely
from chemical thermodynamics.

The heat flow and electrochemistry profiles for Li/Fe;O, cells
with 1 M LiPF; EC/DMC (3/7 v/v) are provided in Fig. 4a. The
first distinctive heat flow peak occurs at~48 mAh/g (1.63 V),
corresponds the onset of a two-phase region where Fe;O, and
(LiFe),¢.(Fe,)1640, coexist. From the beginning of lithiation to
the end of the first discharge (lithiation) plateau, one Li* equiva-
lent inserts into the octahedral 16c sites in the inverse spinel
structure and tetrahedral (Fe)g, also migrate to octahedral 16¢
sites (Eq. 1). The second heat flow peak located at ~ 130 mAh/g
(1.13 V), suggests the coexistence of (LiFe),.(Fe,)16,0, and
(Liy)ga/agrg(Fe3) 16¢/16404- Upon the transition shown in Eq. 2,
Li* located in octahedral 16c sites redistribute to tetrahedral
sites (8a/48{/8b). The redistribution of Li* enables additional
tetrahedral (Fe)g, to migrate to octahedral positions. The third
heat flow inflection appears at the onset of a discharge plateau of
0.82 V (267 mAh/g), where a new phase (FeO) exists in the sys-
tem. The conversion reaction to rock-salt FeO is shown in Eq. 3.
The cell lithiated with FEC electrolyte (Fig. 4b) demonstrates
three distinctive peaks at ~60 mAh/g (1.68 V), 160 mAh/g
(1.13 V), and 255 mAh/g (0.83 V).

Analysis of differential capacity (dQ/dV) plots (Fig. 4c,
d) in relation to the heat flow profiles (Fig. 4e, f) indicates a
consistent lithiation mechanism of Fe;0, in the FEC and EC
containing cells. The EC (Fig. 4c) and FEC (Fig. 4d) differential
capacity profiles show three distinctive peaks in the potential
window of 0.5-3.0 V (vs Li/Li*). Peaks in dQ/dV profiles indi-
cate phase transitions upon early-stage Fe;O, lithiation as shown
in Egs. 3-5. Interestingly, heat flow peaks in both EC (Fig. 4e)
and FEC (Fig. 4f) heat flow profiles are also observed at the
same lithiation states where differential capacity peaks and dis-
charge plateaus appear, suggesting real-time heat flow can indi-
cate phase transitions in electroactive materials and structural
changes account for a part of thermal output released from the
Li/Fe;0, cells.

Notably, the initial insertion reactions and beginning of the
FeO conversion reaction occur at higher potentials and deliver
greater capacities when FEC electrolyte is present. Additionally,
the magnitude of the heat flow at these transition points are
larger in the FEC than the EC cell. For example, the maximum
heat flow for the FEC cell is -56 mW/g, compared to -40 mW/g
for the EC cell. The differences in heat flow between EC and FEC
cells early in the first lithiation suggest differences in electrolyte
reactivity [20].

Moreover, the difference in heat generation between EC
and FEC cells arises predominately at the early lithiation state
(0-400 mAh/g), shown by Table S3. The total heat is calculated
by integrating the heat flow curve measured by the IMC. Before
400 mAh/g, the EC cell releases -312.3 mWh/g of heat, which

©The Author(s) 2021

is ~25% less than the FEC cell (-413.6 mWh/g). In contrast, the
total heat dissipated during the first lithiation to 0.03 V and after
400 mAh/g of lithiation is comparable between the FEC and EC
cells. Similar trends are observed when total heat is normalized
to capacity (normalized heat). Early in lithiation, the FEC cell
exhibits greater normalized heat, whereas throughout and at the
end of the first lithiation, normalized heats among EC and FEC
cells are comparable (Table S3).

Moreover, both the EC and FEC cells experience the larg-
est normalized heat during cycle 1 lithiation relative to cycle 1
delithiation and cycle 2 (Figure S2, Figure S3, Table S4). During
cycle 1 delithiation, the EC and FEC cells deliver 575 and 473
mAh/g, corresponding to a total heat generation of 230.3 and
176.2 mWh/g, respectively. In cycle 2, the EC cell produces total
heats of 365.1 and 156.1 mWh/g, reaching lithiation and delithi-
ation capacities of 691 mAh/g and 341 mAh/g, respectively. In
cycle 2, the FEC cell generates slightly less heat during lithiation
(225.4 mWh/g) and delithiation (103.8 mWh/g), consistent with
lower capacities of 492 mAh/g and 243 mAh/g for lithiation
and delithiation, respectively. The consistency between capacity
and heat generation during cycle 1 delithiation and cycle 2 (de)
lithiation further indicates that the significant differences among
the EC and FEC cells occur during the first lithiation before 400
mAh/g of lithiation.

Polarization and entropy

Polarization and entropic heat flow contributions were deter-
mined using Galvanostatic intermittent titration technique
(GITT) and potential-temperature measurements (Fig. 5, Fig-
ure S4). The specific capacity of the GITT tests were normalized
to the IMC cell by equalizing capacities at the lithiation volt-
age limit of 0.03 V (Figure S5). In both EC (Fig. 5a) and FEC
(Fig. 5b) cells, the polarization heat flow is the major heat flow
source compared to the entropic contribution. The polarization
and entropic heat flow contributions are most distinct between
the EC and FEC cells before two molar electron equivalents
of lithiation (<2 ee), consistent with total heat flow measure-
ments (Fig. 3) and total heat calculations (Table S3). From 0
to 2 ee, the FEC cell exhibits larger polarization heat flow ~ 40
mW/g, whereas the EC cell shows polarization heat flow range
between ~ 15 mW/g to ~ 30 mW/g. The higher initial polariza-
tion in FEC cells before 2 ee is surprising, as FEC is proposed
to reduce resistance at the electrode interface through stable
SEI formation [27]. The IMC data indicate that in this lithiation

regime, a stable SEI has not yet formed on the electrode surface.

Parasitic heat flow contribution

Polarization and entropic heat flow components were summed

and compared with the total heat flow measured by the IMC
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Figure 6: Comparison of total heat flow from IMC (gray, solid line) and experimentally determined polarization and entropic heat flow contributions
during lithiation in the presence of (a) 1 M LiPF6 EC/DMC (3/7 v/v) (blue, connected-dot line) and (b) 1 M LiPF6 FEC/DMC (3/7 v/v) (red, connected-dot
line).

©The Author(s) 2021

www.mrs.org/jmr

2021

Journal of Materials Research



N

7 m

Journal of
MATERIALS RESEARCH

(Fig. 6). The difference between the polarization and entropic
heat flow and total heat flow curves represents parasitic heat
flow. Before 2 ee, the sum of entropic and polarization heat flow
contributions matches the total heat flow (Fig. 6a) for the EC
cell consistent with previous reports, suggesting that interfacial
parasitic reactions are not a significant factor as polarization and
entropic heat flow fully capture and describe all heat generated.
The two curves begin to deviate after 2 ee of lithiation (~ 0.9 V),
indicating the onset of parasitic reactions. The separation of two
curves increases upon the lithiation after 2 ee, suggesting con-
tinuous reduction of electrolyte co-solvents and the formation
of the SEI. Parasitic heat flow in the EC cell becomes a major
contributor (~80%) to the observable heat flow at the end of
lithiation.

For the FEC cell (Fig. 6b), total heat flow is ~20 mW/g
greater than the polarization and entropic heat flow contribu-
tions before 2 ee of lithiation, indicating earlier onset of the par-
asitic reactions relative to EC, which is consistent with reports
indicating FEC reduction and SEI formation occurs at higher
potential [5, 33]. After 2 ee, total heat flow remains higher than
the polarization and entropic heat flow curve indicating para-
sitic reactions continue to evolve in the presence of FEC during
lithiation.

Heat generated by polarization and entropy was calculated
by integrating the polarization and entropic heat flow curve
over time (Table S5). The polarization and entropic heat were
subtracted from total heat calculated in Table S3 to quantify the
parasitic heat contribution. The greatest difference in parasitic
heat generation occurs before 2 ee of lithiation, where parasitic
heat contributes to 3% and 10% of total heat flow for the EC
and FEC cells, respectively. Moreover, before 400 mAh/g of
lithiation, 17% of total heat generated by the FEC cell is associ-
ated with parasitic contribution, in contrast to 12% for the EC
cell. The greater parasitic heat generation observed for the FEC
cell early in the lithiation is consistent with greater interfacial
reactively. Taking into account the entirety of the first lithiation,
parasitic heat accounts for 40% and 36% of total heat generated
by the EC and FEC cells, respectively suggesting parasitic heat
accounts for more of the total heat in the EC condition at the
end of lithiation. The dominance of parasitic heat generation at
the end of lithiation for the EC cell is confirmed by quantifying
parasitic heat >400 mAh/g, where 51% of total heat is attributed
to parasitic reactions relative to 46% for the EC cell.

Operando X-ray absorption spectroscopy (XAS)

Operando XAS was collected during lithiation of in-situ Li/
Fe;0, cells at 115 mA/g with either EC or FEC electrolyte to
discriminate bulk changes in the Fe oxidation state reduction
and local atomic structure from the X-ray absorption near edge
fine structure (XANES) and extended X-ray absorption fine

©The Author(s) 2021

structure (EXAFS), respectively. During the first 2 ee lithia-
tion, the Fe K-edge shifts from 7126.5 eV to 7124.0 eV for both
the EC (Fig. 7a) and FEC (Fig. 7d) cells, indicating a reduction
of Fe** to Fe?*. Additionally, a notable change in the pre-edge
feature is observed. Fe;O, has a characteristic pre-edge feature
associated with Fe>* tetrahedral atoms. Upon reduction, the
pre-edge feature decreases in intensity and the peak broadens,
signifying a migration of Fe from tetrahedral to octahedral sites
(Figure S6). These changes in edge energy and pre-edge feature
are observed from 0 to 2 ee for both the EC (Fig. 7b) and FEC
(Fig. 7e) cells. From 2.1 to 4.0 ee, the pre-edge feature broadens
and edge energy remains constant for both the EC (Fig. 7c) and
FEC (Fig. 7e) cells.

The edge energy (Fig. 7a) and centroid position of the pre-
edge (Fig. 7b) were tracked to evaluate differences in Fe oxida-
tion state during Fe,O, lithiation. A decrease in edge energy and
pre-edge centroid position can signify a decrease in Fe oxidation
state [45, 46]. At each electron equivalent, small differences in
the edge energy and centroid position are observed (<0.4 eV),
suggesting bulk reduction of Fe progresses as a similar rate in
both electrolytes, suggesting differences in the voltage profile
(Fig. 7c) between the two cells can be attributed to surface phe-
nomena rather than bulk Fe oxidation state changes.

The progression of the EXAFS spectra during the lithiation
also suggest bulk changes in the local atomic environment of Fe
are similar in the presence of EC (Fig. 8a, b) and FEC (Fig. 8¢, d)
electrolyte. The EXAFS spectra of Fe;O, have two characteristic
peaks attributed to Fe-O and Fe-Fe interactions. From 0 to 2 ee,
the Fe-O peak at 1.4 A shifts to higher interatomic distances at a
similar rate for both the EC and FEC cells (Figure S7). Addition-
ally, the second shell peak near 2.5 A narrows due to a loss in
intensity of the shoulder contribution at~ 3.1 A. These observa-
tions are consistent with the conversion of Fe;O, inverse spi-
nel structure to a FeO-like phase and are supported by EXAFS
modeling (Tables S6-S9). From 0 to 1.6 ee, the EXAFS region
for both EC and FEC cells fits the Fe,O, inverse spinel structure
with good agreement (R, ., <2%). At 1.9 ee, the EXAFS spec-
tra for both FEC and EC cells are best fit with an FeO rock-salt
like structure. From 2.1 to 4.0 ee, the EXAFS fits the FeO-like
structure and Fe metal is not detected in either cell. Thus, the
progression of the EXAFS spectra during lithiation suggests that
bulk changes in the Fe atomic environment are not significantly

impacted by electrolyte modifications.

Operando bulk and interfacial characterization provide real-
time information on the dynamic processes inside energy
storage systems. The acquired information can lead to further
electrochemical insights that serve as a catalyst for innovation
in energy storage. This article highlights two complimentary
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Figure7: XANES spectra of Li/Fe;0, operando cell with (a)—(c) EC and (d)—(f) FEC electrolyte with highlighted pre-edge feature from (b), (e) 0 to 1.9 ee

and (o), (f) 2.1 to 4.0 ee. Arrows indicate increasing electron equivalents.

operando approaches: isothermal microcalorimetry (IMC)
and X-ray absorption spectroscopy (XAS). Isothermal micro-
calorimetry, which measures total heat flow dissipated from a
battery during operation, can be analyzed to track onset and
evolution of parasitic reactions. These parasitic reactions include
interfacial phenomena, such as solid electrolyte interphase (SEI)
formation, therefore, making it one of the few techniques that
can probe interfaces operando. X-ray absorption spectroscopy

©The Author(s) 2021

(XAS) is a complimentary bulk operando technique, which can
follow reduction and oxidation of a redox active species and
changes in local atomic environment of the designated element
through the X-ray absorption near edge fine structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra.

Herein we apply operando IMC and XAS to understand
bulk and interfacial changes of Fe;O, during lithiation in the
presence of EC [1 M LiPF6 EC/DMC (3:7)] and FEC [1 M
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LiPF6 FEC/DMC (3:7)] electrolyte. Similarities in the differ-
ential capacity (Fig. 4), XANES (Fig. 7) and EXAFS (Fig. 9)
profiles of FEC and EC cells suggest the bulk Fe,O, lithiation
mechanism, Fe oxidation state, and local atomic environment
of Fe changes are not impacted by changes in electrolyte. In
contrast, dramatic differences in the IMC heat flow profiles
before 400 mAh/g of lithiation (Fig. 4; Table S3) are observed
between EC and FEC cells. Analysis of the IMC heat genera-
tion and heat flow into polarization, entropic, and parasitic
components (Figs. 5, 6; Table S5) indicates the FEC cell gen-
erates 7% (<2 ee) and 5% (<400 mAh/g) more parasitic heat

©The Author(s) 2021

than the EC cell, consistent with electrolyte reduction at the
electrode interface at higher potential. Thus, the IMC and XAS
data presented suggests that electrolyte modification influences
interfacial phenomena rather than bulk lithiation properties.

This article demonstrates how operando IMC and XAS in
tandem can elucidate bulk and interfacial information, lead-
ing to a more holistic understanding of the electrode-electro-
lyte interactions within a conversion electrode. Equipped with
knowledge of charge transport phenomena at multiple time and
length scales within an EES system, we can expedite solutions

for current challenges in energy storage.
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Synthesis and material characterization

Fe;0, was synthesized via co-precipitation consistent with pre-
vious reports, where FeCl,-4H,0,q) and FeCl;-6H,0,q) were
added to deoxygenated ammonium hydroxide (NH,OH) and
H,O [47]. The product was washed with H,O until neutral
and dried under vacuum at room temperature. X-ray powder
diffraction was conducted with a Rigaku Miniflex X-ray dif-
fractometer with a Cu Ka source (1 =1.5406 A). Crystallite size
of Fe;O, was calculated using the Scherrer equation based on
the (220) reflection and corrected for instrumental broadening
using a LaB standard. The (220) peak was fit with a Pearson
VII Area function using the PeakFit software v4.12. Lattice
parameters were acquired by refining the powder diffraction
pattern using an inverse spinel Fe;O, starting structure [38]
and the GSAS-II software package [48]. Transmission electron
microscopy (TEM) of the as-synthesized Fe;O, powder was
collected using a JEOL JEM-1400 instrument equipped with
a field-emission electron gun that operated at 120 kV. Particle
size distribution determination used Image] image software
where 133 particles were chosen for the analysis [49].

Electrochemical measurement
A slurry of 90 wt.% Fe;O, and 10 wt.% PVDF in NMP was cast

onto copper foil. Stainless-steel coin cells were assembled using
the Fe,O, cathode, lithium metal anode, polypropylene separa-
tors and either 1 M LiPF in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (30/70 v/v) or 1 M LiPF, in fluoroethylene
carbonate (FEC)/DMC (3/7 v/v). The coin cells were used for
isothermal microcalorimetry and polarization/entropy tests. All
electrochemical measurements used a BioLogic VSP Potentiostat

and were conducted at 30 °C.

Isothermal microcalorimetry

A TA instrument TAM III microcalorimeter was used for IMC
measurement and connected to a BioLogic VSP potentiostat via
low thermal conductivity wires. The temperature of the IMC oil
bath was 30 °C for all measurements. The cells were lithiated at
40 mA/gto 0.3 V.

Polarization heat contribution determination

Galvanostatic Intermittent Titration Technique (GITT) was
employed to estimate the equilibrium potentials of EC- or FEC
-containing Li/Fe;0, systems at different lithiation states. Li/
Fe;0, cells with EC or FEC electrolytes were discharged to dif-
ferent states of lithiation and then allowed to rest at each state.

The experimental GITT curves were further normalized based on

©The Author(s) 2021

lithiation contents of cells cycled in IMC. The open-circuit poten-
tial recovery profile was numerically fit to a logarithmic function
to extrapolate the open-circuit potential at 500 h. The relaxation
potential at 500 h was used to calculate polarization heat flow at
each lithiation increment, as Fe;O, electrodes in lithium cells
have been shown to reach equilibrium after 500 h of rest [50]. The
polarization heat flow was calculated as the difference between the
extrapolated equilibrium potential and loaded voltage multiplied
by the discharge current.

Entropic heat flow contribution determination

Methods for elucidation of entropic heat flow were adapted from
those described previously [5]. At each lithiation stage, the open-
circuit potential of Li/Fe;O, cells was monitored as temperature
changed in a sequence of 30, ~25, ~35, and ~30 °C. The OCP-time
and temperature-time responses from 25 °C to 35 °C was fit to a
linear function to determine values of dE/dT. The entropic heat
flow was calculated as the multiplication of the value of dE/dT,

temperature and the current density.

Operando X-ray absorption spectroscopy

Two in-situ cells were fabricated with a Fe;O, /PVDF (90/10)
cathode, polyethylene separator, Li metal anode, and either 1 M
LiPF, in EC/DMC or 1 M LiPF, in FEC/DMC electrolyte. In-situ
cells were lithiated at 115 mA/g to 4 molar electron equivalents.
Operando X-ray absorption spectroscopy (XAS) measurements at
the Fe K-edge (7112 eV) were collected in transmission mode and
recorded during lithiation of the EC and FEC-containing Li/Fe;O,
pouch cells at beamline 7-ID QAS in the National Synchrotron
Light Source II within Brookhaven National Laboratory. An iron
metal reference foil was collected simultaneously with each meas-
urement and was used for calibration during analysis.

XAS spectra were aligned, normalized, merged, and back-
ground subtracted (Rbkg: 1.0) using the Athena software [51,
52]. The edge energy was determined using maximum of the first
derivative of y(E) spectrum. The pre-edge peak feature from the
U(E) spectrum was background subtracted using a spline function
then fit using two or three Voigt functions analogous to previ-
ously reported methods [45, 46]. Normalized EXAFS spectra were
fit using the Artemis program with theoretical structural models
(inverse spinel Fe;O, [38], rock-salt like FeO, and body-centered
cubic Fe metal [53]) created with FEFF6 [52, 54]. The rock-salt
like FeO structure was generated from a non-lithiated Fe,O, spi-
nel structure modified so that all Fe centers occupy octahedral
16¢ sites. The Fourier transform of y(k) (|y(R)|) used a k-range of
2-11 A™! and Hanning window (dk=2). EXAFS fitting was con-
ducted using k, k%, and k® weights simultaneously and an R-range
of 1-3.5 A to fully encompass the first and second shells of | (R)|.
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