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Operando quantification of diffusion-induced
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The extraction and insertion of Na* ions into transition metal layered oxides based on Ni, Fe, and Mn
(NFM) can introduce stresses in electrode coatings containing these materials. The magnitude and nature
of such stresses generated in an NaNiyzFe;;3sMny;30, (NFM111) electrode are investigated in this study
using the substrate curvature method. A complex profile comprising both tensile and compressive stres-
ses are observed during the electrochemical desodiation/sodiation cycles in a Na metal counter electrode
cell. The peak compressive and tensile stresses experienced by the electrode during cycling in the
2.0-4.1V range are — 4 MPa and 2.7 MPa, respectively. Similar stress profiles are obtained from measure-
ments in two different in-plane directions, indicating that the response is an average of randomly oriented
particles in the electrode coating. The stress evolution shows excellent correlations with phase changes in
the oxide that result from removal and insertion of the alkali ions. The experimental data are being used
to develop mechanically durable NFM electrodes for high-performance sodium-ion batteries intended
for transportation and electricity-grid applications.

Sodium-ion batteries (SIBs) containing layered oxide cathodes have emerged as a promising alternative to lithium-ion batteries (LIBs). Although layered oxide
cathodes include advantages such as high theoretical capacity and relative ease of synthesis, phase transitions, and stress-induced mechanical degradation
possess challenge towards improved electrochemical performance. The mechanical durability becomes especially crucial during cycling at the high voltages
to make SIB cells cost-competitive with LIB cells. Understanding and measuring the stresses generated during the (de)intercalation of sodium ions from
(into) the oxide structure is critical for improving the mechanical durability and electrochemical performance of SIB cells with metal oxide cathodes. In
response to these challenges, this study focuses on operando stress measurements on commercially relevant high-capacity sodium-ion battery electrodes
(NFM) during electrochemical cycling. The experimental data shows excellent correlations between stress evolution and phase changes in the oxide and can

be used to develop mechanically durable NFM electrodes for high-performance sodium-ion batteries intended for transportation and electricity-grid

applications.

1. Introduction

Sodium-ion batteries (SIBs) containing O3-type layered oxides

oxides include their high theoretical capacity and relative ease
of synthesis: disadvantages include phase transitions and
stress-induced mechanical degradation, especially during

such as NaNi,Fe,Mn,O, (NFM) have emerged as a promising
alternative to lithium-ion batteries (LIBs) with lithium iron
phosphate (LFP)-based cathodes."™ Advantages of the NFM
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cycling at the high voltages needed to make SIB cells cost-com-
petitive with LIB cells.* Understanding and measuring the
stresses generated during the (de)intercalation of sodium ions
from (into) the oxide structure is critical for improving the
electrochemical performance and cycle life of SIB cells with
NFM cathodes.

Whereas several methods have been employed to monitor
structural and oxidation-state changes in O3-type layered
oxides,”™® few techniques are available for the measurement
of stresses during electrochemical cycling. One such technique
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is the substrate-curvature method, which has been employed
to examine diffusion-induced stresses in electrodes used as
anodes and cathodes in LIB cells."™* For instance,
Nadimpalli et al.’* measured real-time stress evolution in a
porous electrode containing Li; ,Nig15Mng 55C00,0, and
showed that the stress evolution profile could be correlated
with the phase evolution profile obtained from in situ X-ray
diffraction studies on the material. Fewer wafer curvature
studies exist on composite electrodes developed for SIB cells,
although the technique has been extensively used to examine
(de)sodiation stresses in thin films electrodes.'®'”

In this study, we conduct operando stress measurements on
commercially relevant high-capacity NaNi,;Fe;;3Mny/30,
(NFM111) electrodes during electrochemical cycling. The
optical-based substrate-curvature method is employed to
obtain real-time stresses developed in the electrode during the
initial electrolyte wetting period and the following (de)sodia-
tion cycles. The unique features of the stress patterns are cor-
related with the complex structural transformation and volume
changes in the material that are reported in the research litera-
ture. These measurements are intended to complement
studies being conducted at Argonne National Laboratory (ANL)
to examine the physicochemical mechanisms that lead to
electrochemical performance degradation during long-term
aging of SIB cells. Data from these characterization techniques
are intended to enable design strategies that enhance the
structural stability of NFM-based cathodes and improve cycle
life of high-performance cells being developed for transpor-
tation and large-scale energy storage applications.

Additional table and figures to complement and enhance
data shown in the main text are available in the ESI;} these
have the designator ESIf in this manusecript.

2. Experimental

2.1. Cell assembly — materials and electrochemical methods

The O3-type NaNi,;3Fe;;3Mn, 30, (NFM111) electrodes exam-
ined in this study are from the cell analysis, modeling and pro-
totyping (CAMP) facility at ANL. The oxide secondary particles
(Fig. 1a) are between 5-20 um in size, with a D5, of ~10 pm.
The primary particles (that are sintered together to form the
secondary) have a faceted morphology and range in size from
0.2-1 pm. The electrode (Table S1f) comprises a coating of
commercial NFM111 (95 wt%), C45 carbon (2.95 wt%), single
walled carbon nanotubes (SWCNT, 0.05 wt%) and PVdF binder
(2 wt%) on a 20 um thick Al current collector. The electrode
coating thickness is 136 pm and the porosity is estimated as
34.4% (see Section S1 of the ESIf for details about porosity
estimation). In coin cell tests, the electrodes show capacity-
voltage profiles (Fig. 1b) that are typical of NFM111 and
display areal capacities of ~5 mA h cm™ (~135 mA h g™,
2.0-4.1 V range, C/25 rate). The capacities are lower at higher
cycling rates (Fig. S21): the capacity decrease denotes a higher
cell impedance that includes contributions from the Na-metal
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Fig. 1 (a) Scanning electron microscopy (SEM) image of the pristine
NFM111 electrode. (b) Potential vs. areal capacity data from a coin cell
containing the NFM111 electrode and Na-metal counter electrode: data
for the first 3 cycles at ~C/25 rate are shown.

counter electrode that degrades over time because of the
plating/stripping cycles (discussed later).

For the stress measurements, the NFM111 electrode
(20.26 cm?) is cycled against sodium metal in a beaker cell
assembled and tested inside an inert-atmosphere glovebox.
Details of the cell assembly are shown in Fig. S3.T In brief, the
Na foil with embedded Cu-wire (which serves as the cell
anode) is placed in a Teflon beaker. The Al current collector of
the NFM111 electrode is bonded to the rough side of a
polished Si (111) wafer and placed on the Na foil, with a glass
fiber separator in-between to prevent physical contact. The
electrolyte comprises 1 M NaClO, salt in propylene carbonate
(PC) solvent and 5 wt% fluoroethylene carbonate (FEC) as the
additive. The beaker is sealed with a stainless-steel lid that has
a glass window to allow ingress and egress of laser beams.
After assembly, the electrochemical cell rests at open circuit
voltage (OCV) for ~8 h to allow complete wetting of the electro-
des: then, cycling is conducted between 2 and 4.1 V vs. Na with
a current of 0.2 mA em ™2 (~C/25 rate).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Stress evaluation through substrate curvature
measurements

The in-plane expansion/contraction of electrode coating
during wetting by the electrolyte and electrochemical cycling is
constrained by the elastic substrate which induces equi-biaxial
stress fields in the electrode (as shown in schematic Fig. S1 of
ESIf). Curvature changes of the Si substrate during wetting
and cycling are recorded with a multi-beam optical sensing
(MOS, k space associates, USA) system, shown in the schematic
of Fig. 2. The MOS system utilizes an array of laser beams that
get reflected from the polished surface of the Si substrate and
are captured in a CCD camera. The change in substrate curva-
ture is obtained from relative changes in the laser spot spacing
and can be expressed as,

d—d°
. (1)

1
K=—
Am
where d and d° are the instantaneous and initial distance
between adjacent laser spots, respectively, and A, is the mirror
constant which is experimentally measured as 1.6 m. The
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Fig. 2 Schematic of beaker cell used for substrate curvature measure-
ments. The inset shows the electrode bonding to the substrate along
with thickness values of individual layers.

Table 1 Material parameters used for stress calculation
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measured curvature, k, is related to the average electrode stress
using the modified Stoney’s'""'® equation as,

Mt’k
c=————
6t£f(ti,Mi)

where M, and ¢, are bi-axial modulus and thickness of the Si
substrate, ¢ is the electrode thickness and f(¢,M;) is the func-
tion of thickness and bi-axial modulus of all layers (see Fig. 2
inset). Note that the original Stoney equation was developed
for stress measurement in films that are much thinner than
the substrate. In this study, the electrode coating cannot be
considered as a thin film, and two additional layers (Al current
collector and epoxy) are also present. Hence, eqn (2), which is
a modified formula that considers elastic properties of each
layer is used for the stress calculation.'® Details of material
properties used for these calculations are shown in Table 1.

(2)

3. Results and discussion

3.1. Initial stress evolution during cell OCV (electrode
wetting effects)

Stress evolution in the NFM111 electrode after electrolyte
addition, but prior to any electrochemical cycling, is shown in
Fig. S4a.t The stress starts at zero then increases gradually
with time, reaching ~0.3 MPa of tensile stress around 4 h: note
that the tensile and compressive stresses are represented with
positive and negative values, respectively. It is apparent that
the absorption of electrolyte generates tensile stresses, which
indicates shrinking of the electrode coating. A similar tensile
stress was also observed during electrolyte-wetting of hard
carbon electrodes being developed as anodes for SIB cells."?
The observed stress can be attributed to the complex inter-
action between electrode pores and electrolyte due to surface
tension. Here, surface tension refers to the force acting at the
electrolyte-particle interface within the electrode pore trying to
minimize the surface area: the stress is from elastic defor-
mation of pore walls because of forces that include the surface

Parameter Definition Value Comments

Si (111) wafer

E, Young’s modulus 169 GPa Ref. 19

V1 Poisson’s ratio 0.26 Ref. 19

hy Thickness 500 pm Measured

Epoxy adhesive

E, Young’s modulus 4.3 GPa Ref. 11

Vs Poisson’s ratio 0.36 Ref. 11

hy Thickness 100 pm Measured

Aluminum collector

E; Young’s modulus 67.3 GPa Ref. 13

Vs Poisson’s ratio 0.33 Ref. 13

hs Thickness 20 pm Measured

NFM111 composite

E, Young’s modulus 13.72 GPa Calculated, rule of mixture
I Poisson’s ratio 0.2 Calculated, rule of mixture
hy Thickness 136 pm Measured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tension.”>*! In smaller pores, surface tension plays a signifi-
cant role in generating stress due to increased curvature of the
liquid interface. Hence, electrode properties such as pore size
and tortuosity, and material properties such as wettability of
the oxide and binder influence the surface tension and, there-
fore, magnitude of the observed stress.

3.2. Stress evolution in NFM111 during galvanostatic cycling

The potential and stress response of the NFM111 electrode
during the first two galvanostatic cycles are shown in Fig. 3a.
During the 1% cycle, the charge (desodiation) capacity is
~5.5 mA h em™ while the discharge (sodiation) capacity is
~5 mA h em™ resulting in a coulombic efficiency (CE) of
~90%. The potential profile for this cycle shows an initial
voltage spike to 3.4 V vs. Na, which is attributed to the
decomposition of surface impurities (such as Na,COj3) on the
oxide; the potential decreases after decomposition of these
impurities. The subsequent charge/discharge profile is similar
to the coin cell data (Fig. 1b) and consistent with data reported
in the research literature.>®
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Fig. 3 (a) Stress and potential evolution of NFM111 electrode as a func-

tion of time during first two galvanostatic cycles; (b) evolution of the in-
plane stresses in two orthogonal directions during the 2" galvanostatic
cycle; oy and oy signifies stresses in the x- and y-directions, respectively.
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The stress profile during the 1% charge is different from
that of subsequent cycles (Fig. 3a). The stress decreases almost
linearly from a tensile value of ~0.55 MPa (at 2.7 V) and
becomes compressive, reaching —4 MPa at ~8 h (3.1 V); the
values fluctuate between —3.5 and —4 MPa for the next 12 h.
After 20 h the stress changes direction and increases rapidly,
reaching a tensile value of 2 MPa at ~27 h (4.1 V, top of
charge). During discharge, as the cell potential decreases, the
stress decreases rapidly and becomes compressive with a value
about —1.2 MPa around 32 h, then decreases gradually to —1.5
MPa around 38 h (2.98 V). Then the stress increases, reaching
a peak tensile value of 1.2 MPa at ~45 h (2.78 V), followed by a
decrease to —0.54 MPa at the bottom of charge (2.0 V). The
complex stress profile is repeated in subsequent cycles, as seen
in Fig. 3a and Fig. S4b.f The peak compressive stress
measured in this NFM111 electrode (—4 MPa) is slightly lower
than the —6 MPa value reported for the Li-rich NMC electrode
in'? but the peak tensile stress here (2 MPa) is higher than the
1 MPa reported therein. These peak values are affected by mul-
tiple factors that include properties of the electrode materials
(oxide, carbons, binder) and characteristics of the electrode
(porosity, tortuosity, etc.).

The in-plane stresses (o and oy) in two orthogonal direc-
tions of the electrode coating (Fig. 3b) are very similar: that is,
the electrode coating shows an isotropic stress response.
Although the volume change behavior of individual oxide par-
ticles is anisotropic, the average volume change response of
the composite electrode is isotropic, indicating that the par-
ticles are randomly oriented. Some deviation is observed
between the oy; and oy values, especially during the 2" dis-
charge. This deviation is attributed to changes in the Na-metal
foil because of the plating/stripping processes (Fig. S57),
which creates uneven surfaces and alters the measured curva-
tures. To test this attribution, the beaker cell was disassembled
after 3 cycles and a fresh Na-foil used for subsequent cycles.
The resulting data (Fig. S61) showed very similar oy and oy
values, thereby confirming our Na foil degradation hypothesis.

3.3. Correlating stress evolution to structural changes in
NFM111 during cycling

The NFM crystal structure contain sheets of edge-sharing (TM)
Og octahedra, where TM = transition metal (here Ni, Fe, Mn)
and O is oxygen.”>*® Polymorphs appear when these sheets
are stacked in different orientations along the c-axis. The main
polymorphs are of the O-type and P-type in which the Na" ions
are present in octahedral (O) and prismatic (P) sites, respect-
ively. The number of sheets within the unit cells (2 or 3), also
determines the structural types, which include P3, P2 and O3.
The pristine NFM111 exhibits the O3 structure.**?* The Na
interlayer spacing changes with increasing Na" extraction from
the oxide, yielding in sequence the O3-H2, P3, OP2 structures:
charge compensation until ~0.7 Na" extraction is mainly pro-
vided by the oxidation of Ni** to Ni*".* At higher levels of deso-
diation, the material exhibits an intergrowth of OP2 and O3
structures: as per the earlier reports,»®>* charge compensation
results from the Fe’" to Fe'" oxidation. Reversibility of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intercalation process suffers when the extent of desodiation
exceeds ~0.65 because of Fe migration to the alkali metal
layers.?”

The complex stress evolution in NFM111, as a function of
electrode potential and extent of desodiation (x) during the 24
cycle, is shown in Fig. 4a; the differential capacity (dQ/dV)
trends are in Fig. 4b. The same data, plotted with areal
capacity on the X-axis, are displayed in Fig. S7a and b.{ In
general, the stress evolution plot can be divided into 4 stages
(Fig. 4a). In stage 1 during charge (Na" extraction), the stress
increases with voltage reaching a peak tensile value of ~1.5
MPa at a potential of ~2.9 V vs. Na and x ~ 0.158; the tensile
value indicates shrinkage in the electrode coating. Thereafter,
in stage 2, the stress decreases almost linearly, reaching a com-
pressive value of around —2 MPa at a potential of ~3.1 V vs. Na
and x =~ 0.32; the compressive value indicates expansion in the
electrode coating. On further Na' extraction (stage 3) the stress
is mostly constant, increasing slightly to around —2.3 MPa at a
potential of ~3.6 V vs. Na and x ~ 0.48. Beyond 3.6 V (stage 4),
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Fig. 4 (a) Stress and potential evolution of NFM111 electrode during

Na* extraction/insertion into the oxide showing various stress stages
during the 2" cycle. (b) Corresponding differential capacity plots over-
laid on the stress response.
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the stress increases rapidly, changing from compressive to
tensile and reaching 2.7 MPa at a potential of 4.1 V vs. Na and
x =~ 0.61; that is the expanded coating (at end of stage 3)
shrinks rapidly during stage 4.

Similar stages are seen during discharge, during which Na*
is inserted into the oxide structure and electrode potential
decreases: the processes mostly occur in reverse, with an
obvious offset in the magnitude of the observed stress. The
stress decreases to —0.75 MPa at the end of stage 4 (3.5 V vs.
Na and x =~ 0.48), then remains almost constant till the end of
stage 3 (2.85 V vs. Na and x =~ 0.32), reaches a peak tensile
value of 1.9 MPa (2.8 V vs. Na and x ~ 0.22), then decreases to
a compressive value of —0.7 MPa (2.0 V vs. Na and x = 0.09) in
stage 1.

It is evident that during the electrochemical cycling the
electrode experiences repeated contractions and expansions,
which can affect cohesion of the coating components and
adhesion between the coating and the Al foil. The former can
degrade connectivity between the oxide particles and the
carbon (electron conduction) network: the latter can, in
extreme cases, cause coating debonding from the current col-
lector. That is, the cycling stresses can cause mechanical
degradation, which will affect electrochemical performance
through an increase in impedance (through resistivity
increases) and a decrease in capacity (through active material
losses). Clearly, high-performance binders are needed to
absorb stresses generated by repeated volume changes and
mitigate mechanical degradation of the coating.

The NFM111 stress evolution can be compared to the
reported>?® phase evolution and crystal structure changes in
the oxide during (de)sodiation cycles: note that the phase evol-
ution features are also seen in the differential capacity plots
(Fig. 4b). See also the remarkable correspondence between the
stress generated and unit cell volume changes of the oxide in
Fig. S8.1 During stage 1 of desodiation, the O3-H1 polymorph
transforms to a related O3-H2 structure. Stage 2 corresponds
to a transformation of O3-H2 to the P3 structure. O3 and P3
likely coexist in stage 2 as the transformation is slow, appar-
ently because of the significant lattice mismatch between the
phases. In Stage 3, which could be considered an extension of
stage 2, the P3 structure completely replaces O3. Upon further
desodiation (stage 4), the OP2 begins to appear, initially co-
existing with and eventually replacing P3. These structural
changes occur in reverse during the sodiation. Note that the
extent of desodiation (Fig. 4a and b) is less than 0.61, thereby
ensuring reversibility of the crystal structure changes.

The stress hysteresis observed between the charge and dis-
charge cycles could be from subtle differences in phase con-
tents for a given level of (de)sodiation and/or from mechanical
dissipation processes in the polymer (PVdF) binder. Further
studies are needed to de-convolute contribution of the binder
to the stress evolution. Microstructural examination of the
NFM electrodes after about 5 cycles showed no obvious
damage to the oxide particles or the PVdF binder: the latter
apparently possesses the characteristics needed to mitigate
coating degradation, at least for a limited number of cycles.

EES Batteries, 2025, 1,833-839 | 837
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Additional examination of highly-aged electrodes is planned to
examine the role of mechanical degradation in cell perform-
ance loss. The contribution of mechanical processes could
become even more significant for NFM electrodes in SIBs that
are cycled to the higher voltages needed to achieve specific
energies and energy densities comparable to those of LFP-
bearing LIB cells.

4. Conclusions

Real-time stress evolution in a composite NaNiy ;;Fe;3Mny/30,
(NFM111) electrode is obtained with the substrate-curvature
technique in a custom-made beaker cell during the first few
galvanostatic (de)sodiation cycles in the 2.0-4.1 V vs. Na range.
The potential and capacity data from the beaker cell are com-
parable to that of an analogous coin cell. The conclusions
from the experiments are as follows.

« The NFM111 electrode exhibits a complex nonlinear
stress profile during cycling: both compressive and tensile
stresses are observed during each desodiation and sodiation
portions of the cycle. The stress profile during the 1% first des-
odiation half-cycle is different from that of subsequent cycles.
The peak compressive stress exhibited by the electrode is ~4
MPa, whereas the peak tensile stress is ~2.7 MPa.

« The electrode shows an isotropic stress response, as seen
from the similar profiles in two different in-plane directions,
indicating that the response is an average of randomly
oriented particles in the coating.

« The stress signatures correlate well with the various struc-
tural transitions in the NFM111 oxide seen in XRD data
reported in the research literature.

This study provides important information about stress
evolution in a commercially relevant sodium-ion battery elec-
trode. The data can be used in models being developed to
predict aging behavior and lifespan of SIB cells. The substrate-
curvature technique can also be used as a diagnostic tool to
investigate the complex structure-property correlations in
NFM electrodes.
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