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ABSTRACT

Battery electrodes materials undergo significant mechanical instabilities which affects their
longevity and exert rate-limitations during the cycling process. In this study, we investigate the
rate-dependent mechanical response of sodium iron phosphate (NaFePO4, NFP) cathodes during
Na intercalation via galvanostatic cycling at different rates by employing digital image correlation,
electrochemical methods, and mathematical model. The mechanical behaviour of the electrode
shows strong dependance on the applied scan rate. At slower rates, electrode shows asymmetrical
strain generation between anodic and cathodic cycles, which is attributed to the formation of
cathode-electrolyte interface layers. The electrode undergoes smaller strain generation when
cycled at slower rates when the same amount of Na 1ons is removed or inserted into the electrode.
A mathematical model was developed to predict strain evolution in the composite electrode as well
as the concentration profile of the Na ions in the electrode particles. Rate-dependent and time-
dependent factors on the strain generation in the electrode are attributed to the capacity-dependent
intercalation strains, rate-dependent mismatch strains, and time-dependent irreversible strains. The
combination of in situ strain measurements with the analytical model provided new insight into

the electrochemically induced mechanical deformations in Na-ion cathode electrodes.

KEYWORDS: Na-ion battery, rate dependent strain, digital image correlation, Sodium iron
phosphate



1. INTRODUCTION

Recent concerns revolving around the relative scarcity and cost of lithium have resulted in
increasing interest in rechargeable Na-ion batteries [1,2]. Sodium is a far more abundant material
than lithium and is more evenly distributed throughout the earth crust [3]. However, Na-ion
batteries suffer from low capacity retention due to chemo-mechanical degradations in the
electrodes such as the decomposition of organic electrolytes on the surface of the electrode,
continuous volumetric changes in the electrode constrained by current collectors, and mechanical
damages in the electrodes [4,5]. Organic electrolytes decompose on the electrode surface during
ion intercalation, causing the formation of a resistive surface layer on the electrode. Phase
transitions commonly occur as Na ions intercalate into or out of the host lattice which creates
volume mismatches. The associated misfit strains can produce plastic deformation or
amorphization in the electrode material and have negative impacts on reversible ion insertion and
extraction processes [6,7]. These chemo-mechanical degradations can be further exacerbated by
the larger ionic radius of Na cations (1.02 A) and their reactivity towards electrolyte species [8].
Also, it is expected that a cathode electrode would be prone to mechanical deformations during Na
ion intercalation at faster rates due to kinetic limitation associated with slower Na ion diffusion.
Although these chemo-mechanical deformations have been intensively reported for Li-ion battery
electrodes, the physical response of the electrode upon Na intercalation is expected to be different
than ones during Li intercalation. Therefore, further studies are required to understand the impact
of the Na ions on the mechanical stability of electrodes.

Structural and interfacial instabilities in Li-ion battery electrodes have been studied by
using an analytical mathematical model and various advanced characterization techniques such as
electron microscopy [9-16], atomic force microscopy [17-21], in-situ XRD, and X-ray
tomography [22-24], dilatometry [25,26], digital image correlation [27-29], and in-situ curvature
measurements [30,31]. Transport-mechanics couplings in the electrified interfaces and bulk
behavior of battery electrodes have been investigated by developing a continuum-based model for
Li-ion batteries. These models enable the prediction of intercalation behavior of Li-ions under
various factors such as surface tension, scan-rate, and morphology of the electrode [32-38]. The
physical response of the Li-ion battery electrodes due to chemo-mechanical deformations has been
characterized experimentally by monitoring stress and strain evolutions in the electrode via digital

image correlation and curvature measurements. These in situ mechanical measurements shed light



on complex reaction processes controlling the stability of electrode structure as well as its surface
with electrolyte [27,28,30,31,39]. However, chemo-mechanical instabilities associated with
interfacial and structural deformations in the cathode electrodes during Na ion intercalation are not
well known.

In this study, we chose sodium iron phosphate cathode to study rate-dependent and time-
dependent deformations by utilizing in situ electrochemical strains, electrochemical techniques,
and a mathematical model. Olivine-type sodium iron phosphate (NaFePO4, NFP) is structurally
analogous to the Lithium iron phosphate (LiFePO4, LFP) electrode, which is an inexpensive and
environmentally benign cathode material widely used in commercial Li-ion batteries. Due to the
performance of the iron phosphate framework in Li-ion batteries, NFP has attracted much attention
as a cathode electrode for Na-ion batteries. NFP has a theoretical capacity of 154 mAh g!.
Michaelis group investigated the intercalation kinetics and electrochemical performance of NFP
by using the electrochemical displacement technique [40,41]. Casas-Cabanas group monitored
reaction mechanisms and associated structural deformations in the NFP electrodes via in situ x-
ray diffractions [42—46]. Previously, we developed a methodology to tackle in situ electrochemical
strain evolution in sodium iron phosphate electrodes using digital image correlation [27].

The goal of the study is to explore the rate and time effect on the mechanical behavior of
the composite sodium iron phosphate cathode. To achieve it, we experimentally monitor in situ
strain evolution in the electrode at different rates. In situ strains are monitored using the optical,
full-field digital image correlation (DIC) technique. As expected, sodium intercalation causes
volumetric expansions in the composite electrode and the volume of the electrode shrinks during
the removal of Na ions. Although a large amount of the irreversible strain was detected during the
first cycle, strains become reversible in the subsequent cycles. Noticeably larger expansions are
observed in the composite electrode when cycled at faster scan rates. Strain evolution in the
composite electrode is predicted based on the elastic properties of the composite electrode and
atomic-scale changes in the crystal structures. Concentration gradients and mismatch strains inside
the particles are also predicted based on the transport model. The experimental and modeling

studies demonstrate the mechanical penalty in the NaFePO4 composite electrode at faster rates.



2. MATERIALS AND METHODS

2.1. Material Preparation: Composite electrodes and electrolytes were prepared by following the procedure
described previously[27]. Briefly, sodium carboxymethyl cellulose (binder, CMC, average MW ~700,000,
Aldrich) and ultra-pure water mixed with 1:40 mass ratio and homogenized. Then, lithium iron phosphate
(active material, LFP, Hanwha Chemical) and Super P (conductive additive, carbon black, >99%, metal basis,
Alfa Aesar) were added to the above solution. The average particle size of LFP used in the study was 250 nm,
determined by SEM. Final LFP: SuperP: CMC: Water mass ratio was 8:1:1:40. This slurry was mixed for 30
minutes with Thinky centrifugal mixer at 2000 rpm until completely homogenizes. To prepare the free-
standing electrodes, the slurry was cast on copper foil (9 pum thick, >99.99%, MTTI) and a doctor blade was
used to control the slurry thickness. The casted slurry was air-dried ad ambient condition for 16 h. Dried
electrodes are carefully removed from the surface to create the free-standing electrodes used in the strain
measurements. For coin cell and GITT measurements, the same slurry was prepared, and it was cast on
aluminum foil (15 um thick, MTT) with a doctor blade and air-dried for 16 h.

The electrolyte solution was prepared inside a glove box under an argon atmosphere (MB-Unilab Pro
SP, MBRAUN). Oxygen and water contents were kept below 1 ppm all the time. Ethylene carbonate (EC,
anhydrous, 99%, Acros Organics) and dimethyl carbonate (DMC, anhydrous, >99%, Aldrich) were mixed
ina 1:1 volume ratio. 1 M sodium perchlorate (NaClO4, ACS grade, >98%, Aldrich) was added to the above
EC/DMC solution.

Sodium cubes immersed in mineral oil (Na, 99.9%, metal basis, Sigma Aldrich) were cleaned with
hexane inside the glove box. Cleaned Na cubes were stored in 1:1 (v:v) EC:DMC solution for future use.
Before studies, Na cubes were removed from the solvent solution and dried with filter paper. A stainless-steel
scalpel is used to clean the oxidized surface. The cleaned piece was then placed inside a polyethylene bag and
rolled into the shape of a foil using a rolling pin. Flattened Na foil was then placed into the battery cell as a
counter electrode.

2.2. Electrochemical Cycling: Electrochemical displacement technique was used to form iron phosphate
(FP) composite electrode using pristine LFP composite electrode [27,40,41]. Electrochemical delithiation of
the pristine LFP electrode was done by applying a positive current at C/10 rate to 4.0 V vs Na counter
electrode. FP composite electrodes were cycled against Na counter electrode in 1 M NaClO4 in 1:1 (v:v)
EC:DMC electrolyte between 2.0-4.0 V. We provided further details of the electrochemical displacement
technique in the Supplementary information by conducting X-ray diffraction analysis and in situ strain

measurements. The electrodes were cycled at C/25, C/10, C/4 and 1Crates. GITT measurements were carried



out using a custom Swagelok coin cell system. Pristine LFP electrode cast on aluminum foil assembled into
the custom cell with or Na counter electrode and electrolyte. A Celgrad 2044 polymer separator was used to
separate both electrodes. Before GITT measurements, cells were cycled at a C/10 rate for 5 cycles. GITT

measurements carried out with a series of current pulses at C/25 for 1 h, followed by a 10 h relaxation period.

2.3. Strain Measurements: A detailed description of the custom battery cell was provided in our previous
publications [47]. Polychlorotrifluoroethylene (PCTFE, Plastics International) was used to make the main
body of the custom battery cell and the electrode holders. Optical access was achieved by a quartz window
(99.995 % Si02, 1/16 in thick, 2 in diameter, McMaster-Carr). This window was placed on the top of the
custom cell and Viton O-rings (Grainger) used to seal the cell. Strain analysis was conducted by taking images
of the freestanding electrode throughout the electrochemical cycling periods. Grasshopper3 5.0 MP camera
(Sony IMX250, resolution, 2448 (w)*2048(h) pixel) with 12.0X adjustable zoom lens (NAVITAR) for an
effective resolution of 0.873 pm/pixel was used for image capture. [llumination of the freestanding electrode
was achieved with a single constant high-intensity LED light source (Amazon). Depending on the cycling
rate, images were captured every 10 min, 2 min, and 0.25 min for galvanostatic cycling at C/25, C/10, and C
rates, respectively. A lab-made LabVIEW program was used to capture the images. The natural speckle
pattern of the LFP composite electrode was used to calculate the strain generation on the electrode using
Digital Image Correlation (DIC). Full-field strain measurements were performed on an area of interest of 750
pm(w) x 500 um(h) using Vic2D software with a subset size of 111 x 111 pixels and a step size of 15. Strains
were synchronized with the electrochemical response of the electrodes (current and voltage) using a lab-made

MATLAB program.

3. Results and Discussion

3.1. Representative Electrode Response during Na* ion Intercalation: Figure 1 A shows the representative
electrochemical behavior of a sodium iron phosphate (NFP) composite electrode cycled galvanostatically at
a C/25 rate against a sodium counter electrode for four cycles. Iron phosphate composite electrodes were
formed by electrochemical displacement of Li ions from pristine lithium iron phosphate composite electrode
using the methodology described in our previous publication [27]. Voltage and strain evolution during
electrochemical delithiation of pristine LFP and resulting crystalline structure change can be seen in Supp.
Figure 1. The sodiation of the iron phosphate in the first discharge resulted in 144mAh g! discharge capacity,



which is close to the theoretical capacity of sodium iron phosphate (154 mAh g') [40,41]. The electrode
showed a very flat potential plateau around 2.85V during the sodiation of iron phosphate in the first discharge.
The discharge capacity decreased to 138 and 130 mAh g'! in the second and fourth discharge cycles. Charge
capacities during the first, second, and fourth cycles were calculated to be 174, 164, and 158 mAh g,
respectively. Two distinct potential plateaus at around 2.88 and 3.10 V were recorded during the first charge
(desodiation). The evolution of the potential plateaus in the subsequent cycles was similar to the first cycle. A
similar potential response during Na ion intercalation of NaFePOs electrodes via galvanostatic cycling was
reported in the literature [40,41].
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decreased during the discharge and composite electrode during sodium intercalation cycled at C/25 in 1
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charge cycles, respectively. Strains  cathodic, and irreversible strain generations.
were categorized as “anodic”, “cathodic” and “irreversible strain” to evaluate their progression
with cycle numbers [48]. Anodic and cathodic strain values were shifted to start from zero at the
beginning of each charge/discharge cycle to calculate strain generation in each cycle. The strain
value at each cycle was labeled as “irreversible strain” and it was calculated by subtracting the
cathodic strain from anodic strains for each cycle. During the first discharge cycle, the insertion of
Na ions into iron phosphate resulted in 2.43% volume expansion in the NFP composite electrode.
Cathodic strain progressively decreased from 2.43% at 1%t discharge to 1.48% at 2" discharge.
The cathodic strains became 1.34 and 1.26% at the end of the 3™ and 4% discharge cycle,
respectively. The removal of Na ions during the first charge cycle caused a reduction in electrode
volume, generating about -1.34 + 0.1% anodic strain in the first charge cycle. However, there is
an asymmetrical strain evolution in magnitude between charge and discharge cycles, causing

mechanical irreversibility between anodic and cathodic cycles. At the end of the first cycle, the



electrode did not return to its original size, which results in 1.16% irreversible strains. In the
subsequent cycles, the generation of the irreversible strains at each cycle reduced slowly from

0.36% at the end of the second cycle to 0.20 % at the end of the fourth cycle.
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electrode. Previous studies composite electrode cycled at C/25 during sodiation (left size) and
desodiation (right side) in 1 M NaClO4 in EC/DMC electrolyte
demonstrated a good correlation during 4th cycle.

between phase transformations and the evolution of potential-dependent strain rates in the
composite graphite, lithium iron phosphate, and lithium manganese oxide electrodes for Li-ion
batteries [27,49-52]. The location of strain derivative peaks in these studies matches very well
with the current peaks in cyclic voltammetry or the capacity derivative peaks in galvanostatic
cycling. Similar to the previous studies, the strain derivatives, de/dE and capacity derivatives,
dQ/dE were calculated with respect to potential. Figure 2 shows strain and capacity derivatives
during fourth charge and discharge cycles at C/25 rate. Two characteristic peaks in capacity
derivatives are observed during fourth charge cycle at 2.92 and 3.11 V in Figure 2. A well-defined
two peaks in the strain derivative matches with the corresponding peaks in the capacity derivative
within £0.02 V. Two peaks in the capacity derivatives correspond to the appearance of
intermediate Nao.7FePOs during transition of NaFePOs4 phase to FePO4 phase [6,42,45]. A similar
evolution in strain and capacity derivatives is also observed in the earlier desodiation cycles too
(Supp. Figure 5). During discharge, two overlapping 2-phase reactions FePO4 - Nay3FePO4 and
NaysFePO4 — NaFePOy take place in potentials close to each other, therefore they merged into a
single plateau with the overlap of the two reactions, leading to 3 phase coexistence at half discharge

[42—44]. Our measurements at a slow rate showed that there are almost two capacity and strain



peaks observed during the fourth discharge cycle in 2.80 and 2.84 V, and these peaks were
separated with a very narrow potential window.

In general, the electrode experiences reversible and irreversible deformations during Na
ion intercalation. The irreversible physical response of the electrodes has been attributed to the
formation of cathode — electrolyte interface (CEI), the dissolution of transition metal ions, and the
generation of defects in the crystalline structure [4,5]. Reversible deformations in the Na-ion
electrodes are correlated with the changing lattice parameters as alkali metal ions are intercalated
into and deintercalated from the electrode [27,53]. In the next section, the role of scan rate and
intercalation time on the physical response of the sodium iron phosphate electrode is investigated
to elaborate these reversible and irreversible changes in the sodium iron phosphate electrode. We
will discuss how rate and intercalation time impacts the irreversible behavior of electrode as well

as intercalation mechanics.

3.2. Electrochemical Strain Generation at Different C-Rates: NFP cathodes were cycled at
C/10, C/4, 1C and 2C scan rates while monitoring in situ strain evolutions in the composite
electrode (Supp. Figure 4). Single potential plateaus are observed during the insertion of Na ions
at 2.82, 2.68, and 2.44 V for C/10, C/4, and 1C rates, respectively. There was no clear potential
plateau observed for the electrode cycled at 2C rate, it is likely due to the low charge / discharge
capacity of the electrode when cycled at 2C rate. Discharge capacities in the first cycle were 142,
125, 83.9 and 20.4 mAh g! at C/10, C/4, 1C and 2C rates, respectively. Two distinct potential
plateaus were clearly observed when the electrode was charged at C/10 and C/4 rates. These two
potential plateaus are corresponding to the appearance of intermediate Nao7FePO4 during the
transition of the NaFePO4 phase to FePO4 phase [6,42,45]. However, these potential plateaus
became less pronounced in the subsequent cycles when the electrode is cycled at a 1C and 2C rates
rate (Supp. Figure 2 and 3). The overpotential is calculated by subtracting a potential at beginning
of the first plateau during charge (marked with circle times symbol on the Supp. Figure 4) from
the potential at the beginning of the single plateau during discharge (marked with asterisk symbol
on the Supp. Figure 4). The overpotential in the first cycle were 0.02, 0.10, 0.27, 0.65 and 1.03V
at C/25, C/10, C/4, 1C and 2C rates, respectively. The increase in potential hysteresis at higher
scan rates has been observed for other cathode materials during Li and Na intercalation [54,55].

Previous experimental studies, as well as mathematical models also showed the increase in the



overpotential with increasing scan rates [45,56,57]. For sodium, both reaction kinetics and
diffusion rates are sluggish compared to lithium. This, in turn, increases the overpotentials required

to insert or remove sodium from the FePOy structure, especially at higher scan rates.
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Figure 3: Anodic, cathodic and irreversible strain at C/10 (red color), C/4 (grey color), 1C (blue color) and
2C (purple) rates.

Supp. Figure 4 shows the electrochemical strain evolution in the composite sodium iron
phosphate electrode cycled at C/10, C/4, 1C and 2C rates. Electrochemical strains demonstrated a
linear relationship with galvanostatic charging / discharging at all different scan rates. The
progression of anodic, cathodic, and irreversible strain generation with cycle numbers at different
scan rates are plotted in Figure 3. The cathodic strain became 2.31, 2.25, 1.27% and 0.28% at the
end of the first discharge cycle at C/10, C/4, 1C and 2C rates, respectively. During the first charge
cycle, -1.31, -1.22,-0.57% and -0.15% anodic strains are generated at C/10, C/4, 1C and 2C rates,
respectively. In the subsequent cycles, the average anodic strains became -0.46, -1.05, and -1.16%
within the margin of 0.02% at C/10, C/4, and 1C rates, respectively. Like C/25 rate, slightly
asymmetrical strain evolution in magnitude was detected between charge and discharge cycles
when the electrode cycled at C/10. Interestingly, the cathodic and anodic strain increased by the

cycle number at 2C rate with cycle number, while irreversible strains was below 0.1%. Irreversible



strains at the end of the first cycle were 1.00, 1.03, 0.70 and 0.13% at C/10, C/4, 1C and 2C rates,

respectively. Irreversible strains decreased rapidly in the subsequent cycles. The generated
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Figure 4: Voltage and strain evolution in iron phosphate composite electrode during sodium intercalation in 1 M NaClOy
in EC/DMC electrolyte at different scan rates during the 4" cycle. Dotted points indicate the predicted strains calculated
from the mathematical model.

irreversible strains in the third cycle were 0.19, 0.13, 0.05% and 0.05% for C/10, C/4, 1C and 2C
rates, respectively.

The total amount of sodium ions displaced during cycling directly influences the strain
evolution in the electrode. Previous studies on Li-ion electrodes showed a linear relationship
between the capacity and strain evolution in graphite anode and lithium manganese oxide cathode
materials [49,52]. In situ stress and XRD studies on lithium manganese oxide [58], graphite [59],
lithium cobalt oxide [60], and lithium iron phosphate [42] showed the linear relationship between
capacity and physical response of electrodes. To better understand the rate-dependent strain

generation in the composite sodium iron phosphate cathode, electrochemical strains during the

10



fourth charge and discharge cycles at different rates are plotted with respect to capacity in Figure
4. Strain values were shifted to zero at the beginning of each charge and discharge cycle to
calculate strain generation in each cycle. The strain increases almost linearly with respect to charge
and discharge capacities at all scan rates. However, the rate of the electrochemical strains with
respect to capacity depends on the applied scan rate. For example, when the sodium ions are
intercalated into the electrode until the discharge capacity becomes 40 mAh g'!, the composite
electrode expands 0.426, 0.505, 0.540, and 0.589% when cycled at C/25, C/10, C/4, and 1C rates,
respectively. The slope of the strains with respect to the state of discharge (SOD) is calculated as
1.75,1.99,2.13,2.04 and 2.25 at C/25, C/10, C/4, 1C and 2C rates, respectively. When considering
the same charge capacity, the electrode volume also shrinks greater at faster rates. Strain and
capacity relationships during the third cycle are also compared at different scan rates in the Supp.
Figure 10. The distinct difference in the electrochemical strain evolution during charge is clearly
observed for the third charge cycle too. The magnitude of electrochemical strains was slightly
higher at faster rates in the third charge cycle. The electrode experience larger strains at faster scan
rates although the same amount of sodium ions is inserted into or extracted from the electrode.
However, it is important note that the additional strains at higher rates compared to the slower rates
are more pronounced during charge cycles compared to discharge cycles.

Overall, there are two distinct rate-dependent physical responses of the composite NFP
electrode. The first one is asymmetrical strain evolution between charge and discharge cycles at
slower rates. The electrode demonstrated a more symmetrical strain evolution between charge and
discharge rates when cycled at faster rates, which leads to smaller irreversible strain generation in
each cycle (Figure 3). Another distinct physical behavior of the electrode is the rate-dependent
strains with respect to capacity. When the same amount of sodium is inserted into or removed from
the electrode, the electrode undergoes larger volumetric changes at faster rates. To shed light on
these discrepancies, we will discuss the possible factors, such as the progression of cathode-
electrolyte interface (CEI) formation, and the transport-mechanics coupling of Na ions in the

cathode particles, on the rate- and time-dependent electrochemical strains.
3.3. Progression of Irreversible Strains: Irreversible deformations in the electrodes have been

attributed to the dissolution of transition metal from the structure of the electrode [61], vacancy

formations in the crystalline structure, and the formation of CEI layers [62]. To differentiate these

11



factors on the irreversible strains at different rates, the cumulative irreversible strains were plotted
with respect to cycle number (Figure SA). If the dominant force on the irreversible deformation is
the dissolution of iron metal from the NaFePOs structure, we expect to observe negative
irreversible strains with increasing cycle numbers. Zhao et. al showed the reduction in strains in

lithium manganese oxide cathodes due to the dissolution of manganese into electrolyte [63]. Since
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Figure 5: Cumulative irreversible strains in the composite NFP electrode cycled at 2C (purple), 1C (blue), C/4 (grey), C/10
(red), and C/25 (green) rates. The cumulative irreversible strains are plotted with respect to (4) cycle number and (B) square
root of cycling time. Dash lines represent the fitted data with the fitted equation.
the cumulative irreversible strains increased with cycle number for all scan rates, it is unlikely that
the dissolution of iron dominates the irreversible behavior in the sodium iron phosphate electrode.
Another factor contributing to irreversible deformation could be the formation of vacancies
in the crystal structure of the electrode. Unexpected compressive stress generation was observed
during the first delithiation cycle in lithium manganese oxide cathode [64] and the irreversible
behavior was associated with the formation of oxygen vacancies in the electrode structure. Large
irreversible strains were detected in the first cycle of lithium intercalation into lithium iron
phosphate and lithium manganese oxide electrodes [47,48]. Figure 5 demonstrates the large
deformations only in the first cycle in sodium iron phosphate cathode at all scan rates. Although
the generation of oxygen vacancies may contribute to the irreversible behavior of sodium iron
phosphate in the first cycle, they are unlikely to cause the progressive evolution of irreversible
strains with increasing cycle numbers.
The formation of cathode — electrolyte interface (CEI) layers is a well-known phenomenon
causing irreversible deformation in the alkali-metal ion battery electrodes. Oxidation of electrolyte
species at high voltages and interaction between electrolyte and cathode can cause the formation

of organic and inorganic layers on the cathode surface [4,5]. Smith et al. previously demonstrated
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that the thickness of the solid-electrolyte interface layer increases approximately with the square
root of time on graphite electrode in Li-ion batteries [65]. Cycle time and operational temperature
dominate the solid-electrolyte interface growth rate, not the cycle number [65-67]. Also, a
continuum-based mathematical model predicted the growth rate of solid-electrolyte interface
layers with the square root of time [68]. Previously, we observed a linear relationship between
cumulative irreversible strains and the square root of time for graphite anode and lithium
manganese oxide cathodes for Li-ion batteries. The irreversible strains were associated with the
electrolyte decomposition on the surface of the electrodes [47,53].

To shed light on irreversible strains on the sodium iron phosphate electrode, the cumulative
irreversible strains were plotted against the square root of time (Figure 5B). A linear relationship
between cumulative irreversible strain generation and the square root of time is observed for all
scan rates. Interestingly, the electrode undergoes larger cumulative irreversible strain generation
at faster rates when cycled for the same amount of time. As a result, the rate of irreversible strain
with respect to the square root of time increases from 0.134 hr =5 at C/25 to 0.179 hr~=%> at 1C.

—05 at 2C rate. Attia et al. also demonstrated a similar

The slope was calculated as 0.390 hr
correlation between the rate of solid electrolyte interface growth and nominal C-rate for Li-ion
graphite electrode [69].

If we assume that the growth of CEI layers on the electrode causes an overall increase in
the size of the sodium iron phosphate particles, then this deformation on the electrode surface will
lead to irreversible macroscopic expansions of the electrode. Based on this assumption, we
previously estimated the thickness of the decomposition products for Li-ion graphite composite
electrode using the following equation;

hegr = 0.5 Dyarticle€irr (1)
where hcgr, Dparticie, and & denote the thickness of the CEI layer, the original size of the
particle diameter, and generated irreversible strains, respectively [53]. The average particle size in
the composite sodium iron phosphate cathode is about 250 nm. With the given irreversible strains
of 1-2% on the electrode, the thickness of the CEI layer is estimated to be ca. 1.25 — 2.5 nm.
Previous studies based on X-ray photoelectron spectroscopy detected a few nanometer-thick layer
of CEI on lithium iron phosphate and nickel manganese cobalt oxide cathodes [66,70]. Therefore,
the estimated thickness of CEI from the strain measurements is consistent with the experimentally

measured CEI thickness.
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To summarize this section, the irreversible strains increase linearly with the square root of
time for all scan rates. This correlation between irreversible deformations and time suggests the
contribution of the CEI growth on the irreversible strains. Since the rate of decomposition on the
electrode surface is time-dependent, the irreversibility causes asymmetrical strain response
between anodic and cathodic cycles at slower rates. The growth of the CEI layer contributes to
irreversible positive strain evolution in the electrode. In addition to intercalation-induced strain, if
the CEI growth is the only irreversible factor causing strains in the electrode, then it was expected
to observe more positive strain generation during sodiation and less negative strains during
desodiation at the slower rates, compared to the behavior of electrode cycled at faster rates because
of the difference in intercalation time. However, this cannot simply explain the rate-dependent
strain profiles observed in Figure 4 and Supp. Figure 10. Local volume mismatch between
separated phases in the electrode structure and mismatch strains due to rate-dependent
concentration gradients in the electrode might also contribute to the rate-dependent strain behavior.
In the following section, we will discuss the factor of diffusion-limitations at faster rates and their

impact on the strain evolution in the electrode.

3.4. Predicted Strains in Composite Electrode: A typical composite electrode consists of active
materials, conductive carbon, and polymeric binders. Conductive carbon and polymeric binders
do not intercalate with ions, their function is to provide conductive network and mechanical
strength in the composite electrodes [71,72]. During battery operation, electrochemical strains in
the active materials during ion intercalation (e.g. NaFePO4) governs the volumetric changes in the
composite electrode. Previously, the expansions in the Li-ion battery composite electrodes were
estimated by considering the volumetric changes in the active particles and calculating the elastic
properties of the composite electrode [73,74]. The model assumes that lithium ions are uniformly
distributed in the active particles. The model only considers elastic and reversible deformations
upon reversible Li* ion intercalation. Also, the impact of side reactions, defect formations, plastic
deformations, and the formation of the cathode-electrolyte interface are not included in the model
calculation. The individual active materials might show anisotropic behaviors, however, the
randomly distributed active materials in the composite network leads to isotropic behaviors in the
composite electrodes at the length scales considered in the model. The predicted strains showed

good correlations with the experimentally measured composite strains in Li-ion batteries when the
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electrodes were cycled at slow scan rates [73,74]. Sodium-intercalation induced strain in the
composite NaFePOyj electrode is calculated by adjusting the previous composite model for Na-ion
batteries. Strains in composite electrode, €., i1s computed as,

1 1
Ece = EnrPPNFP T (181\’—”1) <K_e - ) (2)

Kaverage

Kpm KNFP

Elastic properties of the composite electrode such as bulk modulus, K, are calculated by
using open cell theory for anisotropic porous solid end S-combining rule [75]. The volumetric
fraction of the NFP particles, ¢ypp, in the composite electrode is calculated by measuring the
porosity of the composite electrode. The model and porosity calculations are described in the
supporting information. Calculation of the strains in the composite electrode requires information
about the linear strains in the NFP particles, &ypp, during Na* ion intercalation. Changes in the
lattice parameters can be used to calculate linear strains in the NFP particles. Previously, Casas-
Cabanas and her group intensively investigated the structural changes in the olivine NaFePO4
during charging / discharging by using synchrotron X-ray diffraction experiments [42—46]. The
intensity of the low angle diffraction peaks of the phases, unit cell parameters and cell volumes is
plotted with respect to Na content in the electrode discharged at C/66 rate in Supp. Figures 11 and
12 using the previously published XRD study [45].

Linear strain in the sodium iron phosphate electrodes was calculated from the changes in
the cell volume of the electrode particles with respect to SOD. The predicted strains in the
unconstrained composite electrode are compared with the experimentally measured strains during
discharging at different scan rates in Figure 4B. In the calculations, the predicted strains were
calculated between SOD of 0.25 — 0.65 to avoid the three-phase region at around 0.65 state of
discharge. The corresponding discharge capacity at 0.25 SOD is 38.5 mAh g!. The predicted
strains were shifted by 0.41% to provide a better comparison with the experimentally measured
strains. The model predictions resemble the experimentally measured strains at slow scan rates
until discharge capacity becomes 80 mAh g''. Note that the model assumes uniform sodiation of
the sodium iron phosphate electrode and it is incapable of incorporating possible mismatch strains
associated with large concentration gradients at faster scan rates. We hypothesize that the
diffusion-limited concentration profile of Na ions in the electrode particles causes mismatch strains
at faster scan rates. To further investigate, we calculate the concentration gradients and mismatch

strain profiles in the electrode particle using Fick’s law.
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3.5. Predicted Na Concentration and Mismatch Strains in the Electrode Particle: An
analytical model based on Fick’s law and elastic deformation was developed to stimulate the
concentration profile of Li ions and stress generation in various shapes and orientations of Li-ion
battery electrodes|[7,32,34,35,76-78]. We adopted previous diffusion-mechanics models of Li-ion
batteries into Na-ion batteries to compute the Na concentration gradient and mismatch strains in
spherical NaFePOy particles. In the olivine NaFePOy structure, FeOs octahedra connect with
neighbor FeOg by sharing corner in the ab plane, whereas POy tetrahedra shares corners and edges
with the FeOg octahedra. The structure provides open channels along the a-axis and b-axis for Na
ions. We consider a simple problem of diffusion of Na ions within the sphere shape of particles
with the radius, r. From SEM images, the average radius of the particles was around 125 nm. The

concentration of sodium in the particle is governed by time-dependent Fick’s law [35];
o= (175) ®

The primary driving force for sodium diffusion is the concentration gradient. GITT
measurements were performed to calculate the diffusion coefficient of the sodium in the NaFePO4
particles (Supp. Information). The diffusion coefficient varies between 1 X 1071* ¢cm?/s and
1x 107 ¢m?/s during intercalation of Na ions. In the calculations, we assume constant

diffusivity of 2 X 101> ¢m? /s and the stress-induced diffusion is neglected. Initial and boundary

conditions are given by;

C(r,0)=0for0<r<R (4)

DD = o fort > 0 (5)
ICRY _ 1

D—at —FfortZO (6)

At the surface of the electrode, current density, I is constant under galvanostatic
discharging and it can be defined with the galvanostatic discharge rate as I = (C — rate) %

where a and p denote theoretical capacity and density of the electrode, respectively. The C-rate
represents the amount of time it takes to discharge the battery with respect to its theoretical
capacity. Cp,qx 1S the maximum concentration of sodium in the NaFePOs, In Figure 4, the state of
discharge at the end of the discharge was 0.27, 0.50, 0.62, and 0.84 when the electrode was cycled
at 1C, C/4, C/10, and C/25 rates, respectively. To simulate the concentration gradients and

mismatch strains, the electrode particles are discharged until the average SOD in the particle
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reached the experimentally observed SOD for
four different scan rates in Figure 1 and the
Supp. Figure 4. As a reference point, the
concentration profile of sodium is also
computed when cycled at C/100 until 0.95
SOD. The concentration profile of sodium
inside the electrode particles is estimated by
solving the partial differential diffusion
equation using the MATLAB PDEPE
toolbox.

Figure 6 shows the distribution of
sodium at different C-rates. At slower rates
(C/100 and  C/25), sodium is almost
uniformly distributed along the particle
radius. When the scan rate increased further,
the concentration of sodium near the particle
surface differs significantly from the
concentration in the center of the particles. As
a result, a large sodium concentration
gradient 1s observed near the electrode
surface at faster rates. We calculate the

deformation mismatch due to the
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Figure 6: Na Concentration and Mismatch Strains in
FElectrode Particle: The sodium concentration profiles and
the mismatch strains at five different scan rates. In the
calculations, it is assumed that the electrode particles are
discharged until 0.15, 0.27, 0.50, 0.62, 0.84 and 0.9% state
of discharge for 2C, 1C, C/4, C/10, C/25 and C/100. The
state of discharge values for each rate is chosen based on
experimentally measured electrode capacity in Figure 5.

inhomogeneous distribution of sodium inside the electrode particle by following the previous

elastic model developed for Li-ion batteries [32]. Mismatch strains are calculated as

1) Lly=
S(T) = —Tl|.r=0 0

(7)

Concentration dependent-lattice parameters among the a-axis and b-axis are used to

calculate strains. Shortly, the estimated concentration profiles throughout the radius of the

electrode particle were converted into radius and time-dependent SOD and match with the lattice

parameter in the a-axis and b-axis from the Supp. Figure 11. Steep concentration gradients at faster

scan rates result in the generation of large mismatch strains in the electrode particle.
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The average concentration in the electrode particle (Cyye, Where Cppe = C/Cpnax ), average

mismatch strains in the particle along a-axis (&, 4y) and b-axis (&, 1) are calculated from the

Roa
simulation and tabulated in Table 1. Average values are calculated via ®,,, = f‘}R—_r where @ =

Odr

Cover €4 OT €. Average predicted Na concentrations in the electrode particle at different rates are
in good agreement with the experimentally measured Na content in the composite electrode
(Figure 4). The average mismatch strain evolution per charge is greater in magnitude when the
electrode is cycled at faster rates. These mismatch strains in the electrode particle leads to

additional macroscopic expansions of the composite electrode at faster rates.

Table 1: Average concentration in the electrode particle C,,,, and mismatch strains in the particle along a-axis

(Sa,ave) and b-axis (sb,ave)'

C-rates 2C 1C C/4 C/10 C/25 C/100
Cove 0.15 0.30 0.53 0.63 0.84 0.89
€aave / Cave 6.17 6.19 5.21 2.08 0.53 0.10
€5 qve / Cave 6.91 7.00 5.95 2.55 0.63 0.14

3.6. Factors Contribution Electrochemical Strains in NaFePQy4 Electrode: Intercalation of Na
ions generates electrochemical strain generation in the composite electrode (Figure 1). Strain
derivatives during charge / discharge cycles match well with the capacity derivatives, which points
out that the phase transformation in the electrode causes potential-dependent strain rate changes in
the electrode (Figure 2). Strains also show very linear dependence on the capacity. Predicted
composite strains based on anisotropic porous solid end S-combining rule also agrees well with
the electrochemically measured strains at C/25 rate (Figure 4). The measurements also point out
to irreversible and rate-dependent strain generation factors in the electrode in addition to the
intercalation-induced electrochemical strains. First, large amount of irreversible strain generations
is detected in the early cycle (Figure 3). Cumulative irreversible strain shows a linear dependence
with the square root of the cycle time (Figure 5). When irreversible strain generation becomes
negligible small in the subsequent cycles compared to the intercalation-induced strains, the
electrode experiences a slightly larger expansion when cycled at the faster rate (Figure 4). This
behavior suggests the rate-dependent strain evolution in the composite electrode. In summary,

strains in the composite sodium iron phosphate electrode, €, can be defined as
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g = Q) + ey(V) + er—phase T Ecrr(O)+ Eotner (8)
where ¢;(Q) is the capacity-dependent intercalation-induced strains, &,,(v) is the rate-dependent
mismatch strains due to concentration gradients, &y_ppqse 1S mismatch strains due to the volume
mismatch between separated phases in the electrode structure, &qg;(t) is time-dependent, CEI-
induced irreversible strains. &€,:pe 1S the strain generation due to the combination of other
irreversible deformations such as oxygen vacancies, dissolution of iron, and irreversible structural
or microstructural changes (e.g. cracks). Experimentally measured and predicted composite
strains in Figure 4 indicate the linear relationship between intercalation-induced strains, &;(Q) and
the electrode capacity. Time-dependent cumulative irreversible strains in Figure 5 points out the
contribution of CEI growth on the irreversible deformation, &.g;(t). Large irreversible strains are
detected during the first cycle at any scan rates (Figure 1 and Supp. Figure 4) and it can be
associated with either &.g;(t) and/or &,ip0r-

Rate-dependent strain rates with respect to capacity in Figure 6 is associated with the
generation of mismatch strains in the electrode. Mismatch strains, &,,(v), can be generated due to
rate-dependent concentration gradients in the electrode particle and volume mismatch between
two separate phases in the electrode. The energy accommodation during mechanical deformations
in the electrode widens the potential gap between the electrochemical redox reactions, which leads
to higher potential hysteresis [62]. Zhu and Wang calculated the strain accommodation energy for
LiFePOy4 electrodes with 40-nm and 100-nm particle sizes. The bigger particles require large
potential hysteresis to accommodate the volume differences between Li-rich and Li-poor phases
[79]. Synchrotron X-ray diffraction and pair distribution function analysis suggest NaFePO4
accommodates discontinuous volume changes in the electrode by forming short-range amorphous
phases [6]. Operando synchrotron study also suggested the formation of mismatch strains on
NaFePOy cathodes induces cost of mechanical energy, which causes larger potential hysteresis
between redox reactions [80]. The analytical model predicted sharper concentration gradients and
localized strain generation near the electrode surface during Li-ion intercalation electrode [32—38].
In situ stress measurements and finite strain model demonstrated local stress gradients near the Si
thin film electrode surface due to sharp concentration gradients near surface [81,82]. In our study,
the transport model only simulates the rate-induced concentration gradient within the solid solution
(Figure 6). The model predicts sharp concentration gradients of Na near the electrode surface at

higher rates, which contributes to greater mismatch strains (Table 1). It should be noted that large

19



concentration gradients impede the volume mismatch between two separate phases in the
electrode. Although predicted strain values do not incorporate the phase separation factor, it
demonstrates the contribution of sharp concentration gradients at faster rates on the mismatch

strains.

4. CONCLUSION

A better understanding of the rate effect on electrode mechanics is required to develop new
electrodes with better rate-capabilities. In this work, we interrogated the impact of scan rate on
electrochemical strain generations in the NaFePO4 composite cathode for Na-ion batteries. Digital
image correlation was used to monitor strain generation in the composite cathode during cycling
at different scan rates. A large irreversible strain is observed in the first cycle at all scan rates. A
linear relationship between electrode capacity and strain evolution is observed at all scan rates.
Asymmetrical strain evolution between anodic and cathodic cycles is observed at slower rates and
it was attributed to the generation of time-dependent irreversible strains due to CEI growth. The
rate of increase in the cumulative irreversible strain was greater when the electrode cycled at faster
rates. The remarkably larger intercalation-induced strain evolution is observed in the composite
electrode when cycled at faster scan rates. Experimental strain measurements were compared with
the predictions from an analytical model for composite electrodes based on uniform elastic
deformations and intercalation-induced structural changes in the NFP particles. A transport-
mechanics model is developed to predict the concentration profile of Na in the electrode particles
and associated mismatch strains at different scan rates. Our study demonstrated the scan rate-
dependent and time-dependent additional volumetric changes in the electrode due to the formation
of CEI layers and mismatch strains. When considering commercial electrodes being constrained
by current collectors and battery packing, these constrained electrodes will be more prone to
mechanical degradations at faster rates due to larger electrochemical strains. Mechanical
instabilities in the electrode particles will shorten the lifetime and worsen the performance of the

battery electrodes.
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