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ABSTRACT 

Na-ion and K-ion batteries are promising alternatives for large-scale energy storage 

applications due to their abundancy and lower cost. However, designing an electrode 

structure to reversibly accommodate these large alkali-ions is the remaining challenge 

before their commercialization.  Intercalation of these large ions could cause irreversible 

structural deformations and amorphization in the crystalline electrodes. The designing of 

new amorphous electrodes is another route to develop electrodes to store these ions 

reversibly.  Lack of understanding of dynamic changes in the amorphous nanostructures 

during battery operation is the bottleneck for further developments.  Here, we report the 

utilization of in situ digital image correlation and in-operando X-ray diffraction (XRD) 

techniques to probe dynamic changes in the amorphous phase of iron phosphate during 

potassium intercalation. In-operando XRD demonstrates amorphization in the electrode’s 

nanostructure during the first charge / discharge cycle. In situ strain analysis detects the 

reversible deformations associated with redox reactions in the amorphous phases. This 

method offers new insights to study mechanics of ion intercalation in the amorphous 

nanostructures.  
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1. INTRODUCTION 

Rechargeable Li-ion batteries have been used to power consumer electronics and 

electric vehicles. The increasing demand on Li-ion batteries has created concern due to 

their limited and unevenly distributed resources.  Rechargeable  alkali metal-ion batteries 

with earth-abundant elements as charge carriers (Na and K) are promising alternatives for 

large-scale energy devices and stationary storage1. Na-ion (NIBs) and K-ion (KIBs) 

batteries are expected to share similar electrochemical properties with Li-ion batteries 

because they are monovalent2,3. However, many challenges remain to commercialize NIBs 

and KIBs including new electrode chemistries and mitigating chemo-mechanical 

degradations. Traditional electrode materials designed for Li-ion batteries may not be ideal 

to allow reversible charge storage of Na and K ions due to their different size, mass and 

reactivity. Intensive efforts have been focused to develop new electrode nanostructures for 

these battery systems4.  

During insertion / removal of charge carriers, the electrode structures often undergo 

phase transformation, associated with the volume mismatch between the new phase and 

existing phase in the electrode particle.  Depending on the phase transformation pathway 

and volume mismatch, insertion of alkali-ion into the host structure can cause plastic 

deformation, mechanical fracturing and even amorphization in the electrode. Insertion of 

Li-ions into silicon can cause up to 300% volumetric expansion and the extraordinary high 

transformation strain causes amorphization, which provides a desirable platform for 

hosting Li ions in the electrode5.  The high transformation strains during Na intercalation 

into FePO4 (17% volume expansion) also cause the formation of amorphous phases 

between the primary phases, which is beneficial to alleviate the misfit strain energy6.   

The traditional crystalline electrodes may not be able to accommodate the insertion 

of Na or K ions due to their size and reactivity with the host structure.  For example, 

graphite structures allow reversible intercalation with Li ions, but are unable to host Na 

ions 7–9. Layered metal oxides can only host a fraction of K ions, although they allow 

reversible cycling with Li and Na ions10–12. Unlike crystalline structures, the amorphous 

electrodes have short-range orders with long-range disordered structures. Due to the unique 
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arrangement of atomic clusters in amorphous materials, they can store larger ions and 

provide flexibility to lattice distortions1. The amorphous materials can be identified easily 

by conventional X-ray diffraction (XRD) or electron microscopy techniques. The material 

chemistry of the amorphous materials also has been studied by utilizing Fourier-transform 

infrared spectroscopy, Raman spectroscopy and X-ray absorption spectroscopy.  Although 

these techniques provide vital information about the chemistry of the amorphous materials, 

there is lack of understanding of the physical and dynamic behavior of amorphous materials 

during battery cycling. The chemo-mechanical analysis of dynamic changes in the 

amorphous materials as well as amorphization of crystalline structures during battery 

operation is very challenging due to the disordered nature of the amorphous phases.   

Motivated by this, here, we propose a new experimental approach to monitor 

dynamic physical and structural changes in the amorphous phase of the electrodes by 

combining in situ strain measurements via digital image correlation (DIC) and in-operando 

XRD technique. Intercalation of K ions into crystalline iron phosphate, FePO4 host 

structure is chosen as a model system. Previous ex-situ XRD study demonstrated the 

amorphization of the crystalline FePO4 upon K intercalation13. XRD technique can detect 

crystallographic evolutions (e.g., interplanar spacing) and chemical composition of the 

crystalline structures.  DIC technique has been used to characterize in situ electrochemical 

strain evolution in the composite electrodes associated with reversible (e.g., phase 

transformations) and irreversible (e.g., solid-electrolyte interface) deformations14–19.  

Previous DIC study investigated the relative strain evolutions upon Na and Li intercalation 

into FePO4 electrode and these relative strains were found to be much greater than relative 

expansions in electrode cell volume reported by the previous diffraction studies20. The 

discrepancy in volumetric changes in the electrode between XRD and DIC studies was 

associated with the formation of amorphous phase in the electrode upon Na-ion 

intercalation, which cannot be quantified by diffraction alone.   

In this study, crystalline FePO4 electrode is first formed by utilizing 

electrochemical ion displacement method. Then, K ions were intercalated into the FePO4 

electrode during in situ monitoring of electrochemical strain generation and structural 

changes by performing DIC and XRD techniques. The electrode lost its crystallinity during 

the first cycle and Bragg peaks did not show any significant changes in the subsequent 
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cycles.  On the other hand, the electrode showed reversible expansions and shrinkage in its 

volume upon discharge and charge cycles, respectively. The strain derivatives 

demonstrated a characteristic peak at specific potentials during K intercalation, which 

suggests reversible redox chemistry in the amorphous phase of the electrode.  

The crystalline FePO4 host structure is generated by employing electrochemical 

displacement method21. Figures 1A and 1B show the voltage and strain evolution in the 

electrode during the removal of Li ions. The single potential plateau around 3.67V vs 

K/K+/0 indicates the formation of Li-deficient FePO4 from Li-rich FePO4, via a two phase 

reaction mechanism11,22. Delithiation capacity was calculated as 187 mAh/g and it is close 

to the theoretical capacity of lithium iron phosphate, LiFePO4, which is 170 mAh/g. 

Removal of Li ions from LiFePO4 structure results in 0.18% contractions in the composite 

electrode (Figure 1B).   

 

Figure 1: Formation of FePO4 electrode by electrochemical displacement of Li from LiFePO4 electrode. The 

pristine LiFePO4 electrode was delithiated at C/10 rate against K counter electrode until to 4.3 V vs K/K+/0. (A) 

Voltage and (B) strain evolution during the extraction of Li ions from LiFePO4. The C-rate is calculated based on 

theoretical capacity of  LiFePO4, which is 170 mAh/g. (C-G) Evolution of LiFePO4 composite electrode’s 

crystalline structure measured with in-operando XRD during electrochemical displacement process. Color change 

from red to blue indicates the increase in voltage as described in the figure. 
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Figures 1C-1G show the evolution of crystalline structure of composite electrode 

during electrochemical displacement to remove Li from pristine LiFePO4 electrode. At the 

onset of the charge (2.6 V), the pristine electrode demonstrates well-defined XRD peaks 

around 29.5°, 32°, 35.5° and 37.8°, which are associated with the crystalline structure of 

the LiFePO4 electrode11. During the process, the intensity of these peaks gradually 

decreases with the increase in voltage and eventually disappears at around 4.3V, which 

indicates the removal of Li ions from LiFePO4 structure. At the same time, new peaks 

started to appear around 30.5°, 36.5° and 37.2° , which are associated with FePO4 

crystalline structure. Intensity of these peaks increases as more Li ions are removed from 

the crystalline structure, indicating the conversion of LiFePO4 to FePO4. Overall, the XRD 

patterns show the successful phase transition of the crystalline structure of the pristine 

LiFePO4 into FePO4 when the electrode was charged against K counter electrode.  

After the formation of crystalline FePO4 structure with electrochemical 

displacement, the electrode is continuously discharged / charged with K ions at C/25 rate 

(Figure 2). During the first discharge, voltage sharply decreased to 2.3 V and showed a 

very small plateau around 2.3 V. After the plateau region, voltage continued to decrease 

until the lower cutoff voltage of 1.5 V. Discharge capacity was 43 mAh/g.  Intercalation of 

K into the FePO4 structure resulted in the electrode expanding about 0.66%.  The strains 

show non-linear increase with the discharge capacity (Supp. Fig. 1). Positions of the Bragg 

peaks in the FePO4 structure before the first discharge were recorded for (211), (020), (311) 

and (121).  The initial structure of the electrode before the first discharge demonstrated 

typical FePO4 crystalline features23. Decrease of the intensity of the XRD peaks at 30.5°, 

36.5° and 37.2° indicates the reduction in crystallinity of the electrode due to K ion 

insertion. These peaks are also shifted towards lower 2θ, indicating the increase in 

interplanar spacing with the K ion intercalation.  Supp. Table 1 shows the increase in the 

interplanar spacing along <331>, <121>, <211> and <020> by more than 0.5 pico meter at 

the end of the discharge cycle. No LiFePO4 peaks appeared during the first discharge.   

 During the first charge, voltage increased sharply until around 2.3V voltage, and 

then it had shallower slope until the upper cutoff voltage of 4.3 V. Charge capacity was 

about 40 mAh/g. While the removal of the K after the first charge caused reduction of 

electrode volume, the electrode did not return to its original volume, resulting in an 
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irreversible expansion of about 0.21% at the end of the first cycle. Increase in the intensity 

of the XRD peaks suggests the partial recovery of the electrode’s crystallinity.  Also, these 

peaks are shifted towards higher 2θ, indicating the decrease in interplanar spacing due to 

removal of K ions.  

In the subsequent discharge and charge cycles, intercalation of K into the cathode 

structure resulted in volumetric expansions and reductions, respectively. The difference in 

strain evolution between each charge and discharge cycle leads to increase in irreversible 

strains in the electrode, which becomes 0.41% by the end of the fourth cycle. Although 

both capacity and strain generation indicate the K ion intercalation into the electrode, 

intensity and location of the XRD peaks did not show any significant changes during the 

subsequent cycles. This indicates that crystallinity and interplanar spacing in the electrode 

does not change anymore in the crystalline part of the electrode and suggests that K ions 

are intercalated into the amorphized phase of the electrode.   

Figure 2: Discharge and Charge of FePO4 Composite electrode with K ions: A) Voltage and B) strain evolution in 

the composite electrode during K intercalation at C/25 rate. C) Corresponding XRD patterns at the beginning and 

end of each charge and discharge cycles. Arrows indicates the direction of the cycles. The C-rate is calculated 

based on theoretical capacity of potassium iron phosphate, which is 141 mAh/g.   
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 To better understand nanoscale structural changes in the electrode during charge 

and discharge cycles, capacity and strain derivatives with respect to voltage were calculated 

to investigate the charge behavior and physical response of the FePO4 electrode during K 

intercalation. Previous studies on graphite15,24, lithium manganese oxide (LMO) 25–27, 

lithium iron phosphate (LFP) 28 and sodium iron phosphate (NFP) 21 electrodes showed 

that the evolution of the strain derivatives with potential closely matches with the phase 

transformations in the electrode structure.   In the studies, the location of the strain 

derivative peaks was in good agreement with evolution of the electrochemical response of 

the materials associated with the nanoscale changes in their structure. Charging / 

discharging of graphite, LMO, LFP or NFP electrodes leads to changes in the crystalline 

structure associated with the phase transformations, which are well-reported by XRD 

studies.   On the other hand, a previous ex-situ XRD study showed significant loss of 

crystallinity in the FePO4 structure after K intercalation, which is associated with the 

amorphization of the structure upon large K ion intercalation29.  

Strain and capacity derivatives are calculated by taking a derivative with respect to 

potential. Figure 3 shows the detailed picture of the progression in XRD peaks at selected 

Figure 3:  Structural, physical and electrochemical response of the iron phosphate during first three discharge cycles 

A) capacity and B) strain derivatives with respect to voltage. C-E) Corresponding XRD patterns at selected 

potentials colored as shown in the figure.   
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voltages during discharge cycles, alongside the capacity and strain derivatives. During the 

first potassiation, two distinct strain derivative peaks were observed at around 2.3 V and 

1.55 V. The location of these peaks was closely aligned with the location of capacity 

derivatives within 3 mV.  The absolute value of the strain and capacity derivatives at around 

1.55V were found to be greater than the ones at around 2.3V.  Previous strain study 

demonstrated that the magnitude of the strain derivatives aligns well with the nanoscale 

changes in the electrode structure during Li intercalation into LMO cathodes. Therefore, 

the macroscale strain measurements are highly sensitive to nano-scale changes in the 

electrode structure27. On the other hand, intensity of the XRD peaks reduced slowly when 

the voltage was decreasing from about 3V to 1.5V during the first discharge cycle. Also, 

their location was slowly shifted toward higher 2θ while inserting more K ions into the 

electrode structure. Previous study based on amorphous FePO4 showed the formation of 

KFe2(PO4)2 crystalline structure during the first K intercalation in the electrode structure30.   

Strain and capacity derivative peaks around 2.3 V and 1.55 V disappeared in the 

consecutive potassiation cycles. A single characteristic peak in capacity derivative emerged 

at around 1.9 V. The rate of strain derivatives also changed at around 1.9V in the 

subsequent discharge cycle, demonstrated as a shoulder in Figure 3B.  On the other hand, 

both location and intensity of the Braggs peaks did not change during the 2nd and 3rd 

discharge cycles. The combination of XRD and strain derivative analysis suggests the 

reversible electrochemical reaction and associated structural changes in the amorphous 

phase of the FePO4 at around 1.9V. 

Figure 4 shows the detailed picture of the progression in XRD peaks at selected 

voltages during charge cycles, alongside the capacity and strain derivatives.  During the 

first depotassiation, there are three minima peaks in capacity derivatives at around 2.8, 3.2 

and 3.8 V. The associated peaks in the strain derivatives are clearly observed at 2.8 and 

3.8V. The strain derivative had a shoulder at around 3.2 V, which aligns with the location 

of the capacity derivative peak in 3.2 V.  The magnitude of the strain derivative peak at 

2.8V was greater than the other detected strain derivative peaks during the charge cycle. 

On the other hand, both location and intensity of the Braggs peaks were almost the same 

until the higher voltages towards the end of the first charge cycle. The increases in the peak 

intensities were detected above around 4.0V and the peaks were shifted to lower 2θ.  In the 



 9 

subsequent charge cycles, derivative peaks in 3.2 and 3.8V disappeared and there was only 

one characteristic peak observed in both strain and capacity derivatives at around 2.8V. On 

the other hand, both location and intensity of the Braggs peaks did not change during the 

2nd charge cycle.  The combination of strain analysis with in situ XRD data suggests the 

phase transformation in the amorphous phase of the electrode at around 2.8V during charge 

cycles.  

To examine the impact of the electrolyte decomposition on the capacity and strain 

derivatives during K intercalation into FePO4 cathodes, the electrode was also cycled in 

0.5 M KPF6 in PC electrolyte (Supp. Figure 4-6).  The evolution of the strain derivative 

peak during the first discharge cycle was significantly different than the subsequent 

discharge cycles. The electrode demonstrated two distinct strain and capacity derivative 

peaks at around 2.8 and 3.8 V during the first charge cycle. Like the strain behavior of the 

electrode when cycled in EC: DMC solvent, the peak at around 3.8V disappeared in the 

subsequent charge cycles. Beyond the first cycle, the electrode experiences reversible strain 

and capacity derivatives around the similar potentials when the electrode cycled in either 

Figure 4:  Structural, physical and electrochemical response of the FePO4 during charge cycles A) capacity and B) 

strain derivatives with respect to voltage. C-D) Corresponding XRD patterns at selected potentials colored as 

shown in the figure.   



 10 

EC: DMC or PC solvent, pointing out that the behavior of charge and physical response in 

the electrode is associated with the changes in the electrode structure. Also, in both cases, 

the magnitude of the strain derivatives at the end of the first discharge cycle is significantly 

larger than the ones at the subsequent discharge cycles, regardless of the electrolyte. 

Overall, strain derivative analysis suggests a significant structural deformation during the 

first cycle and electrodes demonstrate reversible mechanical and electrochemical responses 

in the subsequent cycles.  

 Interestingly, the distinct differences between the first cycle and the subsequent 

cycles during K intercalation into FePO4 are observed in both strain measurements and 

XRD analysis. In-operando XRD analysis demonstrated the changes in the electrode 

structure during the first cycle and in-situ strain analysis showed irreversible strain and 

capacity derivatives only observed during the first cycle. Beyond the first cycle, the 

electrode no longer undergoes any detectable changes in its crystallinity in the XRD 

analysis. Both evolution profile of the strain and capacity derivatives become highly 

reversible beyond the first cycle.  Surprisingly, although in-operando XRD analysis was 

not able to capture any changes in the crystalline structure of the electrode during the 

subsequent cycles, strain derivatives analysis indicates a reversible physical change in the 

electrode as a result of redox chemistry in the electrode upon reversible K ion intercalation.  

The reversible strain and capacity derivatives suggest the phase transformations in the 

electrode structure at redox potentials of 1.9V during discharge and 2.8 V during charge 

cycles, respectively.  

Identifying the redox reactions in the amorphous phase and its associated 

volumetric changes upon K intercalation into amorphous phase is an important step to 

understand the dynamic and kinetic changes in the amorphous electrodes. We foresee that 

a similar approach can be utilized to study chemo-mechancs of amorphous electrodes for 

many different battery chemistries including Na-ion, K-ion and Zn-ion batteries. In situ 

probing of dynamic changes in the amorphous materials during battery cycling can provide 

fundemantal knowledge to establish a structure – mechanics- performance relationship for 

amorphous materials.   

  

 



 11 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website, 

including additional details of experimental methods, a table showing the change in 

interplanar spacing during electrochemical displacement of ions, figures showing strain vs 

capacity relationships, and figures showing voltage and strain profiles in different 

electrolytes.  
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