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ABSTRACT 

 
Sodium-ion batteries provide a more affordable alternative to mainstream lithium-ion 

batteries in electrical energy storage applications. However, layered sodium cathode 

design has so far been hindered by structural instability during cycling due to lack of 

understanding in their phase transformation dynamics. In this project, the Laue 

microdiffraction at Advanced Photon Source, one of the leading third-generation 

synchrotron sources in the world, was selected to study sodium-ion cathode 

intercalation materials embedded in polymer binding matrix. The peak movement 

patterns were derived from Laue microdiffraction data to decode their origins, tracing 

back to primary particles of different local environment. The peak intensity pattern 

analysis enabled by depth profiling technique also corroborated this finding. The 

difference in local environment was hypothesized to arise from the heterogeneous effect 

of radiation damage to their neighboring polymer binder, thus calling upon further in-

situ studies on how to mitigate this effect in the future. 
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INTRODUCTION 
 

The properties of polycrystalline materials mainly depend on their structures at the 

mesoscopic length scale (from fractions of a micron to hundreds of microns). The non-

homogeneous structures and phenomena at mesoscale are critical to the development of 

advanced materials and processing techniques. However, studies on three-dimensional 

(3-D) mesoscale phenomena largely relied on theories, simulations, and modelling with 

few direct experimental inputs. Progress has since been made in high-resolution crystal 

structure microprobes but they are mostly confined to being surface sensitive only; the 

serial sectioning method later introduced realizes 3-D microprobe to a certain extent but 

is not suitable for in-situ studies and is also inherently destructive. Thus, a non-

destructive, in-situ, point-to-point, 3-D structural microprobe technique is needed to 

resolve issues in both materials physics and other fundamental research. To this end, a 

3-D X-ray Laue diffraction microscope at beamline 34 ID-E of the Advanced Photon 

Source (APS) has been developed1-3. And that motivates us to use Laue microdiffraction 

with depth profiling technique4, to study inter-particle heterogeneity in sodium-ion 

cathode materials in developing more affordable and sustainable energy storage devices.  

Thus, the two major themes in the introduction shall be Laue diffraction fundamentals 

and the background of certain sodium-ion cathode materials of our interest. 

 

Laue Diffraction 

Laue diffraction typically takes place when a polychromatic X-ray beam interacts with 

a sample: a Laue pattern is thus generated on a two-dimensional (2-D) detector, 

featuring a series of Laue reflections, also referred to as ‘(diffraction) peaks’ in the 

context of this thesis. Beyond the X-ray physical science community, few would heed 

that its origins traced back to the very first X-ray diffraction pattern generated in 1912 

by some of the early founding fathers of X-ray techniques including Walter Friedrich, 
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Paul Knipping, and Max von Laue5. Yet, this technique has largely been restrained to 

determining orientations of single crystals with known structures in the decades to 

follow until the 1990s, which witnessed significant progress in synchrotron-based 

radiation science. It is fathomable that during the early years of X-ray science the 

intricacies of Laue diffraction are overshadowed by the straightforward principle 

underlying monochromatic X-ray diffraction as demonstrated by none other than the 

Bragg’s Law:  

2 dhkl sinθhkl = λ 

With the incident beam wavelength, λ, being theoretically fixed in monochromatic 

diffraction, interatomic spacing, dhkl, could be derived from the measured reflection 

angular position, θhkl, from which sample crystal unit cell structure is extracted.  Besides, 

the monochromatic diffraction (also referred to as ‘Bragg diffraction’) intensities further 

reveal the atomic structures within the unit cell. By contrast, the wavelength 

corresponding to each reflection is not known a priori for polychromatic diffraction 

(also referred to as ‘Laue diffraction’). Some of the other disadvantages of Laue 

diffraction with respect to Bragg diffraction, particularly in the early stages, include: it 

is more difficult to interpret Laue diffraction intensities as each reflection may well be 

the superimposition of multiple harmonics while correction parameters are dependent 

on wavelength to a large extent; diffraction signals in a Laue pattern are not as sharp as 

those in a Bragg diffraction pattern without the latter’s intrinsic wavelength filtering of 

undesirable contributions to the background signals. These factors rendered Laue 

diffraction to be a less popular crystallographic technique at the early stage, which 

nonetheless possesses the distinct advantage of faster data collection, compared to the 

inherently slower measurement of monochromatic diffraction which requires capturing 

multiple diffraction patterns at various rotation angles from the sample to collect 

sufficient data. 



7 

However, Laue diffraction, the oldest diffraction technique, has experienced a 

renaissance in state-of-the-art synchrotron radiation facilities since 1990s, with the 

advent of major technical breakthroughs6 such as better X-ray flux, whose brilliance is 

orders of magnitude higher than that of laboratory X-ray sources; highly collimated 

beam due to advances in X-ray focusing optics; high-speed area (2-D) detectors which 

are still evolving to this day; depth profiling technique, proposed by Larson et al.1 and 

first made operational at APS in the early 2000s. Aside from possessing faster data 

collection capabilities, Laue diffraction also tackles an inherent issue in conventional 

microdiffraction techniques7: spatial mapping of crystalline properties below 5 microns 

is complicated by sample rotation in monochromatic X-ray diffraction. As seen in 

Figure 1.1 (a), sample rotation brings grains and sub-grains into and out of the incident 

beam, complicating the determination of each reflection’s origin; yet sample rotation is 

theoretically unnecessary in Laue diffraction, where a Laue reflection is produced at 

each grain or sub-grain in the path of the beam as shown in Figure 1.1 (b). 

Figure 1.1 Schematic illustration of (a) Bragg diffraction configuration with sample 
rotation required. (b) Laue diffraction configuration without sample rotation. 
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This built-in feature has paved the way for sub-micron spatial resolution X-ray 

diffraction measurements of polycrystalline materials.  

 

Regarding the Laue Microdiffraction at 34 ID-E of APS, the stroke of genius came in 

2002 when Larson et al.1 developed the prototype of differential-aperture X-ray 

microscope (DAXM) to realize 3-D sub-micron, point-to-point, spatial resolution 

microstructure measurements. The essential elements of DAXM include: polychromatic 

X-ray microbeam; X-ray slit of micrometer-resolution with high angular acceptance; 

high speed charge-coupled device (CCD) 2-D X-ray detector; an X-ray absorbing Pt 

scanning wire (also referred to as ‘differential aperture’) as the knife-edge depth profiler; 

as well as computer reconstruction of Laue diffraction patterns for crystallographic 

analysis. From Laue diffraction patterns, the depth profiling technique distinguishes 

sub-micron voxels (volume elements) as a function of depth along the microbeam 

penetration direction. Figure 1.2 demonstrates DAXM configuration and the depth 

profiling technique1: first, a CCD diffraction image is collected when the scanning wire 

is at position (n); second, the next CCD diffraction image is collected when the wire 

steps to position (n+1); then, the differential intensity, I(n) – I(n+1), in each detector 

pixel, is derived which could be assigned to a specific voxel along the incident 

microbeam after taking into account scanning wire position as well as the CCD  pixel 

position. So, this differential intensity traces back to the (h, k, l) reflection originating 

from a voxel in the sample. Repeating this procedure and differential intensities for other 

reflections are generated in a similar fashion. The complete collection of pixel-by-pixel 

differential intensities correlates scattering sources along the incident beam with the 

Laue diffraction pattern of sub-micrometer spatial resolution. 
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Figure 1.2 Illustration of Differential-aperture X-ray Microscopy with depth profiling 

technique1. 

Parameters in establishing such a correlation include: pixel position on the 2-D detector; 

parallax related to the pixel, approximately 20 microns in both dimensions; Pt scanning 

wire step size and step direction as well as its own geometry. Note that the distance 

between Pt scanning wire and the CCD X-ray detector (DCCD) should be much larger 

than that between Pt scanning wire and the sample surface (DXR) to ensure that the 

parallax correction would be small and that the reconstructed diffraction pattern’s 

spatial resolution would be largely determined by Pt scanning wire step size. Depth 

resolution on the order of a tenth of a micron could be achieved, depending on specific 

DCCD and DXR relations. In this way, DAXM enables non-destructive, in-situ, point-to-

point, 3-D structural microprobe of microstructure and strain from local voxels; in 

particular, it facilitated one of the earliest experimental observations of microstructural 

evolution at the critical mesoscale.  
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Sodium-ion Cathode Materials 
 

Globally, the increasing energy demand and environmental concerns have made 

developing electrical energy storage (EES) a strategic priority as EES is an essential 

element in local grids for those currently lacking reliable electric power sources while 

at the meantime, decarbonates the power supply. Despite the mainstream status of 

lithium-ion batteries in the EES landscape, lower cost batteries capable of reliable 

storage with long cycle and calendar lifespan are highly sought after, among which 

sodium-ion batteries are viable contenders for more affordable alternatives: sodium is 

far more abundant and widely distributed in Earth’s crust than lithium, with a reserve 

ratio of approximately 1000: 1 between them8; their respective prices of carbonates are 

150 USD per ton and 5,000 USD per ton8; replacing copper by aluminum as anode 

current collectors significantly also reduces cost for sodium-ion batteries. Thus, 

enormous research efforts have been committed to developing combinations of sodium 

electrode materials and electrolytes to achieve optimized applications with various 

emphasis on high power, high energy density or high operating potential.  

 

The working principle of an intercalation sodium-ion battery is shown in Figure 1.3 

where it is based on reversible Na+ extraction / insertion at the anode and cathode, while 

essentially retaining electrode material crystal structure9. Energy density of the system 

depends on capacity, which is the amount of charge that can be stored in the electrodes, 

as well as the potential difference between the anode and the cathode. 



11 

Figure 1.3 Schematic illustration of intercalation sodium-ion batteries9. 

 

Regarding sodium cathode materials, recent studies have focused on sodium transition 

metal oxides (NaxMO2, where ‘M’ refers to transitional metal) due to their volumetric 

capacities, and volumetric energy densities which are comparable to current commercial 

lithium-ion batteries10, as shown in Figure 1.4.  

Figure 1.4 Performance comparison of various sodium-ion and lithium-ion cathodes, 
in terms of average working potential, volumetric capacity, and volumetric energy 

density10. 
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Yet, compared to their lithium counterparts, layered sodium compounds exhibit 

significantly more configurations during phase transformations11 in prismatic and 

octahedral arrangements: for instance, they could switch between P2/O2 or P3/O3 

configurations during electrochemical cycling9, as shown in Figure 1.5, which is poorly 

reversible at low sodium content and high voltage, leading to lower Na+ ion conductivity, 

an adverse effect on their performance. Thus, high performance NaxMO2 cathodes 

require strategies to mitigate phase transformations during cycling. 

  
Figure 1.5 Various layered sodium compound configurations during phase 

transformation induced by Na+ extraction9. 

Under this category, manganese-based sodium transition metal oxides with transition 

metal substitution of manganese (NaxMn1-yNyO2, x, y ≤ 1, where ‘N’ refers to Mn 

substitution such as Ni, Mg, Li) stand out since they possess high potentials vs. Na+/Na 
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and reasonably good volumetric capacity compared to lithium cathodes, and relatively 

easy synthesis procedures while the transition metal substitution increases structural 

stability: Mn substitution increases the range of sodium content over which the P2 

structure is stable9. 

 

Clément et al. studied the effects of Li substitution on the stability of the P2-Na2/3Ni1/3 

Mn2/3O2 cathode12, claiming that Li doping leads to fewer electronic and structural 

processes on charge/discharge. For instance, in P2-Na0.8Li0.12Ni0.22Mn0.66O2 (NLNMO), 

Li substitution delays the phase transformation from P2 to O213.  

 

While these phase transformations have been studied intensively ex-situ, the 

mechanisms on how they occur on a particle-by-particle basis were only speculated14 

and have remained elusive to this day. Understanding phase transformation dynamics 

will be crucial to moving forward in the design of electrode materials for renewable 

energy applications. The primary nanoparticles (referred to as ‘primary particles’), 

around half a micron in size, are clustered as mesoscale aggregates (referred to as 

‘secondary particles’), which are up to 10 microns in size, to improve capacity. Ongoing 

studies have adopted Bragg coherent diffraction imaging (BCDI) to investigate ionic 

transport and phase transformations for individual primary nanoparticles within these 

agglomerates15, but there are no studies investigating how the external heterogeneity 

imposed by neighboring nanoparticles can influence phase propagation within 

secondary particles in layered oxide materials. Factors such as grain boundaries, grain 

orientation, and relative distributions of these neighboring nanoparticles can 

theoretically play a significant role in influencing nucleation and growth rates among 

nanoparticles, but the underlying mechanisms and extent of their influence has yet to be 

studied. 
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So far, few studies have used Laue microdiffraction to study battery electrode materials. 

Zhang et el. 17 conducted an in-situ microdiffraction study on nanoparticle growth in a 

lithium-containing electrode, but their study focused on 2-D representations of 

individual nanoparticles. The original goal of our study had been to study the effects of 

inter-particle heterogeneity on phase propagation throughout secondary particles in 

sodium-containing electrodes by using Laue microdiffraction with depth profiling 

technique. In-situ Laue microdiffraction had been expected to probe the interior of a 

secondary particle in sodium-ion batteries consisting of agglomerates of hundreds of 

nanoparticles in the cathode. At the meanwhile, each particle’s position, orientation and 

phase had been expected to be monitored while cycling under either kinematically-

limited, fast charge/discharge rate at C/5, or thermodynamically-limited, slow 

charge/discharge rate at C/20. It was hoped that with the statistics acquired from 

hundreds of particles, the nucleation and growth rate would be correlated with 

theoretical hypothesis. The inter-particle analysis had also been expected to corroborate 

with comprehensive analysis of single nanoparticle by BCDI experiments to develop a 

complete picture of the behavior within grains and throughout the entire system. 

However, these initial intentions were largely unrealized due to the gap between 

theoretical estimations in our proposal and actual experimental limitations as well as 

ours being the first attempt in such regard. Despite not fulfilling these intentions, we 

have achieved other goals along the way such as developing our own approach of Laue 

diffraction pattern decoding, peak movement pattern analysis and peak intensity pattern 

analysis to probe local environment difference and corroborate depth profiling 

technique, assessing radiation damage to local environment, etc. 
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EXPERIMENTAL 

 

Sample Preparation 

P2-Na0.8Li0.12Ni0.22Mn0.66O2 (NLNMO) sodium-ion cathode material is of our primary 

interest here.  Prepared by Sherley Meng Group at UCSD, the samples were embedded 

in a polymer binding matrix, consisting of 80 wt% NLNMO, 10 wt% of polyvinylidene 

fluoride (PVDF), and 10 wt% carbon black. All NLNMO materials had samples in 

powder state, pristine electrode state and cycled electrode state. NLNMO electrode 

sample morphology is as follows: primary particles, 100 ~ 300 nanometers in diameter, 

are plate-like while secondary particles, 1 ~ 3 micrometers in diameter, are spherical. 

The NLNMO cycled electrode samples had various charged/discharged states: charged 

to 3.7 V; charged to 4.0 V; charged to 4.4 V (fully charged); discharged to 2.9 V; and 

discharged to 2.0 V (after one full cycle).  

 

Experimental Setup 

At the 34-ID-E station of the APS, Laue diffraction 3-D X-ray microscope was set up 

according to our plan, aided by beamline scientists. 

Figure 2.1 Sample stage configuration.17 
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As shown in Figure 2.1, the experimental platform was located at about 64 meters from 

a type A undulator source. A pair of non-dispersive Kirkpatrick-Baez (K-B) mirror was 

adopted to focus polychromatic beams: a 90-millimeter-long primary mirror with 130-

millimeter focal length and a 40-millimeter-long secondary mirror with 60-millimeter 

focal length were arranged to focus X-ray beams to 0.3 micrometer in both dimensions. 

The mirror pair module was placed at 25 millimeters away from the sample stage center. 

A small-displacement Si (111) double-crystal monochromator was positioned at 40 

millimeters above the sample stage center.  

 

The free-standing, approximately 100-micrometer thick electrode samples were 

encapsulated in a Kapton tape and later mounted on top of the fixed sample stage with 

a 45-degree inclination. Note that Kapton’s high mechanical and thermal stability as 

well as its high transmittance to X-rays and relative insensitivity to radiation damage 

together make it the preferred material for various windows in synchrotron X-ray 

facilities including that of the sample stage.  As shown in Figure 2.218, the sample stage 

was attached to the magnetic mount of the foundation. The 50-micrometer-in-diameter 

Pt scanning wire was set at 200 micrometers above the sample surface.  

Figure 2.2 Hutch configuration with differential aperture details18 
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Operation Procedures 

The beamline specs we selected are summarized in Table 2.1. 

Table 2.1 APS station 34-ID-E beamline specs 

Source Undulator A 

Energy Range 7 - 30 keV 

Beam Size 300 nm * 300 nm 

Energy Resolution (ΔE/E) 1 × 10-4 

Flux (photons/second) 1 × 1011 (white beam) 

1 × 109 (monochromatic beam) 

 

The Laue diffraction illustration with detector image coordinates inset is shown in 

Figure 2.319. 

Figure 2.3 Laue Diffraction Illustration19 
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The NFMO13 (P2-Na2/3Fe1/4Mn3/4O2) electrode pristine sample was first examined and 

we concluded that pristine sample is not as stable as cycled ones under X-ray radiation. 

So, we preferred to use cycled samples. Besides, a preliminary procedure prior to any 

measurement was established based on our observation that those nanoparticles in the 

cathode typically had less of an irregular movement pattern after being exposed to 

incoming X-ray beam for over 15 minutes. The fundamental reason for this stabilized 

status upon sufficient radiation exposure prior to any measurement has remained elusive 

but it was our consensus that without such a preliminary procedure, a diffraction peak 

from a single nanoparticle would have around 5 pixels of random drift across 20 frames 

of timespan (Here, a frame is defined as one X-ray intake with an exposure time of 0.5 

second), which is not an acceptable situation for sound measurements during subsequent 

long scans.  

 

After preliminary procedure and experimental setup corrections, the NLNMO electrode 

sample (previously charged to 3.7 V), our primary interest here, was fully examined 

with the following procedure: 

1) 15 minutes of polychromatic X-ray radiation exposure was performed to 

stabilize primary particles; 

2) 12 focal points (referred to as ‘positions’) in the sample were selected for raster 

scans; (we simply ran out of time for potentially more positions) 

3) For each position, 500 steps of Pt scanning wire were set up, with a computer 

collated depth step of 0.5 micrometer; 

4) For each step, 10 intakes of X-ray exposure (referred to as ‘frames’) were 

arranged, with each frame being 0.5 second of X-ray radiation. 

 



 

19 

Typical Laue diffraction patterns in our results are shown in Figure 2.4. 

Figure 2.4 Typical Laue diffraction patterns at position 1, 2, and 3 

 

Note that the two bright lines in the background and the bright blob at the bottom right 

corner resulted from shadows of experimental apparatus and could not be avoided 

during operation but were effectively removed by background reduction techniques in 

subsequent data analysis. 

 

Not every position produced satisfactory diffraction patterns, as in the case of Position 

3 with a large blob of low intensity area around the center, which compelled us to mainly 

utilize data produced at positions such as 1 and 2 for further quantitative analysis. 
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ANALYSIS AND RESULTS 

 

Due to the highly efficient X-ray focusing optics such as K-B mirrors, extremely 

brilliant X-ray polychromatic beams produced at third-generation synchrotron sources 

and fast X-ray CCDs plus modern pixel array (2-D) detectors enabling high throughput 

data collection with negligible downtime, the Laue microdiffraction technique at 34-ID-

E of Advanced Photon Source (APS) is able to be deployed in scanning mode, where 

samples are raster scanned under focused polychromatic beam with simultaneous depth 

profiling, generating thousands of diffraction patterns. The results of such a data 

collection strategy are reconstructed images, from which sample properties at mesoscale 

could be extracted. Therefore, establishment of data analysis methods has become an 

indispensable part of Laue microdiffraction studies at APS.  

 

Despite the automated analysis software package available at this beamline which is 

capable of batch processing diffraction patterns, our unique situation has called upon 

ourselves to develop our own analysis tools based on MATLAB codes due to major 

technical difficulties encountered as follows: 

 

1) The Perkin-Elmer amorphous silicon area detector at 34-ID-E of APS proved to 

be overstretched in dealing with relatively low peak intensities in our sample’s 

diffraction patterns, due to factors such as our sample being composed of low-Z 

materials, cycled electrode samples prepared by our collaborators not possessing 

crystallinity as required by detector physical limitations including its signal-to-

noise ratio threshold; 
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2) The X-ray Laue Diffraction Microscopy Data Analysis and Display Software 

Package available on-site was largely tailored to indexing materials of cubic 

systems, which did not align well with our sample structures. 

3) Our proposal was allocated a mere one-week beamtime at APS, much shorter 

than the requested three weeks intended for in-situ experiment. Thus, the number 

of raster scan positions on the sample, the depth step of the differential aperture 

as well as the number of frames were all limited to a certain extent. 

Still, we managed to perform our own data analysis of peak movement patterns and 

peak intensity patterns, originating from primary particles with different local 

environment but within the same secondary particle; depth profiling of different primary 

particles with results corroborated by on-site reconstruction results. We also tried to 

explain the heterogeneous effect of radiation damage to those primary particles’ local 

environment and formulate solutions to deal with it ranging from sample preparation to 

experimental procedures. 

 

Laue Diffraction Peak Decoding 
 

A typical Laue diffraction pattern analysis includes the following steps: raw image 

correction; computer collation of experimental geometries; peak search and fit; 

diffraction pattern analysis; physical property transformation examination. 

 

Raw image correction and computer collation of experimental geometries are delegated 

to the automatic processing capabilities of the 34-ID-E station. Below is a raw 

diffraction image whose peaks all originate from the same position in our sample, but 

further actions are required to decode the overlapping Laue diffraction peaks, tracing 

them back to specific primary particles within this position. 
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Figure 3.1 Raw Laue diffraction image of a P2-NLNMO sample (charged to 3.7 V) 
with overlapping Laue microdiffraction peaks. 

 

Based on on-site reconstruction software, we could potentially derive decoded 

diffraction images corresponding to different depths. For instance, in Figure 3.2 (a) and 

(b), different streaks of diffraction peaks generated by particles at different depths (3 

microns in depth difference in this case) are distinguished. Note that the three vertical 

lines were due to detector glitches. However, since the on-site software package could 

only go so far as such without fulfilling more tasks like automatic indexing, we had to 

develop our own method based on MATLAB toolbox and programs to realize depth 

profiling data analysis and corroborate with primitive reconstruction results.  
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(a) 

(b) 
Figure 3.2 Reconstructed images distinguishing Laue diffraction peaks generated by 
primary particles at different depths along an X-ray microbeam penetration direction. 
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Background Subtraction and Image Treatment 

Before peak search and fit procedure, the raw 2-D diffraction patterns need proper image 

treatment, including: dark current subtraction, i.e., subtracting from the raw diffraction 

image an image taken of the area detector with X-ray beam being temporarily blocked 

off; spatial correction, i.e., spatial distortion being mitigated by on-site software due to 

imperfection in the area detector; as well as random noise removal (also referred to as 

‘zingers’), i.e., random noises from cosmic radiation and so on, being removed by 

correlating two images taken under the same condition. These treatments are performed 

by self-correction systems either built-in to the detector or pre-programed by beamline 

scientists. But another important image treatment, background subtraction, is not pre-

programed.  

 

Laue diffraction patterns, in particular, have significant background, which is not 

conducive to accurately retrieving reflections for subsequent peak search and fit. 

Background has several origins such as air scattering, thermal diffuse scattering from 

the binding matrix such as polymer material, PVDF, or simply X-ray fluorescence. This 

is especially the case with our sample, consisting of low-Z materials and generating 

relatively weak peak signals.  So, we developed the procedure by applying Savitzky-

Golay filter to the raw data, i.e., smoothing the raw data according to a quadratic 

polynomial that is best fitted over each window of optimized number of pixels. The 

basic principle behind this smooth type is that the filter smooths the data within a certain 

range to an extreme so that all local variations are smoothed out including the diffraction 

peaks; the smoothed image is theoretically equivalent to the retrieved background later 

to be subtracted from the original diffraction pattern. 
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Typical Laue diffraction patterns after background subtraction and other image 

treatments are shown in Figure 3.3. Note that every successive 50 raw images were 

bunched together for the enhanced visual effect of the following figure, which was not 

an inherent procedure in our normal data processing procedures.  

Figure 3.3 Batch processing of raw Laue diffraction images at position 2 of sample 
NLNMO (charged to 3.7 V). The overshadowing effect of the differential aperture 

could be observed as the scanning wire moves along the area detector’s Y-axis. 
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Peak Search and Fit 

Peak search and fit programs discern diffraction peaks from properly treated Laue 

diffraction patterns. Ours was adapted from the Fast 2D Peak Finder package originally 

created by Natan et al.20 One established method, which has been widely used to 

automatically identify celestial bodies in a raw space telescope image, is to convolute 

the raw image with a Gaussian kernel. However, it is not appropriate for Laue diffraction 

pattern analysis since Laue diffraction peaks are largely of non-Gaussian shapes. 

Natan20 proposed to integrate thresholding with maxima determination, with the default 

mode being the local maxima method and our refined approach being the refined 

weighted centroid sub-pixel resolution method. The threshold value is one of the input 

parameters to separate pixels above a certain intensity from those below it. The pixels 

whose intensities are above the threshold typically form clusters. After that, maxima are 

determined in those clusters, defined as pixels whose values are higher than all of their 

immediate neighbors. The basic principle underlying the method is as follows: 

theoretically, each peak is a smooth point spread function (PSF); yet in reality, there is 

always noise lurking behind, such as "salt and pepper" noise, typically of 1-pixel 

variation, which is a common scene in Laue diffraction patterns. Since the peak's PSF 

is assumed to be larger than 1 pixel, the more accurate value of that local maximum in 

the PSF can be obtained when medfilt2, a 2D median filter, is applied to eliminate the 

"salt and pepper" noise. Then the image is smoothed by conv2, which increases the 

probability that there is only one pixel in each peak corresponding to the real PSF local 

maximum. Our refined weighted centroid approach uses the same image processing 

sequence, the only major difference being that it calculates the weighted centroid of 

each connected object obtained following the image processing. While our approach 

provides sub-pixel resolution, it may lose count of the peaks that are somewhat bunched 

together, which, in our raw datasets, proved to be a very rare situation.  
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A typical peak search and fit result is shown in Figure 3.4. 

Figure 3.4 Demonstration of a peak search and fit result for a properly treated Laue 
diffraction pattern. 

A general declining trend in the number of peaks with respect to increasing shot series 

number was observed, shown in Figure 3.5. Our assumption is that by the time the 

scanning wire came into play, some peaks at the top were overshadowed and only after 

a while those being shadowed would reemerge, thus the linear declining trend in the 

number of peaks with respect to shot series in the beginning, with a dynamic balance 

between the number of overshadowed and reemerged peaks at one time being achieved 

at around Shot 900. 
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Figure 3.5 Number of observed peaks across 500 shots at position 2 showing a general 
declining trend with increasing shot series from Shot 501 to around Shot 900. 

 

So, in the following data analysis, we select peaks found and fitted in shot 505 at 

position 2 as benchmarks in both peak movement and intensity studies (At NLNMO 

sample position 2, there are 500 step-by-step moves of the differential aperture, hence 

the 500 shots from shot 501 to shot 1000) since shot 505 largely captures the complete 

set of peaks originating from primary particles in position 2. Our program recognized 

76 peaks, mostly distributed along several streaks at Sdhot 505 (See Figure 3.4). Note 

that not all peaks were found and after deliberation, we decided not to make any human 

intervention since the percentage of peaks found were statistically sufficient for later 

diffraction data analysis. 
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Peak Movement Pattern Analysis 

Since the peaks across 500 shots at position 2 originate from different primary particles, 

their movement pattern is of our interest to potentially decode them. We keep track of 

their positions using our refined program but with a fair amount of human intervention 

due to the fact that certain peaks could rotate out of focus or rotate out of and then again 

come back into focus which could trick the program into missing out these peaks or 

mistaking them for some other peaks. Note that the human intervention here is kept at 

a bare minimum, simply to avoid ‘false positives’ instead of hand-picking peaks not 

recognized by our program back into the fold. Two movement pattern categories 

(‘Linear’ and ‘Non-linear’) are established as demonstrated in the individual fitting 

results in Figure 3.6 and Figure 3.7. 

(a)                                                                               (b) 
Figure 3.6 Demonstration of a typical linear movement pattern of a Laue diffraction 
peak. (peak 6) (a)Linear fitting results under the Cartesian coordinates. (b) Results under 
the Polar coordinates. Note that the angular divergence is limited to 10 degrees. 
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(a)                                                                            (b) 
Figure 3.7 Demonstration of a typical non-linear movement pattern of a Laue diffraction 
peak. (peak 8) (a) Linear fitting results under the Cartesian coordinates. (b) Results 
under the Polar coordinates. Note that the angular divergence is almost 60 degrees. 

 

The linear movement pattern not only feature peak displacement from its baseline 

position in Shot 505 with excellent linear fitting results, but also maintains smaller 

angular divergence, as indicated in its polar coordinate plot, which suggests that its 

movement is following a more predictable pattern. Similar pattern applies to Peak 6, 

23,41,42, and 62. By contrast, non-linear movement patterns contain humps, wiggles 

and other distinctive features. Our assumption is that the local environment of these two 

primary particles are quite dissimilar, leading to their different movement patterns. The 

hypothesis regarding differences in their local environment shall be elaborated later. 

 

Still, the non-linear movement pattern category is somewhat an umbrella term, as we 

try to delve into how they could be further categorized under this big tent, thus 

introducing the cross-correlation analysis to assign them into various sub-categories as 

shown in Figure 3.8. 
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Figure 3.8 Cross-correlation analysis of peak movement pattern across 500 shots 

between all peaks identified in Shot 505 

Cross-correlation analysis is performed between those peaks with non-linear movement 

pattern and they are divided into several sub-categories. In each of the sub-category, the 

correlation coefficient between elements is above a certain value (above 0.95); elements 

in different sub-categories have correlation coefficients below 0.85. 

 

Table 3.1 Sub-categories in peaks with non-linear movement pattern 

Non-linear 

Sub-

Category 

Threshold 

Correlation 

Coefficient 

Color in 

Figure 

3.9 

Corresponding Peak Number 

1 0.98 Yellow 4,8,10,17,20,22,26,27,29,31,35,39,40,43,44,46,47,57,64,65,66,67 

2 0.95 Green 5,9,13,15,25,30,34,36,45,48,49,58,59,70,71,72,74 

… >0.95 … … 
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One major non-linear peak movement pattern was demonstrated in Figure 3.7 of peak 

8. The other is shown in Figure 3.9 of peak 25. 

(a)         (b) 
Figure 3.9 Demonstration of non-linear movement pattern of a Laue diffraction peak of 
another sub-category. (peak 25) (a) Linear fitting results under the Cartesian coordinates. 
(b) Results under the Polar coordinates. Note that the angular divergence is of a slightly 
different 30 degrees. 
 

The two major sub-categories are marked out in Figure 3.10. They distribute along two 

sets of streaks differentiated by their slope on the area detector. 
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Figure 3.10 Two sub-categories of peaks with non-linear movement pattern based on 
cross-correlation analysis. Note that they mainly distribute along two sets of streaks. 

 

Our hypothesis is that those two sub-categories of peaks trace back to two primary 

particles of different local environment. Since P2-Na0.8Li0.12Ni0.22Mn0.66O2 (NLNMO) 

was embedded in a polymer binding matrix, consisting of 80 wt% NLNMO, 10 wt% of 

polyvinylidene fluoride (PVDF), and 10 wt% carbon black, we assume that different 

extent of polymer degradation due to accumulated radiation damage contributed to the 

fact that these two primary particles had slightly different local environment since 

inorganic components such as active P2-NLNMO particles have proven to be X-ray 

radiation resilient by Singer et al21. By contrast, the primary particles whose peaks 

demonstrated linear movement patterns were assumed to have a smaller weight 

percentage of polymer in the local environment so that carbon black played a bigger 

role in stabilizing active primary particles. Vaselabadi et al.22 reported that ionizing 

radiation could generate free radicals that initiate cross-linking and/or chain scission, 

and structural damage would impact the ordering kinetics and crystallinity in those 

polymers. We argue that irradiation of our sample’s polymer binding matrix caused the 

dislocation of NLNMO primary particles and an expansion of the matrix, and that this 

kind of dislocation was heterogeneous, giving rise to different local environment.   

 

Still, the radiation damage could be mitigated by choosing intermittent X-ray exposure, 

or reducing and replacing polymer binding matrix. Further in-situ experiments are 

needed to prove the viability of our solutions as well as shine some light on the 

mechanisms of such a heterogeneous effect. 

 

 

 



 

34 

Peak Intensity Pattern Analysis 

 

Another major theme of this study is to develop our own analysis method to corroborate 

depth profiling technique principles through dataset of our sample. As shown in Figure 

3.3, the overshadowing effect of the differential aperture could be observed as the 

scanning wire moves along the area detector Y-axis. It is trivial that peaks with smaller 

Y-axis pixel number would be blocked away earlier by the differential aperture; yet, 

geometrically speaking, peaks originating from primary particles at different depths are 

blocked away at slightly different time even with identical Y-axis pixel number, which 

could be utilized to perform depth profiling.  

 

A typical peak intensity pattern at position 2 is shown in Figure 3.11 (a) with its intensity 

differential figure in 3.11 (b).  

(a)             (b) 
Figure 3.11 Demonstration of a typical peak intensity change across position 2 in  

(a) original intensity. (b) intensity differential. 
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The starting point of the intensity dip due to the differential aperture overshadowing 

effect is defined as the point with the largest negative tangent in the dip section after 

proper data smooth. Then we performed the same procedure over all the other peaks 

and plot the intensity dip starting point against the area detector Y-axis pixel number 

with the most appropriate fitting results as shown in Figure 3.12. 

Figure 3.12 Peak intensity dip starting point versus area detector Y-axis pixel number 
with best fit result. Note that those peaks with almost identical Y-axis pixel numbers 
but distributed on different sides of the fitting curve indicate the depth difference in 

their corresponding primary particles. 

 

Analyze the deviation of individual peak’s dip starting point from fitting result of the 

same Y-axis pixel number and two groups of peaks are formed as shown in Figure 3.13 

(a). Mark them out in the original diffraction intensity image in Figure 3.13 (b).  
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(a) 

(b) 
Figure 3.13 Tracing peaks to primary particles at different depths based on their ‘time-
lapse’ effect in responding to differential aperture overshadowing. (a) Two groups of 

peaks are differentiated by their deviation from the best fit result, plotted against 
intensity image Y-axis. (b) The peaks are marked out in the original diffraction image. 

 

The centroids of those two groups of peaks shown in Figure 3.13 (a) are approximately 

separated by 6 shot series, with neighboring shot series separated by 0.5 micron in depth 
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step, meaning that these two primary particles have a 3-micron depth difference between 

themselves, giving rise to slightly different local environments, albeit in the same voxel 

along the direction of the X-ray beam penetration path. The 3-micron depth difference 

corroborates well with the reconstructed results shown in Figure 3.2.  

   

Note that the results from Figure 3.13 (b) correspond well with those in Figure 3.10. 

They are directly compared in Figure 3.14.  

(a)        (b) 
Figure 3.14 Tracing diffraction peaks to two primary particles at different depths with 

slightly different local environments (a) as established by distinct peak movement 
patterns. (b) as established by depth profiling techniques. 

 

The same method was applied to datasets in other positions, obtaining similar outcomes, 

thus establishing our method of tracing peaks in Laue diffraction patterns to primary 

particles at different depths. 
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CONCLUSIONS 

 

We carried out Laue microdiffraction measurements of P2-Na0.8Li0.12Ni0.22Mn0.66O2 

electrode samples with various cycling states at 34-ID-E beamline in Advanced Photon 

Source. Unable to fully utilize on-site reconstruction software, we developed our own 

tools to perform background subtraction, image treatment and peak search and fit; our 

own programs to analyze Laue microdiffraction patterns including peak movement 

analysis and peak intensity analysis. Based on these analyses, we managed to decode 

overlapping peaks in Laue diffraction patterns, thus tracing back to their corresponding 

primary particles with different local environment.  

 

We also developed our own method to corroborate the depth profiling technique, a 

unique feature at this beamline. Diffraction peaks generated by primary particles at 

various depths responded in different manners to the overshadowing effect of the 

differential aperture, which were utilized to derive their depth differences. 

 

Based on peak movement pattern analysis and intensity analysis, different local 

environment of primary particles separated by 3 microns were established and we 

proposed plausible assumptions to explain such difference. The role radiation damage 

played in creating heterogeneous local environment was also discussed.  
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PERSPECTIVES 

 

Our study was the first to try to use differential aperture X-ray microscopy to map 3-D 

nanoparticle distributions and orientations for sodium-containing electrode materials in 

order to measure inter-particle interactions and correlate them with phase nucleation 

and growth. Yet, due to area detector physical limitations, P2-Na0.8Li0.12Ni0.22Mn0.66O2 

sample crystallinity limitation, beam time limitation, and the sample’s structural novelty 

to on-site reconstruction software, some of our original intentions were left unfulfilled, 

but along the way, we developed prototypical analysis tools and methods towards our 

sample system. They shall, nonetheless, be refined for further studies. 

 

It is expected that the area detector at 34-ID-E will be upgraded for better spatial 

resolution and signal-to-noise ratio. With that in mind, future in-situ Laue 

microdiffraction experiments, aided by depth profiling techniques, can be planned to 

study phase transformations, their mechanisms, and their effect on sodium-ion batteries’ 

structural stability as well as cycle and calendar lifetime.  

 

The heterogeneous effect of radiation damage on sample binding matrix’s local 

environment require further in-situ experiments and advanced modelling to quantify. 

Before viable corrections could be applied to measurements, binding matrix with more 

structural stability under continuous radiation exposure could be promoted to a larger 

supporting role.  
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