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Operando studies that probe how electrochemical reactions propagate through a battery provide valuable 
feedback for optimizing the electrode architecture and for mitigating reaction heterogeneity. Transmission-

geometry depth-profiling measurements carried out with the beam directed parallel to the battery layers – in a 
radial geometry – can provide quantitative structural insights that resolve depth-dependent reaction 
heterogeneity which are not accessible from conventional transmission measurements that traverse all battery 
layers. However, these spatially resolved measurements are susceptible to aberrations that do not affect 
conventional perpendicular-beam studies. Key practical considerations that can impact the interpretation of 
synchrotron depth-profiling studies, which are related to the signal-to-noise ratio, cell alignment and lateral 
heterogeneity, are described. Strategies to enable accurate quantification of state of charge during rapid depth-

profiling studies are presented.

1. Introduction

Operando studies of electrochemical reactions based on scattering, spectroscopy and imaging are widely used 
to interrogate battery performance and limitations (Wolf et al., 2017; Lin et al., 2017). The operando modality is 
key to capturing dynamic species and states that can relax when the system is allowed to rest. The design of 
both the operando electrochemical cell and the X-ray measurement have been shown to be critical in obtaining 
robust quantitative insights (Talaie et al., 2017; Borkiewicz et al., 2015), such that structural and chemical 
changes observed in the electrode can be correlated with features in the electrochemical profile, for example, 
as a function of cycling rate (Liu et al., 2014). Indeed, in simple operando cells based on modified coin cells 
with a flexible non-conductive Kapton window, the electrode reac-tion being probed by the X-rays was found 
to be offset by ~ 20% from the state of charge in the rest of the cell as a consequence of window effects 
(Borkiewicz et al., 2015).

The layered architecture of batteries means that transmis-sion-geometry operando X-ray measurements 
conventionally direct the X-ray beam perpendicular to the layers, through the thinnest cell dimension (Yoon 
et al., 2003; Mukerjee et al., 1998; Balasubramanian et al., 2001). However, in this axial measurement 
geometry the X-ray beam probes all layers of the battery, with the resulting data including contributions 
from all these components and all depths within the elec-trodes. Energy-dispersive X-ray diffraction 
(EDXRD) is one
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method that has previously been applied to resolve individual

components within the battery or different depths within an

electrode (Ronci et al., 2001; Kirshenbaum et al., 2015; Stro-

bridge et al., 2015; Rijssenbeek et al., 2011). In such energy-

dispersive measurements, a series of slits isolate the scattering

at a fixed angle from a selected gauge volume, with the

diffraction pattern obtained as a function of X-ray beam

energy. While effective for phase identification, detailed

structural analyses (phase quantification and/or Rietveld

analysis) are limited by the accuracy of the measured scattered

intensities owing to challenges in correcting for the energy-

dependent beam intensity and sample absorption.

Recently, a growing number of studies have employed a

promising alternative radial geometry (Liu et al., 2016, 2019;

Borkiewicz et al., 2013; Tian et al., 2019; Johnsen & Norby,

2013), wherein the X-ray beam is directed parallel to the

battery layers (Fig. 1). A small-diameter battery (cathode,

separator, anode) is sandwiched between electrical contacts

and confined laterally by an X-ray-transparent tube which

serves as a window for the incident and scattered beams (Liu

et al., 2016).

This radial geometry can be advantageous in isolating the

contribution from individual components in the battery and in

resolving how reactions propagate through the electrode.

Data from selected components of the cell are collected at

specific depths or series of depths within the electrode stack

during cycling by selectively directing the X-ray beam through

that region of the cell. By focusing or reducing the beam

dimension perpendicular to the layers, higher spatial resolu-

tions can be achieved.

Here we identify important experimental factors that can

complicate interpretation of depth-resolving operando X-ray

measurements in a radial transmission geometry. These are

related to the uniformity of both the scattering geometry and

the electrode reaction. If not treated appropriately, these

effects can compromise the interpretation of the results and

prevent reliable correlation of the structural and chemical

changes to features in the electrochemical cycling. We propose

experimental strategies to identify, mitigate and model these

effects to facilitate quantitative depth-resolved analyses.

2. Experiment details

LiNi0.8Co0.15Al0.05O2 (NCA) was obtained from Toda America

(reference NAT-1050) and synthesis of "-LiVOPO4 has been

previously reported (Hidalgo et al., 2019).

For the comparison of the X-ray data recorded in conven-

tional and transverse geometries, "-LiVOPO4 electrodes were

prepared by pressing a mixture of "-LiVOPO4, carbon black

(Timcal Super C65) and polytetrafluoroethylene (PTFE)

powder (Sigma–Aldrich, 1 mm particle size) in a 7:1:2 weight

ratio. About 22 and 6 mg of the mixture was pressed in 7 and

3 mm-diameter dies, resulting in 0.24 and 0.54 mm-thick

pellets which were used for the conventional and transverse

geometry measurements, respectively. The AMPIX cell

(0.5 mm-thick glassy carbon windows) and the RATIX cell

(0.4 mm wall thickness glass confinement tube) were used for

the conventional and transverse measurements, respectively.

The X-ray data (� = 0.1668 Å, sample-to-detector distance of

1200 mm, beam size of about 500 � 500 mm) were recorded at

beamline 28-ID-1 of the National Synchrotron Light Source II

(NSLS-II, Brookhaven National Laboratory, USA) using a

flat-panel area detector (PerkinElmer) and integrated with

GSAS-II (Toby & Von Dreele, 2013), using LaB6 (NIST SRM

660c) as calibrant.

For the LiNi0.8Co0.15Al0.05O2 study, the pellet electrode was

prepared by compressing approximately 1 mg of well mixed

powders of NCA, carbon black (Timcal Super P and Vulcan

XC-72R, 1:1 wt% ratio) and PTFE powder (Sigma–Aldrich,

1 mm particle size) in 3:6:1 weight ratio in a 3 mm diameter die

at 1
4 ton. The thickness of the resulting pellet was 200 mm as

determined by a caliper. The RATIX cell (0.8 mm wall PTFE

tube) was assembled in an Ar-filled glovebox using a lithium

disc as the anode, glass fiber soaked with LiPF6 in ethylene

carbonate and dimethyl carbonate as the electrolyte and the

NCA pellet electrode as the cathode. Prior to the in situ

measurement at 1C (nC corresponds to the current required to

charge/discharge to the electrode’s full capacity in 1/n hours),

the RATIX cell had been cycled at 0.5C. In situ X-ray

diffraction (XRD) measurement during 1C cycling was

conducted at beamline 11-ID-B, Advanced Photon Source,

using a flat-panel area detector (PerkinElmer) and a wave-

length of 0.2113 Å. The beam dimension was reduced to 500�

20 mm (width � height, height is parallel to the short dimen-

sion of the electrode pellet) to increase the spatial resolution

through the thickness of the electrode pellet. The center of the

electrode pellet was aligned with the center of the beam. For

each in situ XRD profiling of the electrode, the RATIX cell

was moved in the direction parallel to the thickness of the

electrode in steps of 20 mm. Eleven steps were measured to

profile the entire thickness of the electrode. The measurement

exposure time at each step was 2 s.

3. Results

3.1. X-ray scattering signal, data quality and resolution

The depth-resolution of electrode mapping is limited by the

dimension of the X-ray beam in the direction of the battery

Figure 1
A schematic illustrating a radial-geometry transmission X-ray scattering
measurement to map how the electrochemical reaction progresses
through the electrode depth.



stack. Ideally, the X-ray beam can be focused in this direction,

conserving flux. If not, the X-ray beam dimension must be

suitably reduced with slits, decreasing the incident X-ray flux

and sensitivity of the resulting analysis.

However, as scattering in the radial geometry is recorded

from across the full electrode diameter rather than across the

thinner electrode layer, this compensates for the reduced

X-ray flux from reducing the dimension of an unfocused beam

or magnifies the signal obtained using a focused beam. For

example, a 150 mm-thick electrode in a standard transmission

geometry probed by an unfocussed 500� 500 mm beam would

yield the same signal as the same electrode in a depth-resolved

study in a transverse geometry (in a 3 mm-diameter radially

accessible cell) probed using a reduced 25 � 500 mm beam

(see Fig. 2).

An advantage of the radial geometry is that the sample-to-

background ratio is greatly improved relative to the conven-

tional geometry for cell windows of the same thickness. The

different geometry allows for different tubular window

materials, including amorphous windows (e.g. glass or Kapton)

with a less structured and more reproducible scattering

contribution – a particular advantage for pair distribution

function (PDF) measurements (see Fig. 3).

The angular (2�) resolution of X-ray scattering data

collected with an area detector (i.e. without diffraction beam

optics) is reduced for samples of increasing thickness (see

Fig. 3). Thicker samples have a larger projection on the

detector and, hence, lower angular resolution of the scattering

data. In practice, the width of the diffraction peaks increases in

a highly angle-dependent manner relative to the axial

geometry. The reduction in resolution can be minimized by

limiting the electrode diameter or by working at low diffrac-

tion angles, something which is facilitated by the use of high-

energy synchrotron X-rays. As always, the peak shapes should

be accurately modeled on the basis of data collected for a

standard reference material in the same measurement

geometry.

3.2. Alignment effects impacting accuracy and resolution

While alignment of a sample to the X-ray beam is always

important, in the radial geometry small deviations from a

Figure 2
Illustration of the equal electrode volumes probed in conventional and
radial geometries, despite the reduced beam height and flux.

Figure 3
X-ray scattering data for LiVOPO4-based batteries in conventional and
transverse geometries collected at beamline 28-ID-1 of the NSLS-II using
identical acquisition parameters. A comparison of peak widths demon-
strates the sample-limited resolution typical of many battery electrode
materials. With only the confining tube and a selected battery component
in the X-ray beam, the radial-geometry transmission X-ray scattering
measurements reduced background contributions and increases the
sample-to-background intensity ratio.

Figure 4
(a) Schematic of a depth-profiling experiment, illustrating a tilt of the
electrode relative to the X-ray beam. The depth-dependent sample center
of mass is indicated by a dashed line. (b) Coupled variation in intensity
(red) and apparent peak position (blue) characteristic of a tilted (0.75�)
electrode, and (c) the effect of the increasing tilt on the height-dependent
intensity profile. Data are shown for the 213 reflection of an
LiNi0.8Mn0.1Co0.1O2 electrode (135 mm thick and �3 mm in diameter),
collected with � = 0.2113 Å at a 625 mm detector distance.



perfect parallel alignment of the circular electrode face to the

X-ray beam [Fig. 4(a)] impact critical parameters such as the

depth resolution, total intensity, center of mass of the sample

probe volume, peak positions and refined lattice parameters.

This is reflected in large changes in both peak position and

intensity when the beam illuminates the gray regions marked

in Fig. 4(a).

While ultimately limited by the beam size in the profiling

direction, tilt of the electrode disc relative to the X-ray beam

further degrades the depth resolution as the beam penetrates

a range of depths within the electrode. In the case of a 150 mm-

thick electrode of 3 mm diameter, once the tilt exceeds �2.8�,

the beam will penetrate all depths of the electrode, averaging

information from all depths in the electrode and eliminating

any depth-resolved insights.

The tilt of the electrode face relative to the beam leads to

diffraction from the electrode over a broader range of sample

positions than expected on the basis of the electrode thickness.

However, this expanded scattering or intensity profile will be

non-uniform and deviates from a top-hat profile. Tilting of the

sample relative to the beam produces variations in the volume

being probed and, hence, the total scattering intensity

measured as a function of depth within the electrode. Speci-

fically, at the top and bottom surfaces of the electrode, the

beam will incompletely traverse the electrode diameter,

reducing the scattering intensity measured at these positions.

For a tilted sample, the scattering intensity profile approx-

imates the probe volume, which follows a trapezoidal profile

[Fig. 4(b)]. Further variations in measured scattering intensity

may arise because of absorption effects, particularly for lower

beam energies and higher-Z samples.

A critical consequence of the beam incompletely traversing

misaligned electrodes near their top and bottom surfaces is the

offset of the sample center of mass along the beam path,

shifting the position on the detector where a peak is observed

(Fig. 4). Accordingly, the average sample-to-detector distance

for the part of the electrode being illuminated can deviate

from the electrode center by an amount up to its radius. The

magnitude of this offset depends on the cell diameter, the

degree of tilt and the dimension of the beam, as derived in the

supporting information. For the center region of the electrode

[unshaded in Fig. 4(a)], where the beam completely traverses

the electrode diameter, there are no significant variations in

the sample center of mass and distance to the detector.

The depth-dependent difference in the sample-to-detector

distance for a tilted electrode will change the position on the

detector where a given reflection is observed [Fig. 4(b)].

Unless corrected, this shift may be incorrectly interpreted as a

difference in unit-cell dimensions and, accordingly, in the state

of charge. The lattice parameters for the active electrode

material, which expand and contract as Li is inserted and

extracted, provide a clear measure of the lithium composition

and state of charge. This measure is more precise than directly

refining the Li occupancy, which is limited by the low sensi-

tivity of X-rays to low-Z species. For a 3 mm-diameter elec-

trode, this may cause an offset of up to 3 mm in sample-to-

detector distance. For a typical experimental configuration,

the magnitude of this effect may thus be incorrectly inter-

preted as a difference in Li occupancy of 5–10%, with this

effect being amplified for shorter sample-to-detector

distances, longer X-ray wavelengths, larger electrode diame-

ters or materials with smaller volume changes upon lithiation.

To ensure that observed differences in unit-cell dimensions

and Li compositional heterogeneities are associated with the

reaction and not just geometric aberrations, alignment of the

electrode faces parallel to the beam is imperative. This may be

verified with an X-ray or optical camera. Alternatively, the

variations in scattered intensity, peak positions and apparent

thickness that arise from tilting of the sample can be used to

verify or correct the sample alignment for a depth-profiling

experiment. Ideally, the sample alignment will be straightfor-

ward, based on careful design and machining of the operando

cell (Liu et al., 2016). Alternatively, small tilt adjustments may

be needed to optimize the sample alignment.

In cases where the tilt is not eliminated experimentally, the

magnitude of tilt can be modeled and corrected on the basis of

the data measured in the pristine state. Curve fitting of models

against experimental data for a sample tilted in 0.5� steps

(Fig. 5) allowed the tilt misalignment for a sample to be

quantitatively determined. This fitting also yields values of the

electrode height and diameter which are correlated with the

intersection points for the curves at different tilt angles (at 1
2

the electrode height and 1
4 the electrode depth), as derived in

the supporting information.

3.3. Effects of in-plane reaction heterogeneity

A critical assumption for depth-resolved studies of reaction

heterogeneity is that the signal measured at a given sample

position is representative of the sample state at that depth. As

the lateral X-ray beam dimension will typically be smaller than

the electrode diameter, only a fraction of the diameter of the

electrode plane will be probed at each depth [Fig. 6(a)]. Any

in-plane heterogeneity will correspond to a deviation of the

reaction state probed by the beam from the in-plane average.

In-plane heterogeneity may be associated with a radial

Figure 5
Experimentally extracted and simulated depth-dependent changes in the
apparent sample-to-detector distance for a sample of Li(Ni0.8Mn0.1-
Co0.1)O2 tilted in 0.5� steps. Global modeling suggests a sample thickness
of 135 mm and length of 3.25 mm.



reaction gradient, such as may arise from non-uniformity in

stack pressure or Li-ion accessibility near the edge of the cell.

For example, experimental data for a study using a 0.5 mm-

wide X-ray beam to probe a 3 mm-diameter LiNi0.8Co0.15-

Al0.05O2 electrode under 1C cycling are shown in Fig. 6(b).

The measured Li composition at all depths lies above the

average value expected for a galvanostatic cycling (i.e. linear

change of Li composition with time) during charge. This

behavior is observed during discharge and during cycling at a

different (higher) rate. The discrepancy between the measured

Li composition and the expected value can be attributed to in-

plane heterogeneity, a phenomenon that has been docu-

mented in a detailed 3D tomographic study (Liu et al., 2019).

The impact of in-plane heterogeneity is further illustrated

by a simulation of the apparent Li composition as a function of

the beam width (gauge volume) for a radial reaction gradient

[Fig. 6(c)]. A measurement that does not probe the full layer

can be misinterpreted.

To mitigate the impact of in-plane heterogeneity on the data

analysis and interpretation, the gauge volume should encom-

pass the entire sample/electrode plane. Expanding the full

X-ray beam to match the diameter of the electrode is

impractical. However, the volume of the electrode layer being

probed can be expanded to cover the full diameter of the

electrode by scanning the full width of the electrode through

the X-ray beam. When this measurement strategy is

employed, a good agreement between the measured and the

expected Li composition can be obtained. Scanning the cell in

front of the beam in this way reduces the signal from the

sample by a factor of 0.6 and increases the relative contribu-

tion from the confining tube by a factor of �1.6.

Note that this effect is relevant for the radial geometry in

general and is not specific to depth profiling. The translation is

important for reliable correlation of the scattering data to the

bulk electrochemical profile.

4. Discussion

Compared with conventional transmission-geometry

measurements with the X-ray beam traversing all battery

layers, the radial/parallel geometry has significant potential to

enhance data quality by providing improved signal-to-noise

and sample-to-background ratios. These gains are afforded by

both the longer path length of the beam through the electrode

relative to the X-ray window and the broader variety of

materials that can be used for the X-ray windows, allowing for

improved X-ray scattering/transmission with suitable

mechanical and electrical properties. These gains are valuable

in the study of weakly scattering materials (for example,

electrodes based on polyatomic anions such as VOPO4; Lin et

al., 2016), in increasing the confidence with which subtle

structural changes within the electrode may be distinguished

from artifacts, and for measurements that can be limited by

the signal-to-noise ratio, such as X-ray PDF measurements.

By selectively probing individual components of the battery

instead of the complete battery stack, measurements in this

geometry exclude contributions from other cell components to

the scattering data. This includes contributions from the

counter electrode, often Li metal, which can have single-

crystal diffraction peaks that must be masked in the X-ray

scattering images as part of the data reduction. This is parti-

cularly valuable for studies of Na-ion and K-ion electrode

chemistries, for which more strongly scattering metallic Na

and K counter electrodes have larger, potentially prohibitive,

scattering contributions.

The improved data quality and fidelity afforded by the

transverse geometry occurs at the expense of 2� resolution

and the need for more stringent protocols for cell alignment

and data acquisition, as outlined here. This broadening is

reduced for smaller-diameter cells. The impact of the reduced

angular resolution depends on the sample and type of analysis.

The reduced 2� resolution is less likely to impact the PDF

analysis, which benefits more from the improved signal-to-

Figure 6
(a) A schematic of the X-ray gauge volume relative to the electrode
diameter and the measurement geometry. (b) The average Li composition
at different depths within an LixNi0.8Co0.15Al0.05O2 electrode during
galvanostatic charge at high rate (1C) based on X-ray scattering data
collected with a 500 mm-wide beam for a 3 mm-diameter electrode. The
average Li composition (based on X-ray scattering data) does not vary
linearly with time (represented here as scan number) as would be
expected for a galvanostatic charge. (c) For a hypothetical radial Li
compositional gradient (with higher Li composition at the center), the
measured Li composition overestimates the average composition within
the layer when the gauge volume is smaller than the sample size. The
cartoons illustrate different ratios between the integrated beam width and
the sample diameter.



noise ratios, than diffraction analysis. With many important

electrode materials being composed of nanoscale particles,

diffraction peak widths are more often limited by the sample

than by the instrument resolution.

Beyond the improved data quality and fidelity afforded by

the transverse geometry, the radial geometry enables spatially

resolved depth profiling studies to explore dynamic behaviors,

including how electrochemical reactions propagate as a func-

tion of depth within the electrode. High time resolution is

often critical for operando depth-profiling studies to resolve

transient and rate-dependent non-equilibrium states, and is

facilitated by the good signal-to-noise ratio afforded by this

geometry. Time resolution on a 1 s timescale is achievable in

practice for the radial-geometry transmission measurements

when using a two-dimensional area detector. If the processes

being studied are slow and do not relax substantially (e.g. two-

phase reactions), it is less imperative that the measurements

be done in operando experiments, and similar information

may be extracted in ex situ studies of recovered electrodes

(Borkiewicz et al., 2013).

The radial geometry offers several advantages for operando

spatially resolved and depth-profiling studies of batteries

compared with alternative approaches such as EDXRD. These

include more straightforward quantitative analysis of the

scattering intensity data and much better time resolution. The

time resolution of EDXRD is limited by the low counting

statistics of the single fixed-angle energy-resolved solid-state

detector. As in the radial transmission geometry, care must be

taken to ensure sample alignment for EDXRD since even a 1�

tilt in EDXRD will complicate data interpretation (Strobridge

et al., 2015). While the radial geometry is also susceptible to

misalignment, unlike EDXRD, the resulting errors can be

readily identified and quantified from the data, as described

here.

Compared with high-energy X-ray diffraction computed

tomography, which can provide operando data that are

spatially resolved in three dimensions (Sottmann et al., 2017;

Liu et al., 2019), the radial geometry provides enhanced time

resolution. Owing to the need to perform rotations and

translation series to recover the scattering contribution from

each voxel, the time resolution of tomographic measurements

is reduced. However, with the scattering from each voxel

being resolved independently, the alignment of the cell rela-

tive to the beam and lateral heterogeneities are less critical.

5. Conclusion

Here we have outlined experimental protocols and diagnostic

indicators to ensure the correct alignment of the cell and

reliable data from transverse geometry measurements. Tilt

misalignments are evident as a deviation from a top-hat

function intensity profile as a function of depth, from the

width of adsorption/scattering profiles and from differences in

peak position (i.e. apparent lattice parameter) for the uncy-

cled pristine electrode. As further verification, the total

change in lithium content within the electrode inferred from

the X-ray analysis, in the absence of parasitic reactions, should

correspond to the Li cycling evident electrochemically. With

such careful experiment design we avoid potential aberrations

estimated at up to�5–10% Li content for tilt or up to 20% for

radial heterogeneity.
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