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Resolving the Sodiation Process in Hard Carbon Anodes
with Nanostructure Specific X-Ray Imaging

Martina Olsson, Antoine Klein, Nataliia Mozhzhukhina, Shizhao Xiong, Christian Appel,
Mads Carlsen, Leonard Nielsen, Linnea Rensmo, Marianne Liebi,* and Aleksandar Matic*

Hard carbons show significant promise as anode materials for sodium-ion
batteries. However, monitoring the sodiation process in the hard carbon
electrode during cycling and understanding the sodiation mechanism remain
challenging. This article reports on operando 2D scanning small- and
wide-angle X-ray scattering (SWAXS) and ex situ 3D SAXS tomography of hard
carbon electrodes during the sodiation process. Structural changes are
monitored with spatial and temporal resolution during the electrochemical
process and shows that sodiation through micropore filling is the more
dominating mechanism in the later stages of sodiation, i.e. in the plateau
region of the voltage profile, while intercalation occurs continuously. Spatial
inhomogeneities are resolved over the electrode and reveal an increased level
of inhomogeneity at higher degree of sodiation with regions of different
degrees of micropore filling. Resolving the processes spatially shows that
plating starts at the interface between the electrode and the current collector
where also a high degree of micropore filling and formation of
pseudo-metallic sodium is found. The work demonstrates how SWAXS
imaging can contribute to understanding the sodiation of hard carbon anodes,
not only by spatially resolved analysis, but as a method to decouple

1. Introduction

Sodium-ion batteries present a sustain-
able alternative to lithium-ion Dbatteries
due to the significantly higher abundance
of sodium compared to lithium.["?] The
sodium-ion battery is in many respects
analogous to the lithium-ion battery in
terms of configuration of the electrodes
and electrolytes, simplifying the implemen-
tation and development towards the mar-
ket. However, the graphite electrodes used
in lithium-ion batteries are not suitable
for sodium-ion batteries as sodium does
not intercalate into graphite at ambient
pressure.>*] Hard carbon, a disordered
carbonaceous material, is instead consid-
ered as the primary anode material.>*]
The structure of hard carbon consists of
stacked graphene layers arranged in a
non-uniform, chaotic manner forming mi-
croporous, granular particles. The precise

contributions from different components in a cell, enabling more accurate

scattering analysis in in situ environments.
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structure of the hard carbon material will
depend on both the precursor and the
pyrolysis conditions, where in general a
higher pyrolysis temperature results in a
larger microporosity and decreased spacing
between stacked graphene layers as well as decreased defect con-
centrations in the hard carbon matrix.[”] This is reflected in a high
diversity of structural features within the material class of hard
carbons which contributes to the complexity to disentangle dif-
ferent sodiation mechanisms and a need for innovative charac-
terization methods.®]

A typical voltage profile of sodiation of hard carbon entails a
sloping region at higher potentials (~0.1-2.5 V vs Na/Na*) fol-
lowed by a plateau region at lower potentials (~0-0.1 V vs
Na/Na"), Figure 1a. It has been proposed that sodiation in hard
carbon occurs by several different mechanisms: edge and de-
fect adsorption, intercalation, and micropore filling.*'! How-
ever which mechanism determines the kinetics of sodiation in
hard carbon, and which process is related to the different fea-
tures in the electrochemical response, remains a question of
controversy.l'2] However, there is an increasing preference that
edge and defect adsorption and intercalation are dominating in
the sloping region and micropore filling occurs in the plateau
region.[®13-7] In addition, unwanted sodium metal plating can
occur in the hard carbon anode in the later stages of the electro-
chemical process which can lead to reduced capacity and cycle

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 1. Schematic of SWAXS imaging of a hard carbon electrode. a) An electrochemical sodium-ion cell is built in a quartz capillary. The cell is
positioned on translational and rotational stages, illuminated with a focused X-ray beam and connected to a potentiostat to enable operando experiments.
b) For each illuminated position, a 2D detector image is recorded on a SAXS detector placed 2 m downstream of the sample and a WAXS detector placed
below the sample at a distance of 0.6 m, capturing the q-range corresponding to the characteristic scattering properties of hard carbon. c) To create a 2D
image of the electrode, the sample is raster scanned through the beam, creating a projection of the electrode where each pixel contains the information
of the scattering properties in that position. The detector images are azimuthally integrated to retrieve the 1D scattering curves in each pixel. Images of
the electrode can then be created by using the scattering intensity in different g-regions as the grey scale of the image. d) To perform 3D imaging, the
same data acquisition as for the 2D images are applied but from multiple rotation angles to build up a stack of projection images around the sample.
These projections can then be used to reconstruct back a 3D volume of the scattering intensity in different g-regions and ultimately produce a 4D volume
where the scattering in each voxel position is resolved. To visualize the spatial analysis, the scattering properties in a specific g-region can be selected

to create a grayscale contrast in the volume.

stability.[’®] Due to the plateau region having a potential close to
the one of sodium plating, this can be a serious concern particu-
larly at high current rates.[!?]

Small- and wide-angle X-ray scattering (SWAXS) have been
extensively used to characterize carbonaceous materials as
it provides insight into its nanostructure and molecular
arrangement.>131>2021] [t is particularly useful for studying the
hierarchical structure of hard carbon, as it simultaneously probes
the micropores (i.e. pores smaller than 2 nm) with SAXS, as well
as the interlayer correlation between graphene sheets, accessed
by WAXS. In this way, SWAXS has been used to characterize
sodium insertion as the structural changes in the material re-
vealed by the scattering signal can be related to a particular sodia-
tion process and thereby reflect the sodiation mechanism.[!>:1620]
Morikawa et al.2%24] applied ex situ SWAXS studies to correlate
the change in scattering intensity to sodium storage within both
micropores and between graphene-graphene interlayers. Their
study revealed that the storage mechanism of hard carbons de-
pends on the microstructure and availability of storage sites be-
tween different carbons. In addition, they revealed a presence of
pseudo-metallic sodium in the later stages of sodiation and re-
lated it to densely confined sodium in the micropores. Further-
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more, SWAXS is a useful method for in situ and operando stud-
ies of hard carbon, as shown by Stevens and Dahn!*! and Igle-
sias et al.,["®! enabling to directly monitor changes in the elec-
trode structure during cycling. Stevens and Dahn correlated a
decrease in scattering intensity from micropores to pore filling
occurring at the low voltage plateau of the voltage profile. Iglesias
et al. made a quantitative assessment of the pore filling process,
showing that different pore sizes are preferentially filled during
the sodiation process in different hard carbons.

Following these temporally resolved SWAXS studies, we here
apply SWAXS imaging to study the sodiation of hard carbon
with both temporal and spatial resolution to provide a new per-
spective for understanding the sodiation process. SWAXS imag-
ing enables spatially resolved monitoring of structural changes
during cycling which has recently been shown to reveal defor-
mations in the interior of Li-ion batteries.[?] For sodiation of
hard carbon, analysis of the scattering signal provides insight
into the sodiation mechanism and by combining this with imag-
ing, it can reveal spatial inhomogeneities in the sodiation pro-
cess across the anode on the micron scale. While high-resolution
techniques such as ptychography and scanning transmission X-
ray microscopy enable direct imaging with nanoscale resolution,
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they often require advanced sample preparation and may be dif-
ficult to combine with realistic conditions. SWAXS imaging in-
stead map spatial variations of nanoscale structure and atomic
arrangement. This provides an approach to map heterogeneities
of structures on a smaller length scale than what can be reached
with direct X-ray imaging approaches and over a full electrode.

Spatial inhomogeneities in sodiation across electrodes could
lead to parts of the anode being underutilized, affecting the over-
all capacity and efficiency of the battery. Inhomogeneities in the
degree of sodiation over the anode may also lead to localized fail-
ure, such as plating of metallic sodium or formation of cracks
from localized stress and strain leading to mechanical degrada-
tion and loss of electrical conductivity. Furthermore, monitoring
macroscopical inhomogeneities can provide information on the
sodiation mechanism e.g. by revealing kinetic limitations for the
ionic and electronic transport in the electrode by gradients in the
sodiation over the anode. In this work, we use an approach where
we with SWAXS imaging map a full hard carbon electrode in a
half-cell in both 2D and 3D to spatially and temporally monitor
structural changes during sodiation.

To enable SWAXS imaging of an electrode during cycling, we
designed an electrochemical cell with a coated hard carbon elec-
trode in a quartz capillary, Figure 1a and Figure S1a (Supporting
Information). In scanning SWAXS, images are collected by raster
scanning the sample over a focused X-ray beam, building up a 2D
grid where in each position the scattering pattern of the sample
is recorded, Figure 1b,c. From the scattering signal, images can
be extracted with the specific contrast originating from a partic-
ular scattering feature mapped in each pixel, e.g., the scattering
intensity in a chosen g-region. With the high flux offered by syn-
chrotron sources, each scattering pattern is collected within 0.1 s,
enabling time-resolved measurements and a 2D mapping of the
full electrode (1.5 X 0.3 mm?) with a pixel resolution of 15 X 25
pm? within a few minutes.

In SAXS tomography, multiple 2D images are collected at dif-
ferent projection angles between 0° and 180° to generate a 3D
mapping of the electrode, Figure 1d. From the projection im-
ages, the scattering of the full electrode volume is reconstructed,
generating volumes where each voxel contains the reconstructed
scattering signal in that position. This enables both an exact eval-
uation of the scattering from a specific part of the electrode and
from a localized volume of material, with a volume given by the
size of the X-ray beam. In this way, SAXS tomography can dis-
tinguish between scattering coming from the electrode and from
the rest of the cell, enabling a more accurate evaluation of the
scattering compared to 2D measurements, with the downside of
longer measurement time, on the time scale of a few hours for
a tomogram compared to 10 min for a similar electrode volume
with the same pixel resolution.

In this study we demonstrate the use of a combination of
operando 2D scanning SWAXS and ex situ 3D SAXS tomogra-
phy to spatially resolve structural changes in model hard carbon
electrodes during sodiation and correlate this to the suggested
mechanisms of sodiation. Operando 2D scanning SWAXS was
performed to image the electrode in real-time and follow the
progression of micropore filling, intercalation, and plating over
the electrode. Correlating the structural changes with the electro-
chemistry of the cell suggests that micropore filling is dominat-
ing in the plateau region of the voltage profile, while intercalation
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between stacked graphene layers contribute throughout the full
sodiation process. Sodium metal plating is identified in the later
stages of the electrochemical process and appears to start grow-
ing from the interface of the electrode and the current collector.
Ex situ 3D SAXS tomography was performed to obtain volume-
resolved scattering data. With tomography, two ex situ cells cycled
to different degrees of sodiation were imaged, revealing a higher
level of spatial inhomogeneity in the degree of microporosity fill-
ing over the electrode at higher degree of sodiation. This demon-
strates how SWAXS imaging can provide new insight in the so-
diation process of hard carbon anodes for sodium-ion batteries.

2. Result and Discussion

2.1. Structural Characterization of the Hard Carbon Anode

To correlate the sodiation mechanism to the electrochemical pro-
file an analysis model based on the change in scattering intensity
during sodiation was applied. Figure 2 shows an overview of the
structural differences expected during sodiation of a hard carbon
anode and how it is reflected in the scattering intensities. The
scattering intensity of hard carbon, I, can be divided into three
characteristic q-regions according to Equation (1).

Itotal = Iparticles + Imicropores + IWAXS + Ibkg (1)

The low-q region, ., (4 < 0.1 A7"), describes the surfaces
of hard carbon particles. The mid-q region, I,;cpers (4 & 0.1-0.5
A1), is related to the microporosity. The high-q region, I,xs, de-
scribes the atomic arrangement of graphene interlayers and in-
serted sodium in sodiated anodes. Together with the background
contribution from other scattering species in the anode, I, e.g.
inactive binder material, these contributions describe the total
scattering of the anode structure. Due to the large difference in
scattering intensity between the g-regions (orders of magnitude)
the scattering intensity in each region can efficiently be analyzed
separately.

The scattering intensity in the low-q region, Ip,,.., is de-

scribed by a power law decay where the slope, a, is related to the
surface rougnheness of the particles, Equation (2),
Iparticles = Ascaleqin (2)
where A, scales with the amount of material and the exponent,
a, has a value close to 4 dependent on the surface rougness where
« is equal to 4 for a perfectly smooth interface. During sodiation
a solid electrolyte interphase (SEI) is formed on the surface of
particles from decomposition products of the electrolyte. If ma-
terial is deposited on the surface, the scattering intensity can be
expected to increase as visualized in Figure 2, (magenta panel),
and may also lead to a change in the slope if the surface rougness
is altered.

The scattering intensity in the mid-q region, L,gpers 1S de-
scribed by a shoulder that arise from the difference in electron
density (p) between micropores and the carbon matrix. The shape
and position of the shoulder will depend on the microstructure
of the porosity and is described by a form factor, P(q), and struc-
ture factor, S(g), determined by the shape and distribution of the

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85US01 7 SUOLUWIOD BA11e81D) 3|l (dde ay) Aq pausenob ae sl O ‘8sn JO S9INJ 10} AeIq 1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 |1 AReq Ul [Uo//StIY) SUORIPUOD pUe SWie 1 ay) 88S *[5202/60/82] Uo Afeiqauluo A8 |im ‘Bulupsieg sustels Ad GE980G202 SAPR/Z00T OT/I0p/L0D" A3 1M Alelq1jpul JUO"peoLADe//SdNY WO j papeo|umod ‘vE ‘G202 ‘Fi8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

&

[ doo2 ° I dooz

_____ » °
Intercalation o

Pseudo-metallic
sodium clusters

%
i)

e Plating of metallic sodium

Intensity

SAXS
|
I
I
I
|
1
I
I
v
Particle surface Microporosity
q
! WAXS
/
/
z ,
2] /
c | 4
Q
]
= |
Atomic arrangement

www.advancedscience.com

q

Figure 2. Schematic of structural changes in the hard carbon anode by sodiation and how it is reflected in the scattering curve. During sodiation, an SEI
layer will be formed on the particle surfaces which may affect the slope and intensity at low-q (magenta). If sodium fills the micropores in the structure,
the electron density difference between pores and carbon matrix will decrease and lead to decreased scattering intensity in the microporous region at
mid-q (green). Intercalation will lead to a changed shape and intensity of the 002-peak (blue) where a shift towards lower q is expected from an increased
interlayer spacing and a decrease in intensity from destructive interference of sodium scattering out of phase with the stacked graphene layers. Plating
of metallic sodium will lead to a sharp diffraction peak at high-q (yellow) whereas pseudo-metallic sodium result in a broad amorphous contribution

(orange).

pores in the system, according to Equation (3). The intensity is
also scaled with the amount of porosity in the material, K. If
empty pores are filled with sodium, it can be assumed to result in
a decreased electron density difference between pores and matrix
and consequently a decrease in scattering intensity in the micro-
porous regimel>162%] a5 visualized in Figure 2, (green panel).

Imicropores = K(Ap)zp(q) N (q) (3)
The scattering intensity in the high-q region, Iy, describes
the atomic arrangement in the anode. A broad amorphous
peak from the interlayer correlation of graphene layers is found
around q~ 1.6-1.7 A~1, G,,, where the peak position is inversely
related to the average interlayer spacing through Bragg’s law.[20-23]
The correlation peak is generally referred to as the 002-peak of
hard carbon, due to its analogy to the crystalline diffraction peak
from stacked graphene layers in graphite,>?3] although it should
be emphasized that hard carbon has a disordered structure. If in-
tercalation occurs, a shift of the peak position towards lower q
can be expected due to an increase in average interlayer spacing.
Similarly, a decrease in peak intensity can be correlated to the
presence of scattering species between the carbon layers which
scatter X-rays out of phase with the layers causing destructive
interference,!?] visualized in Figure 2 (blue panel).

Adv. Sci. 2025, 12, e08635 e08635 (4 of 12)

When extensive sodiation occurs the atomic correlation of
sodium clusters and plating of metallic sodium will be visible at
high-q. Plating of metallic sodium will result in a sharp diffrac-
tion peak at 2.07 A~12°, Figure 2 (yellow panel). Extensive filling of
the micropores may also result in amorphous clusters of sodium
which is confined within the pores. This results in a broad cor-
relation peak around q =~ 2.1 A, G Napseudo — mera> a01d has been
described as pseudo-metallic sodium ?°, Figure 2 (orange panel).
Hence, the scattering intensity at high q can be described by these
three Gaussian contributions together with background scatter-
ing, Cy,, according to Equation (4),

Iyaxs = Gona (‘1002,”’002) + GNamm” (qNamm”' wNamm”)
+ GN“PSWd"*memu (qNapieudnfmzmll’ wN“pseudn—mztull) + Cbkg 4

where the atomic correlation peaks are described by Gaus-
sian peak profiles with their respective peak positions, (qy,,

UNa? ING o) and full-width half maximums, (W, Wy, -
WNupseudofmemll .

The process of adsorption on defects and surfaces are diffi-
cult to directly link to a specific change in the scattering intensity

of the hard carbon anode as sodium is assumed to be adsorbed
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Figure 3. Spatially resolved scattering of a pristine hard carbon electrode. a) SAXS curves reconstructed for the spatial positions marked in (b). b) 2D
slices extracted from the tomogram with the scattering intensity at g = 0.075 A=" and q = 0.1-0.5 A~". ¢) 3D visualization of a hard carbon electrode
reconstructed by the scattering intensity in the g-region corresponding to the microporous region. The images display the full electrode and a cross-

sectional view of the interior.

both at defects on edges of graphene sheets and on surfaces of
the graphene layers within micropores. It can therefore be ex-
pected that these processes may induce a slight decrease in in-
tensity of both the microporous region as well as of the 002-peak
in the carbon structure from destructive interference from ad-
sorbed sodium on the surfaces of the graphene layers.[2324]

For performing a spatial SAXS analysis of the sodiation of hard
carbon electrodes a SAXS tomography measurement was first
performed on a pristine hard carbon electrode. The electrode was
placed in the electrochemical cell to validate the method and to
evaluate the homogeneity of a non-sodiated electrode. Figure 3a
shows SAXS curves extracted from a few positions marked in
Figure 3D to exemplify the scattering signal at different positions.
Figure 3b shows two horizontal 2D slices extracted from the to-
mogram volume with a grayscale of the scattering intensity at q
=0.1-0.5 A~! corresponding to scattering from the microporos-
ity in the hard carbon and at q = 0.075 A~! where small inhomo-
geneities are found across the anode. This scattering contribution
is attributed to the binder in the electrode, as supported by previ-
ous work showing that the decaying slope from the binder gives
an additional scattering contribution at low q.1%! The scattering
intensity in the microporous region shows a high homogeneity
over the anode, thus the distribution of hard carbon over the elec-
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trode is highly homogenous. Figure 3c visualizes a 3D rendering
of the electrode derived from the scattering intensity in the mi-
croporous region, illustrating the spherical cap shape of the dip
coated electrode.

2.2. Operando 2D SWAXS Imaging of the Sodiation Process

Figures 4-8 show results from the operando 2D scanning SWAXS
experiment of a hard carbon electrode during galvanostatic so-
diation. The applied charge rate (C-rate) was estimated to 0.8C
which corresponds to a current density of 0.23 A g'. This esti-
mation was made based on the measured size of the electrode
by the SAXS images, as the mass was too small for the accuracy
of the scale when coated on the pin. With the estimated volume,
the mass of active anode material could be calculated based on
the composition, as described in detail in Table S1 (Supporting
Information). The voltage profile, Figure 4a, shows a rapid volt-
age decrease in the sloping region followed by a plateau region
and after about 50 min a decrease in voltage is observed indicat-
ing the onset of sodium plating. The cell is a two-electrode cell,
and its geometry creates a high internal resistance which con-
tributes to a higher over-voltage. This causes a shift of the voltage

Scattering intensity g= 0.06 -0.5 A"

— 2000
P
latin
N
P .

['n-e] Ausuaiy|

Figure 4. Operando 2D SWAXS imaging of the electrode. a) Galvanostatic voltage profile of the sodiation of the hard carbon electrode. The cell is cycled
with a current of 14 pA corresponding to an estimated C-rate of 0.8C. Grey lines indicate points of collection of scanning SWAXS images during the
operando experiment. Each operando scan is described by the consequent scan number, op #. b) Scanning SWAXS images of the averaged intensity in
the g-region (q = 0.06-0.5 A=) where hard carbon scatters strongly and the electrode appears bright. The electrolyte surrounding the electrode does
not scatter in this g-region and appears blue. The current collector is masked in white.
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Figure 5. Structural changes in the SAXS region. a) SAXS curves of the averaged intensity over the full projected area of the electrode for the first five
operando scans. The g-ranges used to visualize the scattering intensity in the particle surface region and the microporous region are marked by black
lines. Inset shows a magnified view of the g-range corresponding to scattering from micropores. b) Plot of the changes in intensity in the selected g-
ranges (marked by black lines in a) during the electrochemical process averaged over the full electrode. Error bars correspond to the standard deviation
of the intensity across the anode within the first difference map. c) Difference maps of the averaged intensity in the particle surface region (0.0045-0.007
A=1) and d) microporous region (0.12-0.4 A-T). Difference maps are created by subtracting the intensity of the pristine scan from the operando scan
followed by division by the intensity of the pristine electrode, to normalize the signal from thickness variations over the electrode and highlight changes
in intensity in each pixel. The area surrounding the electrode is masked in white.
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Figure 6. Structural changes in the WAXS region. a) WAXS curves of the averaged intensity over the full projected area of the electrode for the first five
operando scans. Inset shows the curves normalized for the change in intensity of the 002-peak revealing a contribution from pseudo-metallic sodium
in the range q = 2.0-2.3 A~T which appear in the fifth operando scan. b) Plot of the changes in intensity in the g-range of the 002-peak (g = 1.2-1.9
A=) and the average interlayer spacing of graphene layers derived from the 002-peak position. Error bars correspond to the standard deviation of the
intensity variation in the anode within the first difference map for the intensity of the 002-peak. c) Difference map of averaged intensity of the 002-peak
(g =1.2-1.9 A-T). The area surrounding the electrode is masked in white.
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Figure 7. Overview of the changes in scattering signal over the electrode during sodiation. a) Difference map of the average intensity in the q-region
of pseudo-metallic sodium (g = 2.1-2.3 A~"). The area surrounding the electrode is masked in white. b) Comparison of the intensity change in the
g-regions related to microporosity filling from SAXS (x-axis, g = 0.12-0.4 A=1) and WAXS (y-axis, (g = 2.1-2.3 A="). c) Voltage profile of the sodiation
process of the first 60 min before excessive sodium plating. d) Overlay of the line plots of the average intensity in selected q-regions corresponding to the
different mechanisms of sodiation during the electrochemical process. The plot visualizes the changes in the particle surface region, g = 0.0045-0.007
A= (black), microporous region q = 0.12-0.4 A~ (green) and the 002-peak q = 1.2-1.9 A=" (blue) as well as the change in average interlayer spacing
of graphene layers (orange). The appearance of pseudo-metallic sodium, q = 2.1-2.3 A~', after 60 min is illustrated by the yellow marker. Error bars
correspond to the standard deviation of the intensity across the anode within the first difference map.

recorded and the plateau region to appear to have a negative volt-
age. Operando scanning SWAXS images were recorded every 10
min, marked in grey in the voltage profile. Figure 4b shows the
averaged scattering intensity over the g-region q = 0.06-0.5 A~,
corresponding to the microporous region. Over the first hour of
sodiation, the morphology of the electrode is unchanged, as seen
by the homogeneous intensity distribution, but in the later stages
the intensity distribution becomes progressively more inhomo-
geneous and the shape of the electrode changes. This coincides
with the onset of sodium plating from op 5 see further below,
after which the electrode swells and deforms (op 7) and finally
starts to delaminate (post).

Figure 5a shows the SAXS curves where the intensity has been
averaged over the full projected area of the electrode for the first
five operando scans. The SAXS curves display the characteristic
scattering features of hard carbon and an additional contribution
around q = 0.075 A~'. This contribution is attributed to the inac-
tive materials in the electrode, including the binder, and remains
stable during cycling and does not affect the analysis of structural
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changes in the hard carbon during sodiation evaluated in the ex-
periment. Two main changes are observed in the SAXS signal
during sodiation. A decrease in intensity in the microporous re-
gion (g=0.12-0.4 A~'), and an increase in intensity in the particle
surface region (g = 0.0045-0.007 A~'), Figure 5a grey highlighted
regions. The time evolution of the average intensities across the
anode in these two g-regions is shown in Figure 5b. Initially, the
intensity in the microporous region increases slightly followed
by a pronounced decrease in intensity. This change in intensity
can be attributed to the changes in electron density difference be-
tween the micropores and the carbon matrix, Equation (3). The
initial increase can be related to an increased electron density
of the carbon matrix due to sodium intercalation in the carbon
structurel’! which implies that sodium first start to intercalate.
As the sodiation progresses further, the intensity decreases, in-
dicating a decreased electron density difference between pores
and carbon matrix, suggesting filling of micropores with sodium.
When the electrochemical profile reaches the plateau region, the
intensity decreases more rapidly reflecting that pore filling is now
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l

Figure 8. Spatial and temporal progression of sodium plating in the electrode. a) Average WAXS curves of the electrode in the later stages of sodiation
of the electrode (op 5-7, post), offset for visibility. b) Scanning WAXS images of the intensity distribution of the peak for metallic sodium (2.08 A=),
sodium plating corresponds to a high intensity. The current collector is masked in white.
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the dominating mechanism, in agreement with previous reports
in literature.l#37] The results reveal an intensity decrease of
~35%, (proportional to the electron density difference between
the pores and the carbon matrix), which is comparable to previ-
ous results in literature (e.g. #25% decrease after complete sodi-
ation in the work of Iglesias et al.l**))

In the low-q region related to scattering from the hard carbon
particles surfaces, the intensity increases continuously during so-
diation however more rapidly initially, Figure 7b. This increase
is less straightforward to directly correlate to a sodiation mecha-
nisms and is more likely related to SEI formation on the surface
of the particles. The more rapid initial intensity increase is con-
sistent with SEI formation which is formed at higher voltages in
the initial stages of sodiation.[*]

Figure 5¢,d show scanning SAXS images of the scattering in-
tensity in the microporous (q = 0.12-0.4 A~') and particle surface
(q = 0.0045-0.007 A~') regions, respectively. The 2D images are
displayed as difference maps between the intensity in the selected
q- regions of the operando image (op #) and in the pristine im-
age, according to Equation (5). The difference maps are created
by subtracting the average intensity in the selected q-region of
the pristine electrode from the intensity in the operando scans in
each pixel and normalizing by the intensity from the pristine elec-
trode, to emphasize the differences during sodiation and correct
for thickness variations in the 2D projections. Figure S2 (Sup-
porting Information) shows how the scattering curves change at
a few selected points in the sample.

jselected q-region jselected q-region
op# pristine

Difference map = (5)

jsclcctcd q-region
pristine

During sodiation, the intensity in the microporous region first
increases rather homogenously over the electrode (op 1 and 2
in Figure 5d). As the sodiation process continues (op 3-5), in-
homogeneities arise and a decreased intensity can be observed
over almost the entire electrode. In particular, the region close
to the current collector shows a clear intensity decrease, indicat-
ing a higher degree of pore filling occurring in this part of the
electrode. A larger degree of sodiation close to the current collec-
tor indicates that the electrode does not experience ion-depletion,
which would be expected to result in the opposite gradient with
a higher degree of sodiation close to the surface of the electrode
and the electrolyte. The radial gradient with higher degree of so-
diation closer to the current collector can instead be a result of a
low electronic conductivity in the electrode leading to faster kinet-
ics closer to the current collector. In the particle surface region,
an increased inhomogeneity in the intensity difference is also ob-
served throughout the sodiation process. The spatial changes in
this region appear not to be correlated with the spatial changes in
the microporous region, suggesting that the origins of the struc-
tural changes are not correlated.

Figure 6a shows the WAXS curves where the intensity has
been averaged over the full projected area of the electrode for
the first five operando scans. In the first scans the WAXS curve
contains the scattering signal from the broad 002-peak from
hard carbon as well as a peak at q = 1.45 A~! attributed to
the binder, Figure S3 (Supporting Information). In the fifth
operando scan (op 5), a broad contribution at q = 2.0-2.3 A~
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appears which can be related to the formation of pseudo-metallic
sodium,?%) Figure 6b inset, resulting from extensive micropore
filling leading to formation of confined sodium clusters in the
micropores.[2026] A small trace of a sharp diffraction peak of
metallic sodium can also be identified at 2.08 A~!, showing the
onset for plating in the anode.

To extract the peak position and define the contribution from
pseudo-metallic sodium the WAXS curves were modeled accord-
ing to Equation (4), described in more detail in Figure S4 and
Table S2 (Supporting Information). During sodiation the 002-
peak decreases in intensity and the peak position shifts to lower g-
values, which both are indicators for sodium intercalation.[?’! The
peak shift of the 002-peak was converted to the average interlayer
spacing for each operando scan with Braggs law (dyy, = 27/q0,)-
The results of the relative shifts are shown in Figure 6b, showing
a continuous increase in average interlayer spacing throughout
sodiation. The change in interlayer spacing correlates well with
the decrease in peak intensity, Figure 6b, suggesting that interca-
lation occurs throughout the sodiation process. This agrees with
the SAXS results, which showed an increased electron density
of the carbon matrix related to intercalation early in the sodiation
process, before micropore filling starts dominating the SAXS sig-
nal.

Figure 6¢ shows the difference map of the averaged intensity of
the 002-peak over the electrode. The signal-to-noise ratio is rather
low in each pixel in this q-range due to the strong background
from the electrolyte, but a slightly larger decrease in intensity can
be observed in the outer left part of the electrode as well as closer
to the current collector. This shows that also intercalation occurs
favorably closer to the current collector, as observed for the mi-
croporous region in SAXS that identified that a larger fraction of
micropores is filled at this part of the anode which could indicate
low electronic conductivity in the electrode.

Figure 7a shows the difference map of the intensity of the q-
region corresponding to the broad peak from pseudo-metallic
sodium. To exclude contribution from plated sodium, the inten-
sity of the q-region from the contribution from pseudo-metallic
was selected as q = 2.1-2.3 A~'. Similar to the SAXS results for
micropore filling, the highest signal for pseudo-metallic sodium
is here found close to the current collector, indicating extensive
pore filling in this region of the electrode. Figure 7b shows a scat-
ter plot of the intensity difference in each pixel of the electrode
within the WAXS region for pseudo-metallic sodium (y-axis) and
the SAXS region for microporosity filling (x-axis). The plot visu-
alizes how the higher contribution of the broad pseudo-metallic
peak appears where there is also a low intensity in the SAXS mi-
croporous region (top left area, Figure 7b) which shows that the
micropores indeed are extensively filled at the onset of formation
of pseudo-metallic sodium. However, the presence of micropore
filling and pseudo-metallic sodium are not fully correlated in the
images and rather suggests a relationship where a high micro-
pore filling is needed for pseudo-metallic sodium to form, but
regions with high micropore filling does not directly imply for-
mation of pseudo-metallic sodium.

To summaries the interpretation of the structural changes re-
lated to the different sodiation mechanisms Figure 7c,d shows an
overview of the changes observed in the electrode during sodia-
tion. Figure 7d shows a combined plot of the normalized changes
in intensity in the different q-regions and Figure 7c the electro-
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Figure 9. Exsitu 3D SAXS tomography of hard carbon electrodes. a) Voltage profile of the ex situ cells with low degree of sodiation (dashed line) and high
degree of sodiation (full line) discharged with an estimated C-rate of 0.3 C for 100 min and 0.2 C for 200 min, respectively. SAXS curves in a few selected
voxels in the electrode with b) low degree of sodiation and c) high degree of sodiation. The reference to the scattering intensity of the pristine electrode
is shown in black. 2D slices extracted horizontally and vertically from the tomograms of the averaged intensity in the microporous region (0.2-0.5 A~1)
of the d) pristine hard carbon electrode, €) the electrode with low degree of sodiation and f) the electrode with high degree of sodiation. g) Histograms
of the averaged intensity of the microporous g-region for the three electrodes. Due to the outer voxels at the electrode surface being only partly filled
with electrode, a lower intensity value is observed here which is reflected in the tails of the histogram and is not related to the sodiation process but

rather the shape of the electrode.

chemical profile of the cell. The results visualize how the intensity
and derived interlayer spacing of the 002-peak, related to sodium
intercalation, changes continuously during the electrochemical
process whereas the scattering related to micropores in the car-
bon matrix decreases faster in the plateau region in the later
stages of sodiation. This indicates that intercalation occurs con-
tinuously throughout the sodiation process while filling of mi-
croporosities dominates in the later stages of the electrochemical
process which is also supported by the appearance of a peak for
pseudo-metallic sodium in the fifth operando scan, Figure 6 and
Figure S4 (Supporting Information).

After 65 min (op 5), signatures of Na-plating can be detected in
the WAXS curve by the appearance of a diffraction peak at 2.08
A~ from metallic sodium, Figure 8a. Figure 8b shows the spatial
distribution of the intensity corresponding to the diffraction peak
over the electrode, where a yellow color indicates a presence of
metallic sodium. The plating starts close to the current collector
and progressively grows from the bottom of the electrode. The ex-
cessive plating in the last scans can be correlated to the swelling,
deformation, and delamination of the electrode from the current
collector observed in Figure 4b. These results demonstrate a clear
preference of plating to occur first close to the current collector.
One can note that also a high degree of micropore filling and,
in particular, formation of pseudo-metallic sodium occurs in the
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same region close to the current collector. This may suggest that
the highly sodiated sites with pseudo-metallic sodium can act as
precursors to sodium plating.

2.3. 3D SAXS Tomography of Sodiated Electrodes

SAXS tomography was performed on two sodiated cells to ana-
lyze heterogeneities across the entire anode volume on the mi-
cron scale. Due to the long acquisition time for a tomogram, 3D
SAXS analysis was not compatible with operando measurements
and were instead performed on ex situ samples. The ex situ sam-
ples were extracted from two cells cycled to different degree of
sodiation. For the first electrode, sodiation was stopped in the
sloping region (100 min) after cycling with an estimated C-rate
of 0.3 C whereas for the second electrode sodiation was stopped
far in the plateau region (200 min) after cycling with an estimated
C-rate of 0.2 C, Figure 9a. These two cases will further on be re-
ferred to as the electrode of low and high degree of sodiation and
be compared to the pristine electrode, Figure 3.

Figure 9 provides an overview of the results from the SAXS to-
mography. Figure 9b,c shows scattering curves from two selected
voxels for each sample to exemplify the scattering from the two
different electrodes. The average scattering curve from the pris-
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tine electrode is included for comparison (black curves) to em-
phasize the differences in scattering as a result of sodiation. As
expected, the intensity in the microporous region (0.2-0.5 A~1),
characteristic for pore filling, decreases with an increasing degree
of sodiation. A decrease in slope in the low q-region is found for
both electrodes, and an increased intensity contribution around
0.075 A~! is found in the electrode with a high degree of sodia-
tion. The contribution at 0.075 A~ is here most likely due to SEI
formation on the surface of the hard carbon particles as well as
residues of salt and electrolyte in the ex situ cells which can create
particles on the surface of the electrode on that length scale.

To evaluate spatial inhomogeneities in sodiation across the
electrode, the microporous q-region was examined in more de-
tail. Figure 9d—f shows 2D slices of the averaged intensity in the
microporous region (0.2-0.5 A~!) extracted horizontal and ver-
tically from the center of the tomograms. As each voxel con-
tains the scattering signal from a defined volume of material,
the scattering intensity is directly comparable between voxels and
between the different samples. The pristine sample, Figure 9d,
therefore serves as a reference for the intensity distribution and
homogeneity of a hard carbon electrode. Compared to the pris-
tine sample, the sodiated electrodes show decreased intensity
in the microporous region, and increased inhomogeneity in in-
tensity distribution across the electrode. Figure 9g displays his-
tograms of the averaged intensity in the three electrode volumes.
The histogram visualizes the decrease in intensity between the
electrodes as well as an increased width of the histogram, illus-
trating the increased inhomogeneity in micropore filling in the
highly sodiated electrode. The results show a decrease in inten-
sity in both sodiated electrodes, suggesting that some pore fill-
ing already occurs at low degree of sodiation, within the sloping
voltage profile. One explanation to the presence of sodium in the
micropores in the sample sodiated to a low degree of sodiation
could be that adsorption on defects within the pores occur in the
early stage of sodiation and may therefore also affect the scatter-
ing intensity in this g-range. With increased degree of sodiation,
the average intensity decreases further, and the width of the his-
togram increases.

3. Conclusion

In this paper we demonstrate SWAXS imaging as a characteri-
zation method to in detail investigate the mechanisms of sodi-
ation of hard carbon electrodes. By imaging the local scattering
signal over the hard carbon anode, structural changes are spa-
tially resolved and correlated to the mechanisms of sodiation and
the electrochemical process. With scanning SWAXS, we perform
operando 2D imaging of a hard carbon anode during sodiation,
monitoring the structure in real time. To analyze the data, we
present a model for performing scattering intensity difference
mapping across the electrode and relate the structural differences
to the sodiation process. This reveals that sodiation through mi-
cropore filling is the more dominating mechanism in the later
stages of sodiation, while intercalation occurs continuously dur-
ing sodiation. Plating is shown to initiate from the interface of
the electrode and current collector where also a higher degree
of micropore filling is found. With SAXS tomography, we image
the scattering in the anode in 3D, revealing an increased level
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of inhomogeneity at a higher degree of sodiation with regions of
different degrees of micropore filling.

The application of SWAXS imaging presents opportunities
for detailed studies of the sodiation in hard carbon anodes, not
only by spatially resolved analysis, but also as a method for de-
coupling the contributions of different components in a cell,
enabling more accurate scattering analysis in in situ environ-
ments. By using a multiscale imaging approach, SWAXS imag-
ing enables mapping of structural changes during charging to
also reveal heterogeneities on the micron scale, over a macro-
scopic electrode, which can give insights into the functionality,
performance and failure mechanism of hard carbon electrodes.
Furthermore, since the spatial resolution is determined by the
beam size, the method offers significant flexibility in adapting
the resolution to the specific size and morphology of the anode.
With a highly focused beam, spatial resolutions down to sub-
micrometre can be reached by instruments at fourth-generation
synchrotron sources, although at the expense of longer measure-
ment time or smaller field of view. This opens opportunities for
tailoring experiments to different systems and length scales and
mapping entire electrodes with micron length scale resolution by
applying a highly focused beam. Thus, our approach paves way
for a deeper understanding of the storage mechanism in hard
carbon anodes.

4. Experimental Section

Electrochemical Cell Preparation: A dedicated electrochemical cell for
operando SWAXS imaging was built using a quartz capillary with an inter-
nal diameter of 1.5 mm and wall thickness of 150 um. Quartz capillaries
were used to minimize the SAXS scattering background. Stainless steel
pins were used as current collectors, polished to obtain a flat substrate,
and the hard carbon electrode was prepared by dip coating the flat tip of
the stainless-steel pin in a hard carbon slurry and dried at 80 °C in vacuum
overnight. The slurry was made of 85 wt.% hard carbon (Kureha Battery
Materials Japan), 10 wt.% polyvinylidene fluoride (PVDF) binder (Sigma
Aldrich) and 5 wt.-% carbon additives (Carbon black Super P®, Ther-
moFisher), dispersed in N-methyl-2-pyrrolidone (NMP), (Sigma Aldrich).
The cell was assembled by inserting the pin with the coated hard carbon
electrode, filling it with electrolyte, TM NaPFg in EC: PC (Ethylene carbon-
ate: Propylene carbonate) 1:1 by weight (E-Lyte Innovation), and inserting
a pin with Na metal (dry stick, Thermo scientific chemicals) attached to
it as counter electrode in the glass capillary. The cell was sealed with UV-
curable glue. Schematics and photographicimages of the cell are shown in
Figure S1 (Supporting Information). For ex situ tomography experiments
the pin with the hard carbon electrode was first cycled within the capillary
cell and then transferred to an empty capillary without electrolyte after cy-
cling to remove excess scattering and absorption of electrolyte, as well as
prevent evolution of the sample after cycling. The dip coating resulted in a
variation in mass between electrodes below the accuracy of the scale and
the mass of active material (hard carbon) was instead calculated based on
the volume determined from SWAXS imaging and the composition of the
slurry. The calculations are shown in the supporting information. From the
mass of active material an applied C-rate of approximately 0.8C was esti-
mated for the operando cell, while for the ex situ cells a C-rate of 0.3 and
0.2 C was estimated for the electrodes cycled to a low and high degree of
sodiation, respectively (Table S1, Supporting Information).

SWAXS and SWAXS Imaging Measurement: Scanning SWAXS and
SAXS tomography of the electrodes were performed at the cSAXS beamline
(X12SA) at the Swiss Light Source, Paul Scherrer Institute (Switzerland).
The operando experiment and ex situ tomography experiments were per-
formed in two different experiments but using the similar setup. An X-ray
beam (13.2 keV photon energy) was focused to a spot size of approxi-
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mately 25 X 15 um2. An evacuated flight tube was placed between the
sample and the detectors to reduce air scattering and absorption. Scatter-
ing patterns were simultaneously measured using a Eiger 9M detector for
SAXS in the operando experiment and a Pilatus 2M detector in the ex situ
tomography experiment. A Pilatus 300kw detector oriented as a vertical
strip were placed below the sample for WAXS. The sample to detector dis-
tance was approximately 2 m for SAXS and 0.6 m for WAXS. The g-ranges
covered by the two detectors were determined with calibration measure-
ments of silver behenate (SAXS) and lanthanum hexaboride (WAXS).

The samples were mounted on rotational and translational stages with
the hard carbon electrode on the top to have free path for the scat-
tered X-rays to reach the WAXS detector placed underneath, schematic
Figure 1 and photographic images in Figure S1 (Supporting Information).
Each scanning SWAXS image and the projections in the tomograms were
scanned with a step size of 25 and 15 um in the horizontal and vertical di-
rections, respectively, using an exposure time of 0.1 s. For the tomograms
72 projections were measured. To check for radiation damage, due to the
high intensity X-ray exposure of multiple projections being measured in
the SWAXS imaging experiments, the first projection at 0° was remeasured
after a full tomogram and compared to the first projection. No differences
were detected in the scattering signal after the X-ray exposure, Figure S5
(Supporting Information).

Reconstruction of Tomograms and Data Analysis:  The two-dimensional
scattering patterns were azimuthally integrated to retrieve one-
dimensional scattering curves with the Matlab ¢SAXS scanning SAXS pack-
age developed by the CXS group, Paul Scherrer Institut (Switzerland).[?’]
Each measurement was transmission corrected by the diode data and
background subtraction was made using the scattering intensity in an
area of the cell above the electrode containing only electrolyte. The
g-regions were selected to minimize overlap from different contributions.
To analyze the 2D images collected during operando sodiation the scat-
tering intensity in the selected g-regions were averaged in each pixel.
The current collector was masked out of the image based on having a
transmission signal lower than 0.1, as the steel pin was highly absorbing.
The area surrounding the electrode in the cell was masked based on the
scattering intensity in the range q = 0.12-0.3 A=, where the hard carbon
anode scatters strongly while there was no scattering from electrolyte. In
the masked 2D images a difference map of the change in intensity in the
selected g-regions were created by calculating the difference between the
operando image (op #) collected during sodiation and the pristine image.
The difference maps were created by subtracting the average intensity in
the selected g-region of the pristine electrode from the intensity in the
operando scans in each pixel and normalizing by the intensity from the
pristine electrode to correct for thickness variations inherent in the 2D
projections, according to Equation (5). The average intensity difference
across the anode were plotted as a function of time to relate the structural
changes to the sodiation mechanism while the difference maps were
used to visualize spatial inhomogeneities on the micron scale across the
anode. Error bars for the averaged intensity difference in each g-region
was determined by the standard deviation of the intensity in all pixels
across the anode in the first scan, serving as a reference for the noise
variation in the selected g-region across the anode. To extract the peak
position and define the contribution from pseudo-metallic sodium the
WAXS curves were modeled according to Equation (4). To derive the
interlayer spacing from the peak shift of the 002-peak Bragg’s law was
applied. The fitting is described in more detail and results are shown in
the Supporting Information.

To perform tomographic reconstructions an iterative reconstruction al-
gorithm developed by Liebi et al.l?8] was applied where the intensity of
the scattering was optimized with the use of spherical harmonics as com-
monly applied for SAXS tensor tomography. The scattering curve was di-
vided in 39 linearly spaced g-bins and the 2D scattering projections were
transmission corrected with the diode data and aligned using the scatter-
ing intensity in the range q = 0.12-0.3 A=1.2°] The electrode volume was
masked by the scattering intensity in the same g-range. The generated 3D
SAXS tomograms were filtered using a mean 3D filter with a kernel of 2 x
2 X 2 pixels to smoothen noise in the visualizations. The homogeneity of
the electrodes was compared by creating a histogram over the greyscale
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values of the chosen scattering intensities in the masked region of the
electrode volume.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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