Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 1404. Downloaded on 02/04/1405 04:50:50 ..

(cc)

Faraday Discussions ™ LOVAL SOCIETY

OF CHEMISTRY
Cite this: DOI: 10.1039/d5fd00140d -«

View Article Online

View Journal

Operando X-ray mapping of ion transport
and arrangement in a carbon-based
supercapacitor electrode

Malina Seyffertitz, {2 *° Max Valentin Rauscher,? Sebastian Stock,?
Sylvio Haas, (2 ¢ Peter Moharitsch® and Oskar Paris (2)*?

Received 1st December 2025, Accepted 23rd December 2025
DOI: 10.1039/d5fd00140d

Position- and time-resolved X-ray transmission (XRT) and small-angle X-ray scattering
(SAXS) are used to map out ion transport and nanoscale ion arrangement in an in-plane
carbon-based supercapacitor working electrode with 1 M RbBr aqueous electrolyte.
XRT reveals that the charge balancing mechanism depends on the electrode geometry,
shifting from ion exchange to predominantly Rb* transport as the distance between
working electrode and counter electrode is increased. SAXS shows that, despite these
differences in ion mobilisation, the nanoscale ion arrangement within the smallest
carbon nanopores remains essentially unchanged across the electrode and independent
of the charging protocol. Small, but systematic differences are observed between sub-
nanometre micropores (strong confinement) and larger micropores/mesopores (weaker
confinement), the latter showing a distinct time dependence of ion concentration
changes attributed to diffusive equilibration processes in these pores. Overall, these
findings show that ion transport varies with position on the electrode, whereas the
nanoscale ion arrangement does not. The smallest micropores behave uniformly across
the electrode, and larger micropores and mesopores likewise show identical local
arrangement at all positions, although their additional reservoir-character leads to
a slight position dependent ion transport, similar to the overall bulk ion diffusion.

Introduction

The behaviour of ions within charged nanoporous materials defines how
electrochemical systems store, convert, and transport charge. In supercapacitors,
ions reversibly adsorb and desorb at the electrode-electrolyte interface to form
the electric double layer (EDL), which enables electrostatic charge storage. This
process is ideally free from any faradaic reactions, and determines the high
power-density and exceptional cycle lifetimes of supercapacitors.”
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Understanding ion behaviour in EDL formation is not only central to improving
energy storage performance but also to advancing a broader range of technolo-
gies, as similar systems are increasingly applied also in flexible and wearable
electronics,> implantable devices for healthcare application,>® sensor tech-
nology,” water treatment and desalination,*® electrochemical CO, capture, as
well as thermo- and chemocapacitive energy harvesting."** Related systems, such
as ionic-gating platforms, also depend fundamentally on ion movement and
organization at charged interfaces. Across these diverse systems, progress
depends on a clear mechanistic understanding of how ions move and arrange
under confinement at applied charge.

During charging and discharging, the local ion concentration in the electrode
can change significantly, by up to 50% for an initial 1 M electrolyte solution.****
This concentration change can occur through different charge-balancing mech-
anisms: co-ion expulsion, where ions of the same charge as the electrode are
removed; counter-ion adsorption, where oppositely charged ions are added; or
a combination of both, referred to as ion exchange. At low salt concentrations and
slow charging speeds, counter ion adsorption typically dominates, whereas
higher concentrations and faster charging tend to favour ion exchange in both
aqueous'® and organic'’ electrolytes in carbon-based supercapacitors. Studies
using X-ray and NMR techniques have shown that charging often proceeds in two
stages with an initial fast ion exchange followed by a slower equilibration asso-
ciated with increased counter-ion adsorption.'®'® Simulations further indicate
that stepwise or overly rapid charging can cause ion trapping and pore blocking,
hindering ion motion and slowing charge redistribution.***

The formation of the EDL also involves local rearrangements of ions and
solvent molecules, where ions might seek various degrees of confinement in
nanopores of the electrode material.* Ions in particularly strong carbon
confinement are often accompanied by desolvation®* and screen charge most
effectively, leading to an anomalous increase in capacitance for sub-nanometre
pores which are smaller than the hydrated ion size.**** While the influence of
pore size and other subtle structural features like local disorder”” on overall
performance has been extensively studied, much less is known about how the
charging behaviour and charge balancing mechanisms vary spatially within the
electrode or, in other words, how local ion organization depends on the macro-
scopic cell design and electrode shape.

In their simplest form, supercapacitors consist of two identical electrodes
separated by an ion-permeable membrane and immersed in liquid electrolyte, as
used in coin-cell configurations for research and commercial devices. Other
formats, such as cylindrically wound and pouch cells, are also available.?® For
experimental or application-specific needs, the geometry is often adapted: in situ
and operando methods may use asymmetric or laterally arranged electrodes to
allow probe access, while flexible and or miniaturized devices may employ
interdigitated or in-plane configurations integrated onto substrates. These design
variations alter current paths, ion transport distances, and electrical potential
distributions, thereby influencing both overall performance and local electro-
chemical conditions. Previous studies have examined how electrode thickness**°
and stacking pressure®* affect the macroscopic performance of supercapacitors.
Improved power capability has been reported for interdigitated micro-
supercapacitors with sharp-edged geometries compared to conventional
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designs.*” Variations in electrochemical signals observed across different in situ
NMR set-ups indicate that electrode geometry and cell design have a strong
influence on device response.*® Such studies have primarily focussed on perfor-
mance changes through the evaluation of overall electrochemical signals.
Consequently, spatially resolved mechanistic insights into how geometry affects
charge-balancing mechanisms and local ion (re)arrangement remain largely
unexplored.

In this work, we use operando position-resolved X-ray transmission (XRT) and
small-angle X-ray scattering (SAXS) to map the signal across the activated carbon
working electrode of an in-plane supercapacitor with 1 M RbBr aqueous electro-
lyte. XRT reveals how charge-balancing mechanisms and ion concentrations
evolve across the electrode under different charging protocols, while SAXS
provides insight into the corresponding nanoscale ion (re-)arrangement within
the pores.

Experimental
Materials and electrode preparation

1 M RDbBr (aq.) electrolyte was prepared from RbBr salt (99.6% trace metal basis,
Sigma-Aldrich) and Milli-Q lab-grade H,O. A porous Whatman GF/A glass fibre
separator with a thickness of 200 pm was used. Platinum paper with a thickness of
less than 200 nm and a purity greater than 99% served as the current collector.

Free-standing activated carbon electrode sheets were fabricated following the
procedure described in ref. 21. Briefly, commercially available alkaline-activated
carbon powder (MSP-20X, Kansai Coke and Chemicals Co.) was mixed with
5 wt% PTFE binder (60 wt% dispersion in water, Sigma-Aldrich) and ethanol. The
resulting mixture was rolled to a thickness of 200 pm using a cold-rolling press
equipped with micrometre adjustment screws, yielding thickness variations of
less than 5 um. To remove residual moisture, the electrodes were dried at 110 °C
for 24 h in an evacuated oven and subsequently stored in a vacuum furnace until
use. Electrode shapes were then punched from the free-standing sheets using
custom-machined punch tools. Complementary gas sorption analysis (GSA) of the
electrode film using nitrogen at 77 K and carbon dioxide at 273 K was performed
with a Quantachrome/Anton Paar AutoSorb iQ (see Fig. S1). The material shows
a predominantly microporous character, with most pores smaller than 2 nm,
a specific surface area of 1870 m” g~ ', and a specific pore volume of 0.79 cm® g~ .
An associated SEM micrograph showing the particle size and morphology can be
seen in Fig. S2.

Cell assembly

Electrochemical cells were assembled using a custom-built design (ref. 33)
featuring slits with Kapton windows that allow X-ray access across the electrode
stack and are further described in Fig. S3.

The working electrode (WE) was circular (diameter: 12 mm), while the counter
electrode (CE) was ring-shaped (inner diameter: 14 mm; outer diameter: 34 mm)
(Fig. 1a), both punched from the same free electrode film of 200 pm thickness.
The WE and CE masses were 13.3 mg and 87.6 mg, respectively, corresponding to
a CE/WE oversize factor of approximately 6.6. The cell configuration consisted of
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Fig. 1 Mapping of ion transport and charge-balancing mechanisms in an in-plane
supercapacitor with operando XRT. (a) Schematic of the electrode geometry showing the
circular working electrode (WE), ring-shaped counter electrode (CE), separator, and the
horizontal scanning direction of the X-ray beam. (b) XRT profile across the cell stack
identifying the positions of the individual components. (c) Schematic illustration of the
charge-balancing mechanisms, co-ion expulsion, ion exchange, and counter-ion
adsorption. (d) Operando XRT map showing the relative transmission 1/t across the cell
during 1 mV s~* cyclic voltammetry and 1-hour cell voltage holds at +0.6 V, effectively
representing a spatial and temporal map of the charge-balancing mechanism.

a platinum current collector, the circular working electrode, the glass-fibre
separator, the ring-shaped counter electrode, and a second platinum current
collector. The platinum current collectors cover the full cell area and ensure
uniform electronic contact to both electrodes. The in-plane electrode geometry
was intentionally chosen to enable spatially resolved investigation of geometry-
induced, position-dependent ion transport within the working electrode.

480 pL of 1 M RbBr electrolyte was added before sealing the cell, which was
then left to equilibrate for 30 min. Prior to operando measurements, the cell was
pre-cycled by performing ten cyclic voltammograms (CVs) between +0.6 V at

a scan rate of 50 mv s~ .

X-ray transmission (XRT) and small angle X-ray scattering (SAXS) measurements

Operando X-ray transmission (XRT) and small-angle X-ray scattering (SAXS)
measurements were conducted at the P62 SAXSMAT beamline at PETRA III
(Deutsches Elektronen-Synchrotron, DESY, Hamburg, Germany).** The photon
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energy was set to 11 keV, and the beam was defocused to 0.5 x 0.5 mm to
minimize radiation damage. The electrode stack was scanned horizontally in
1 mm steps across 35 positions covering both the central working electrode (WE)
and the surrounding counter-electrode (CE) ring (Fig. 1a). The separator is
present at all positions. The exposure time at each position was 0.5 s. Including
stage movement between positions and the return to the starting point,
a complete scan cycle lasted approximately 80 s, providing sufficient temporal
resolution to monitor changes at each position throughout the applied voltage
protocol.

The applied voltage protocol consisted of three CVs at a scan rate of 1 mV s,
followed by consecutive 1 h chronoamperometry measurements at fixed cell
voltagesof 0OV — +0.6V >0V — —0.6V—> 0V — +0.6 V—> 0V — —0.6V — 0V,
and concluded with another three CVs at 1 mV s~ (see left part of Fig. 1d).

The recorded 2D-SAXS patterns were azimuthally integrated and corrected for
transmission and background according to standard procedures at the beamline.
The resulting one-dimensional SAXS profiles are presented as scattered intensity
(in arbitrary units) plotted against the magnitude of the scattering vector,

41

20
9= sin <7) , with 260 being the scattering angle and 2 the photon wavelength.

Results and discussion

Concentration changes and charge balancing mechanisms from X-ray
transmission (XRT)

Fig. 1a shows the electrode set-up with the circular working electrode (WE) sur-
rounded by a ring-shaped counter electrode (CE), and indicates the horizontal
scanning direction of the incident X-ray beam across the electrode stack. The
corresponding transmission profile in Fig. 1b identifies the positions of the
individual components (CE ring, separator, and WE) within the scanned region.

Previous studies have shown that the XRT signal can reliably track ion
concentration changes in supercapacitors during charging and discharging,
allowing the charge-balancing mechanism to be determined."***"* The method
is based on the direct connection between local ion concentration and X-ray
attenuation via the Lambert-Beer law. As the cell is charged, variations in ion
concentration change the attenuation and, consequently, the measured trans-
mission. This enables quantitative mapping of concentration changes, assuming
that the carbon matrix transmission remains constant and that changes in the
water density and concentration during operation of the device have only a minor
effect on the total attenuation, as discussed previously.™

For the electrolyte used in this study, 1 M RbBr (aq.), the cation Rb" and the
anion Br~ have very similar mass attenuation coefficients (u/p), and comparable
sizes, as shown in Table 1. Consequently, during ion exchange, where one
counter-ion replaces a co-ion, the overall X-ray transmission t is expected to
remain roughly constant. In contrast, co-ion expulsion would increase the
transmitted intensity, while counter-ion adsorption would decrease it. The
charge-balancing mechanisms and corresponding changes in ion concentration
are schematically illustrated in Fig. 1c.

To better visualise how the transmission t changes during operation, the time-
dependent transmission signal t(¢) at each scan position was normalised to
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Table 1 Mass attenuation coefficients at an X-ray energy of 11 keV,*¢ bare and hydrated
ion diameter at 25 °C,*” ion mobility u in aqueous solutions at 25 °C,*8 standard Gibbs free
energy of hydration, AGy, . .** and number of electrons, e, for Rb™ and Br™

Rb" Br-
wlp at 11 keV (cm? g ) 41.5 42.8
dpare (NM) 0.30 0.39
dhyar. (NmM) 0.66 0.66
u(10®m*v?sT 7.7 7.2

o -1 _ —

AGyyq, (K] mol™) 275 315
e 36 36

a baseline function t,(¢). For each position, an individual baseline 7,(¢) was ob-
tained by fitting a second-degree polynomial to the () data at the segments where
a cell voltage of 0 V was applied. Examples of the resulting baseline functions
together with the corresponding raw transmission data for selected WE positions
are shown in the SI (Fig. S4). Using a separate baseline for each position
compensates for slow signal drifts and for initial transmission differences across
the electrode, which, as visible in Fig. S4, are substantially larger than the subtle
changes arising from charging. The resulting values of 7/7, therefore represent the
transmission relative to the average of all 0 V cell voltage states. A value of 1
corresponds to this baseline level and indicates ion exchange, where one ion
replaces the other without changing the overall attenuation. Values greater than 1
indicate higher transmission (co-ion expulsion), and values below 1 indicate
lower transmission (counter-ion adsorption). The resulting colour-coded map of
/10 values is shown in Fig. 1d.

From the colour map in Fig. 1d small but systematic variations in the relative
transmission 1/t can be observed as the cell voltage is varied. These variations are
more distinct in the WE than in the CE and have an overall amplitude of about
+2%. Ion concentration changes are also visible in the separator region between
the WE and CE. The trend in this region generally follows that of the WE,
although with a slight time delay.

The weaker response in the CE may arise from two factors. First, its behaviour
could be dominated by ion exchange, which would cause the transmission signal
to remain nearly constant since the two electrolyte ions have almost identical
attenuation coefficients. Alternatively, as a supercapacitor is essentially two
capacitors in series, the larger size of the CE distributes the same total charge over
a much larger electrode surface, leading to smaller local changes in ion concen-
tration and thus weaker detectable transmission variations. In this cell, the CE/
WE mass ratio is approximately 6.6, meaning that the concentration changes in
the WE are expected to appear about 6.6 times more pronounced. As both effects,
i.e. ion exchange dominance and the oversize factor may contribute to the weaker
signal in the CE, the CE is not considered in further detail here, and the following
discussion focuses on the WE only. It is worth noting that the separator is present
in the beam at all positions and its contribution cannot be subtracted, as its
response cannot be spatially isolated from that of the electrode. However, the
separator contribution at the electrode positions is expected to be small, because
in regions containing the electrodes, the separator is very strongly compressed
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and can be understood as a small additional bulk electrolyte reservoir in close
proximity to the carbon, where charge balancing is taking place. This is supported
by the CE region, where the separator is likewise included in the beam but shows
almost no voltage-dependent variation, indicating that the signal at both elec-
trode positions is dominated by changes within the electrode.

At positive cell voltage, the transmission in the WE increases compared to the
average transmission at 0 V, indicating a decrease in the total ion concentration
due to co-ion expulsion of Rb" ions to balance charge. At negative cell voltages the
relative transmission decreases, reflecting a higher ion concentration as counter-
ion adsorption leads to the accumulation of additional Rb* ions at the electrode.
Consequently, both polarities seem to be dominated by Rb* mobilisation,
although Rb" and Br™ have similar bulk ion mobilities (Table 1).

Overall, the electrode exhibits predominantly homogeneous charge-balancing
behaviour, with only slight deviations visible at the edges in the colour map. Since
both electrodes are uniformly contacted by the current collectors, the observed
centre-edge differences are attributed to geometry-dependent ionic transport
rather than to variations in electronic potential. To explore these variations in
more detail, centre and edge regions were defined based on the map in Fig. 1d.
Positions 14 to 21 correspond to the centre region, while positions 12 to 13 and 22
to 23 represent the edges. The relative transmissions averaged over these regions
are shown in Fig. 2 as a function of time and can be regarded as vertical slice
averages through the colour map in Fig. 1d.

From the cyclic voltammetry (CV) segments at the beginning and end of the
experiment, where the cell voltage was swept fairly slowly at 1 mV s, the centre
and edge regions of the working electrode exhibit nearly identical behaviour. Both
show the previously discussed Rb" dominated charge balancing, with co-ion
expulsion at positive and counter-ion adsorption at negative cell voltages.

In contrast, during the chronoamperometric (CA) steps, where the voltage was
changed stepwise rather than continuously, a difference between edge and centre
regions is seen. Particularly at positive voltage holds, the edge regions show
considerably smaller changes in transmission, implying corresponding smaller
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Fig. 2 Charge balancing behaviour of centre and edge regions on the working electrode.
(a) Applied cell voltage (thin grey lines) and averaged relative transmission /1o for centre
(thick black line) and edge (thick dotted line) regions of the working electrode and (b)
schematic of the working electrode indicating the corresponding centre and edge posi-
tions used for averaging.
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variation of the total ion concentration changes. This behaviour could indicate
a larger contribution from ion exchange, which may be favoured near the elec-
trode edges due to shorter diffusion pathways or easier ion access from the
separator reservoir and from the counter-electrode. The corresponding trans-
mission signals for the separator and CE are shown in Fig. S5, but will not be
further discussed due to the limitations discussed before.

The relative transmission levels at 0 V after each CA step in Fig. 2a differ
depending on the polarity of the preceding voltage. Following negative polar-
isation, the 0 V transmission level is slightly higher (i.e. larger than 1), whereas
after positive polarisation it is lower than 1. This indicates a subtle “history”
effect, where the cell relaxes back to equilibrium after each step, but the resulting
equilibrium state depends on the previous polarisation. This behaviour is
consistent with a previous investigation,'® where operando Small-Angle Neutron
Scattering (SANS) on the same electrode/electrolyte system and identical electrode
geometry was employed. SANS using a neutron beam size that averaged over the
entire WE area, revealed a similar dependence of the equilibrium state on
charging history. With SANS being particularly sensitive to the solvent water, it
was concluded that the water content in the WE was lowest at positive and highest
at negative cell voltages. This observation is counterintuitive, as the ion concen-
tration determined here follows the same trend with a minimum in total ion
concentration at positive cell voltages due to Rb* expulsion and a maximum in ion
concentration at negative cell voltages due to Rb" adsorption. If water were to
occupy the remaining pore volume, the opposite dependence would be expected.
Instead, the results suggest that part of the water may be associated with the ions
through hydration and moves together with Rb* during charging and discharging.

Most interestingly, the difference between edge and centre only appears
during stepwise voltage changes, but not during the continuous CV sweeps. This
suggests that kinetic effects, such as slower equilibration or transient blocking as
predicted by modelling studies' may play a role. A possible explanation is that
during a continuous voltage sweep, charge compensation can proceed primarily
via the movement of one preferred ion species, Rb", which is sufficient to balance
the gradually changing potential. During stepwise voltage changes, however, the
abrupt potential jump may require a faster charge adjustment that cannot be
achieved by the motion of only one ion type. In this situation, ion exchange could
become favourable, since the simultaneous expulsion of one ion species and
adsorption of the other species effectively transfers two charges in one process.

The in-plane electrode configuration used here represents one extreme of an
electrode geometry, where the working and counter electrodes are laterally
arranged and do not overlap. In this case, charge compensation is dominated by
the movement of Rb" ions across the electrode, particularly in the central region.
At the electrode edges, however, Rb* adsorption dominates at negative cell volt-
ages, while a trend towards ion exchange emerges at positive polarisation. This
behaviour is consistent with the partially overlapping geometry reported previ-
ously,” where an oversized counter electrode (CE) with a central opening allowed
the X-ray beam to irradiate a smaller, but partially overlapping working electrode
(WE). The edge region of the current in-plane cell, in proximity to the ring-shaped
CE, resembles this earlier configuration and therefore shows comparable
behaviour. At the opposite limit, an ideally overlapping symmetric supercapacitor
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with a very small hole in the CE for X-ray access displayed ion-exchange driven
charge balancing (Fig. S6 and Supplementary Note 1 in the SI).

In summary, these observations from XRT establish a clear electrode shape
trend: as the degree of electrode overlap decreases, the charge balancing mech-
anism transitions from ion exchange to predominantly Rb* mediated transport
and might be further promoted by stepwise or rapid variations of the cell voltage.
This suggests that the charge balancing process and ion concentration changes
and mobilisation involve more intricate local effects that are not evident from
bulk properties alone. To gain further insight, the local ion rearrangement within
the electrode nanopores is examined next.

Local ion re-arrangement in nanoconfinement from small-angle X-ray
scattering (SAXS)

The local rearrangement of ions within the nanoconfined pores of the electrode
can be probed with small-angle X-ray scattering (SAXS), as demonstrated in ref.
21, 22 and 35. Unlike most spectroscopic techniques, which provide chemical but
limited structural information, SAXS is directly sensitive to spatial variations in
electron density in the nanometre range, and therefore to structural changes
occurring at different length scales and degrees of confinement within the porous
carbon.

Fig. 3a shows the experimentally obtained SAXS signal of the dry activated
carbon electrode, which can be decomposed into three g-dependent contribu-
tions: scattering from the micrometre-sized carbon particles (Ipaicle), Scattering
from the disordered nanopores (Iyanopore); and the structure factor (Iseuctureractor)
as described in ref. 35. The structure factor is proportional to the total number of
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Fig. 3 Small-angle X-ray scattering (SAXS) profiles of the electrodes. (a) Experimental
SAXS profiles of an MSP-20X activated carbon electrode containing 5 wt% PTFE binder,
measured in the dry state (thick black line) and after soaking in 1 M RbBr (aqg.) (thick grey
line). The dry-state curve is decomposed into contributions from particle scattering (thin
dash dotted black line), a structure factor term (thin dashed line) and scattering from
nanopores, which is divided into two pore-size regimes (thin dotted and full black line)
with radii of gyration, Ry, of 3 nm and 0.675 nm respectively. The thin orange line shows
the corresponding simulated SAXS profile obtained from the sum of these components.
The inset schematically illustrates the SAXS contrast for a dry and an electrolyte-soaked
carbon particle. (b) Normalised SAXS intensity /o (Io being the average SAXS intensity at
0 V) for applied cell voltages during the second cycle of the 1 hour chronoamperometry,
shown averaged for centre and edge positions of the working electrode.
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electrons in the X-ray beam and is assumed to be constant in the SAXS regime,
before giving rise to correlation peaks at higher g-values from the atomic scale
carbon-carbon interactions. The scattering from the nanopores was divided into
two contributions corresponding to different pore sizes with radii of gyration, R,
of =0.7 nm and =3 nm, following the fitting of two Debye, Anderson, and
Brumberger (DAB)* model functions as described in ref. 21 and 41. As illustrated
by the fitted SAXS curve in Fig. 3a, this model with two pore sizes reproduces the
shape of the experimental signal reasonably well. These two distinct average pore
sizes are also in good agreement with the pore size distribution from the nitrogen
sorption results (Fig. Sla), showing a population of small micropores with
a maximum around 0.7 nm and a second broad distribution of pores larger than
1 nm. However, this simplified two-size model should be seen only as a qualitative
guide to the underlying length scales.

Under the assumption of a strict two-phase system consisting of a (homoge-
neous) matrix and pores, the overall scattering contribution of nanopores,
INanopore, is governed by the SAXS contrast, which is proportional to the square of
the difference in electron density between these two phases (inset of Fig. 3a).
When the electrode is soaked in 1 M RbBr (aq.), the electrolyte fills the previously
empty pores. The electron density in the pores increases, and thus the contrast to
the carbon matrix is reduced. As seen in Fig. 3a, this leads to a strong decrease in
the scattering associated with Iyanopore- Meanwhile, the structure factor increases
after soaking because the electrolyte introduces additional electrons into the
irradiated volume, adding the electrolyte structure factor, which is also assumed
to be constant in the SAXS regime.

During ion electrosorption, when the cell is charged, the ion concentration
and arrangement within the pores are expected to change. As ions enter or leave
a pore, the electron density in that pore volume changes, which slightly modifies
the SAXS contrast and manifests in a changed scattering signal. Because these
changes are small, the measured scattering intensity / is normalised to the
averaged scattering signal recorded during segments, where the cell was held at
a cell voltage of 0 V, analogous to the normalisation of the transmission values in
the previous section. Values of 1/], greater than 1 indicate an increased scattering
contrast relative to the 0 V average scattering curve, while values below 1 indicate
areduced contrast. This normalised scattering intensity, used as a measure of the
contrast change, is shown in Fig. 3b for averaged centre and edge positions on the
working electrode. Each curve represents the average of all scattering data
collected during the 1 hour constant-voltage holds of the second CA cycle. A more
quantitative interpretation of the contrast would require detailed knowledge of
the electron densities of carbon, solvent, and ions inside pores of different sizes,
which is not readily accessible from experiment alone and typically needs dedi-
cated modelling (ref. 22). Therefore, the present analysis focuses on qualitative
trends and, in particular, on comparing centre and edge regions rather than
determining the exact ion density distribution in the pores.

At high g (>5 nm™ "), the scattering is dominated by the structure factor, which
should (inversely) mirror the transmission behaviour. As established in the
previous section, positive voltages expel Rb", reducing the number of electrons in
the beam, which increases the transmission and correspondingly decreases the
structure-factor level. Although this trend is consistent with the transmission
results, quantitative interpretation of the structure-factor regime is more
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complex, as the structure factor in this regime is not necessarily constant (as seen
in Fig. 3a by the slight increase in the intensity for the electrolyte-soaked elec-
trode). It may be influenced by ion-ion, ion-carbon, solvent-carbon, and ion-
solvent correlations via their partial pair-distribution functions. For this reason,
the qualitative consistency of the high-g region in Fig. 3b with the previously
analysed transmission is noted, but is not discussed further.

Similarly, the low-g scattering (<0.1 nm™ ') arising from large mesopores and
macropores (e.g. from the space between the micrometre-scale carbon particles,
see Fig. S2) is not further analysed here in detail, as its interpretation is complex
and not directly related to the pore-scale ion rearrangement of interest. We note
however that there is a positive intensity change (i.e. a contrast increase) for both,
positive and negative voltage, as compared to 0 V.

Focusing instead on the confinement and nanopore-relevant range in Fig. 3b,
two regions of interest can be identified: one roughly between 0.2 and 0.7 nm ™"
and another between 1 and 3 nm ™' with striking different behaviour. We refer to
the lower-q region as representing larger nanopores (i.e. large micropores and
mesopores) and the higher-q region as representing the smallest nanopores in the
system (i.e. small micropores). This distinction is justified by the DAB model
fitting shown in Fig. 3a and the pore size distribution (Fig. S1) which shows a class
of small micropores <1 nm, and a second peak related to larger micropores and
small mesopores.

At higher g values (1-3 nm™"), corresponding to the small micropore regime,
both polarities show an increased SAXS contrast compared to the 0 V average
state. One possible explanation for this increased contrast is that at 0 V the pores
are assumed to be filled mostly with water, and when a voltage is applied, ions
enter these small micropores, effectively filling the confined volume and
increasing the electron density. Assuming that heavy ions, such as Rb" or Br
have a higher electron density than water, and lie further above the carbon
electron density than water lies below it, the resulting electron-density difference,
and thus the contrast, would increase, as observed in the experimental data.
Under positive voltages, the ion present in confinement is expected to be Br~,
whereas under negative voltages it is Rb*. There are no observable differences in
the contrast variation in the smallest pores between edge and centre regions on
the electrode. Interestingly, at positive potential the contrast peak is shifted to
higher g values, which could indicate that Br~ preferentially occupies more
strongly confined environments, despite being the slightly larger ion (Table 1).
Together with its slightly reduced bulk ion mobility, this could help explaining
why Rb" is preferentially mobilised during charge balancing. However, further
insight into ion-specific behaviour would require systematic studies with different
electrolyte salts, which are beyond the scope of the present work.

In the regime associated with the larger pores (with weaker confinement) in
the g-range between 0.2 and 0.7 nm ™", the normalised contrast shows a negative
contrast change (I/I, < 1) at positive voltage, and a positive contrast change (I/I, >
1) at negative cell voltage. Compared to the smaller micropores, a straightforward
interpretation of the mesopore regime in terms of contrast is complicated by the
hierarchical pore structure.** For these mesopores, the relevant “matrix” in a two-
phase system is not pure carbon, but carbon that contains the smaller micro-
pores. Since the electron density within these micropores changes as discussed
above, the effective matrix electron density, as well as the electron density within
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the mesopores themselves changes as the voltage is varied. This leads to many
possible and complex contrast scenarios involving two ion species and solvent
water with varying concentrations, making it difficult to assign a reduced or
increased contrast to a single physical phenomenon or concentration change. For
this reason, the following discussion focuses on qualitative trends and
a comparison between edge and centre regions on the electrode rather than
attempting a full hierarchical interpretation.

Notably in the mesopore regime, the edge and centre positions show almost no
difference at positive cell voltage, and a slight, but significant difference at
negative polarisation. This difference is limited to the absolute contrast level and
does not involve a shift in g-position. Mechanistically, this indicates that the edge
and centre regions respond similarly, with no qualitative difference in how ions
rearrange within these larger pores. Only the absolute contrast levels differ
slightly, with the edge region showing lower contrast within the space of weak
confinement of larger pores.

A similar behaviour is observed at 0 V. As seen in the transmission data in the
previous section (Fig. 2a), the signal exhibits a “history” effect, where the response
depends on the preceding polarisation. The SAXS data show the same behaviour,
but only in the mesopore regime, not in the micropore regime. In the larger pore
regime, the edge and centre differ again in the absolute magnitude of the
contrast, while the g-positions of the features remain the same, indicating that
the underlying ion arrangement is identical and only the total number of ions
differs. This suggests that larger pores with weaker confinement contribute to
overall charge balancing and ion-concentration changes, but also to the dynamics
of the system, in terms of diffusive exchange of ions with the bulk ion reservoir in
the macropores and the separator. Obviously, these processes are influenced by
electrode shape even in small mesopores and large micropores with weaker
confinement, whereas the strong confinement in small micropores results in ion
arrangements that are essentially insensitive to electrode shape and macroscopic
ion-concentration variations.

The averages at constant cell voltage shown in Fig. 3b are useful for identifying
structural differences in the ion rearrangement at applied voltage for different g-
regimes, associated with different degree of confinement. However, they repre-
sent an average over all scattering curves recorded during the one-hour CA holds.
To resolve the time dependence as well, the normalised intensity was evaluated
for each individual scattering curve throughout the operando experiment and
shown in a colour-coded presentation in Fig. 4a: values greater than 1 (increased
contrast relative to the 0 V average) appear in red, whereas values below 1
(reduced contrast) appear in green. We note that the traces shown in Fig. 3b
correspond to horizontal averages of these colour maps during the one-hour
holds of the second CA cycle. A 3D illustration of how the colour maps were
constructed is provided in Fig. S7.

Visually, the colour maps in Fig. 4a for the centre (right) and edge positions
(left) appear similar, with no obvious differences in their overall behaviour. There
is also qualitatively similar behaviour between CA and CV cycles, and the contrast
changes appear very uniform during the voltage holds, with little indication of
time-dependent effects. To examine time dependency in more detail, the two
length scales identified previously for weak and strong pore confinement, marked
by the blue and orange boxes in the colour maps, were averaged. The resulting
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Fig.4 Operando SAXS contrast during charging and discharging at the edge and centre of
the working electrode. (a) Normalised SAXS intensity (/1) as a function of scattering vector
q and time for the edge and centre regions of the working electrode. Each horizontal line
corresponds to one individual SAXS measurement recorded during the operando exper-
iment. The applied cell-voltage protocol is shown on the left. Colours indicate the devi-
ation from the average scattering at O V (red: increased contrast; green: decreased
contrast). Blue and orange boxes mark the g-ranges used in panels (b) and (c), which show
the corresponding evolution of the contrast for the larger-pore and smaller-pore regimes,
respectively.

signals, shown in Fig. 4b and c, are thus vertically averaged cuts through the
colour map at these g regions of interest. For consistency, it should be noted that
the g-ranges indicated in Fig. 4a are narrower than the broader confinement
regimes defined above (0.2-0.7 nm™" and 1-3 nm™"). These smaller windows were
chosen because they capture the regions where the contrast changes are most
pronounced, but averaging over the full ranges yields qualitatively identical
behaviour.

In strong confinement (panel c), the signals from the edge and centre match
perfectly. The contrast also changes nearly instantaneously as the voltage is varied
and behaves qualitatively the same during both CV and CA. This indicates that ion
rearrangement in small micropores is very fast, independent of whether the
voltage is changed stepwise or swept, and essentially unaffected by global ion-
concentration changes and thus by the position on the electrode.

In the weaker-confinement regime at lower g, the edge and centre regions also
behave similarly, though with some deviations. These deviations are most
noticeable at negative cell polarisation, where the centre shows clearly larger
quantitative changes, consistent with the behaviour during the constant-voltage
holds in Fig. 3b. Examining the time dependence reveals two processes: an
initial rapid change followed by a slower, gradual evolution. This likely reflects
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a fast charge-balancing and rearrangement step, producing the sharp initial rise,
and a subsequent slower equilibration of the ion concentration. It is important to
emphasise that these changes relate only to the total contrast; that is, to the total
number of ions or total electron density within the pore space. As shown earlier
and visible in the colour map (Fig. 4a), these variations are not accompanied by
shifts in g-position. This indicates that the underlying ion arrangement remains
the same at the edge and centre. Instead, the larger pore spaces and more weakly
confined regions appear to act as an ion reservoir that accommodates changes in
total ion concentration and therefore displays some time dependence, whereas
the strongly confined micropores respond almost instantaneously.

Taken together, the voltage-dependent ion arrangement within the porous
electrode is largely independent of electrode shape. The centre and edge behave
identically for strong pore confinement but show some slight but consistent
deviations for larger nanopores, i.e. weaker confinement. Qualitatively, the
behaviour does also not depend on whether the voltage is changed stepwise
during CA or swept during CV. The data further suggest that Br~ ions may tend to
occupy more strongly confined pore environments than Rb'. For both ion species,
rearrangement in the smallest micropores occurs instantaneously (within the
time resolution of the present experiment), whereas larger pores exhibit both
a fast, initial response and a slower equilibration of the ion concentration within
these pores. This points to an important role of mesopores and large micropores
for both, ion storage on the one hand, and ion reservoir for the quick charge
compensation in the small micropores.

Conclusions

In this work, operando, position-resolved X-ray transmission (XRT) and small-
angle X-ray scattering (SAXS) mapping were used to probe how macroscopic
electrode shape influences ion transport and local ion arrangement in a carbon-
based in-plane supercapacitor with 1 M RbBr aqueous electrolyte. The in-plane
electrode set-up with a circular working electrode and a ring-shaped counter
electrode enabled spatially resolved measurements across centre and edge
regions of the working electrode.

XRT revealed that charge balancing in the central region proceeds predomi-
nantly through Rb" transport, with Rb* expulsion at positive and Rb" adsorption
at negative polarisation. Near the electrode edge, where diffusion pathways to the
counter electrode are shorter, a partial contribution from ion exchange involving
both ion species, Rb" and Br, appears, particularly during stepwise potential
changes. A subtle history effect at 0 V demonstrates that the equilibrium state
after each voltage step depends on the preceding polarisation. Together with
comparisons to other geometries, a clear trend emerges: larger separation
between working and counter electrode favours a transition in the charge
balancing mechanism from ion exchange to predominantly Rb* mediated
transport, with this transition most pronounced under rapid stepwise voltage
changes.

SAXS mapping complements these findings by resolving the nanoscale ion
rearrangement inside the carbon pores. Voltage-dependent changes in SAXS
contrast reveal two confinement regimes: (i) a weaker-confinement regime in
larger pores that acts as an ion reservoir and shows both, fast and slower
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equilibration processes, and (ii) a strongly confined small micropore regime that
responds almost instantaneously to changes in voltage. In the strongest
confinement, no difference is observed between centre and edge positions on the
working electrode. In larger pores, slight differences arise but only in the total
amount of ions, not in their degree of confinement or local arrangement,
underscoring the role of mesopores in charge balancing as well as in serving as an
ion reservoir for the rapid compensation in smaller micropores. The data further
suggest that Br~ ions may occupy more strongly confined pore environments than
Rb", which, together with its slightly lower bulk mobility, offers a possible
explanation for the preferential mobilisation of Rb" during charge balancing.

Taken together, these results demonstrate that ion transport is shaped by the
macroscopic electrode geometry, whereas the ion arrangement within the porous
carbon is largely unaffected by it. Centre and edge regions on the working elec-
trode behave qualitatively the same across all pore confinement regimes; the only
additional nuance is that the larger, more weakly confined pores act as a reservoir
and therefore show some slow, diffusion-driven evolution of ion concentration,
whereas the strongly confined micropores respond almost immediately. In the
studied system, the macroscopic electrode shape dictates which ions move, how
fast they respond, and how strongly the overall ion concentration changes, while
leaving the nanoscale ion arrangement essentially unaffected. Put simply, elec-
trode shape directs transport, not organisation; an insight that may, quite liter-
ally, help reshape the design of future supercapacitor electrodes and other related
ion-based devices, enabling control over ion transport without altering their
nanoscale distribution inside micropores.
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