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Abstract

Current in situ techniques to study ion charge storage and electrical double-layer formation in
nanoporous electrodes are either chemically sensitive to element-specific concentration
changes, or structurally sensitive to rearrangements of ions and solvent molecules; but rarely
can they cover both. Here we introduce in situ anomalous small-angle X-ray scattering
(ASAXS) as a unique method to extract both, real-time structural and ion-specific chemical
information from one single experiment. Using a 1M RbBr aqueous electrolyte and a
hierarchical micro- and mesoporous carbon electrode, we identify different charging
mechanisms for positive and negative applied potentials. We are not only able to track the
global concentration change of each ion species individually, but also to observe their

individual local re-arrangement within the pore space.



Introduction

Ion electrosorption in the confined geometry of nanoporous carbons is the key process of
capacitive energy storage in electrical double-layer capacitors!* (EDLCs or supercapacitors)
and seawater desalination via capacitive de-ionization® (CDI). The performance of both
technologies ultimately depends on the way how ions counterbalance the electrode charge upon
polarizing the carbon electrode.!*® During charging, the electronic charge can be counter-
balanced either by counter-ion adsorption (adding counter-ions), by co-ion expulsion
(removing co-ions) or by ion replacement (adding counter-ions and removing the same amount
of co-ions).!*” CDI requires counter-ion adsorption, since only the total ion concentration
increase in the nanopores leads to the decrease of the bulk electrolyte salt concentration. For
EDLC:s it is not clear at the moment which mechanism is desirable for highest energy and
power densities.® Theoretical and experimental work could recently show how salt
concentration, cell design, pore connectivity and cycling speed influence the electrosorption
mechanism.””!! However, knowledge about material parameters that control the mechanisms
on the atomic and nanoscale is still scarce. The most crucial requirement for further progress
is hence a mechanistic understanding of processes taking place in the complex nanopore space:

12714 mutual ion blocking,”® and local ion rearrangement into sites with

partial ion desolvation,
highest degree of confinement.!*!?
Answering these questions demands for real-time in situ experimental techniques that

consider for the entire complexity of the nanopore structure,'®!®

and allow quantifying the ion
electrosorption process. In recent years, a number of new electrochemical in situ techniques
contributed towards this goal. Electrochemical quartz crystal microbalance (eQCM),!" and in
situ X-ray transmission (XRT)!? can quantify the global cation and anion fluxes in and out of
the carbon electrode upon charging and discharging. In situ small-angle X-ray scattering
(SAXS) provides structural sensitivity on the length scale of micropores (i.e. pore size < 2nm)
and mesopores (pore size between 2 nm and 50 nm),*® and enables in principle the
quantification of ion confinement, ion desolvation, local ion rearrangement across the carbon
nanopores and mechanical strain of the carbon electrode.!**!*? Its combination with XRT
permits covering both, local and global ion concentration changes from the same macroscopic
sample volume.?!>* However, neither eQCM, nor XRT / SAXS are specifically sensitive to the
individual ions. All involved species like solvent molecules, cations, anions, and the carbon

matrix contribute to the in situ signals and therefore, the necessary assumptions for data

interpretation can potentially be ambiguous and over-simplified. Spectroscopic in situ



techniques like in situ nuclear magnetic resonance (NMR)?**2® or in situ X-ray absorption
spectroscopy?’ on the other hand are element-specific and can be used to quantify concentration
changes of specific ions or molecules in operating devices.

Here we present in situ anomalous small-angle X-ray scattering (in situ ASAXS) as a
powerful approach that fully utilizes the advantages of SAXS, and at the same time eliminates
its main drawback concerning the lack of element sensitivity. In situ ASAXS provides
simultaneous real-time structural and chemical information by combining SAXS with the
principle of absorption spectroscopy by utilizing the change of the scattering power of a
resonant element near its adsorption edge. We perform a proof-of-principle ASAXS
experiment using a hierarchically porous carbon material with aqueous RbBr electrolyte that
corroborates direct discrimination between different charging mechanisms - ion replacement
versus co-ion repulsion - in a single experiment. The inherent nanometer spatial resolution of
SAXS further allows sensing the ion specific local re-arrangements upon charging and

discharging.

Experimental section

Material: Electrodes were produced from a monolithic carbon material with hierarchical
porosity obtained from a nanocasting approach. The material consists of a macroporous
network of struts, with each strut being composed of a hexagonal arrangement of carbon

nanorods leaving mesopores in between the nanorods (Figure 1).

Figure 1: Schematic representation of the hierarchy of the ordered mesoporous carbon
material. SEM image of the macropore structure (a); a schematic representation of the ordered
nanorods with mesopores between them (b); schematic representation of one nanorod

containing micropores (c).



The material was further activated to create micropores within the carbon nanorods. We do
not have a detailed structural picture about these micropores, but we can expect them to
predominantly create an increasing roughness of the nanorod surface with activation. Synthesis
and characterization of the material was described already in earlier work.?>?® Important

parameters of the used sample are present in Table 1.

Table 1: Used nanocast carbon sample

Activation time® | Sprr® | Vinicro @ | Vimeso © | dso (das-d7s) © Cos®©
(h) (m2g") |(em*g") | (em’g’) | (nm) (Fgh
2.0 1155 0.45 0.58 2.42 (1.26-3.07) | 95

@ CO; activation performed at 925 °C

® Specific surface area obtained from NL-DFT (Sprr) from nitrogen adsorption isotherms at
77 K

© Specific micro- (pores < 2 nm) and mesopore volumes (pores between 2 nm and 50 nm)

@ Volume-weighted median of the pore size dsg including the 25" and 75" percentile of the
pore width (das and d75),” see Figure S1 in the supporting information (SI)

@ Specific capacitance obtained from cyclic voltammetry measurements using a scan rate of

0.5 mV s and 1 M RbBr aqueous electrolyte (see Figure S2)

Electrode preparation: The monolithic carbon samples were ground to a fine powder and
mixed with ethanol and a polytetrafluoroethylene (PTFE) dispersion (60% PTFE in water,
Sigma-Aldrich) as a binder. The resulting slurry was rolled to an electrode with a thickness of
300 um using a MSK-HRP-MR 100A (MTI Corporation) rolling press. The electrodes
containing 10 mass% binder were then dried at 5 mbar and 120 °C for at least 24 hours. The
supercapacitor had a sandwich like design and consisted of a working electrode (WE), a
300 um thick glass filter (Whatman GF/A) as a separator, an oversized counter electrode (CE)

% and two platinum current collectors (CC). The CE was made of a

as quasi reference,’
commercially available activated carbon powder (YP-80F, Kuraray Chemicals) and contained

a reduced amount (5 mass%) of PTFE binder.



In Situ ASAXS: In situ anomalous small-angle X-ray scattering (ASAXS) measurements
were performed using a custom-made cell similar to the setup published by Ruch et al.*! and
to previous experiments.!>?! The housing made of the polyether ether ketone (PEEK) and
titanium was specifically designed for in situ SAXS measurements.!*?!'"2* To guarantee that
the scattering signal originates from the investigated WE only, a 3 mm diameter hole was
punched in each component except the WE. In contrast to our previous experiments there was
also a hole punched into the platinum CC foil, since Pt exhibits an absorption edge within the
energy range used for the present experiment.>> A 1M RbBr aqueous electrolyte was used.

The experiments were performed at the ID02 beamline at the European Synhrotron Radiation
Facility (ESRF) in Grenoble, France.>> 2D SAXS pattern were recorded with a MX 170
(Rayonix) detector. A photodiode mounted on the beamstop in front of the detector was used
to measure the transmitted X-ray intensity after passing through the sample during the
scattering experiments. Chronoamperometry measurements were performed at 0 V and 0.6 V,
using a Reference 600 Potentiostat (Gamry). 2D Scattering patterns were recorded at different
energies near the absorption edges of Br (E=13474 eV) and Rb (E=15200 eV) for each applied
voltage after an equilibration time of approximately 2000 s after each voltage step (Figure 2).
After correcting the data for detector specific imperfections (dark image, flat field, distortion)
the 2D scattering patterns were corrected for solid-angle effects, normalized to the recorded
transmitted intensity and azimuthally averaged.*>** The energy depending efficiency of the
detector was taken into account by normalizing it to the scattering intensity of an energy

independent standard sample (glassy carbon).
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Figure 2: (a) Tabulated real- (f*) and imaginary (f*°) parts of the energy dependent anomalous
scattering factors as a function of the photon energy for Br and Rb.’’ The vertical dashed lines
mark the absorption edges (Br: 13474 eV; Rb: 15200 eV) and the black dots are the energies
where ASAXS experiments were performed. (b) Chronoamperometry measurements with the
yellow boxes indicating the time period needed to perform the ASAXS measurements at the 7
different energies marked in (a). The accumulated charge for positive applied potential is lower

than for negative potential (orange curve in b). This is consistent with CV measurements

(Figure S2).

Data evaluation: The effective scattering strength of an ion (i.e., the probability that an X-
ray photon is scattered by the ion) is proportional to its atomic scattering factor f. ASAXS

utilizes the fact that f strongly varies with X-ray energy near an absorption edge of the ion 3>

fE) = fo+ f'(E) +if"(E) (1

For small scattering angles, the energy independent term fj is simply given by the number of
electrons in the atom or ion, and f°(E) and f”’(E) are the real and imaginary parts of the energy
dependent anomalous scattering factor’’*® (Figure 2a). The imaginary part /*’ is related to the
X-ray absorption coefficient and is essentially constant at energies below the absorption edges
(dashed vertical lines). The effective number of electrons of the resonant ion is however

reduced in this region. Consequently, several SAXS measurements at different photon energies



below the absorption edge of the resonating ion (black circles in Figure 2a) allow to change its
effective electron number by a controlled extent (at maximum by roughly 10% considering Br-
and Rb" having the same number of electrons, ) = 36). The total SAXS amplitude of the sample
can be generally written as the sum of a non-resonant and a resonant contribution, and since

the SAXS intensity is the absolute square of the amplitude:*

1(q) = F§ (@) + 2f"(E)Fo(@)Fr(q) + (f'(E)* + f"(E)*)F§ (q) )

where Fy and Fr are the non-resonant and resonant amplitudes, respectively.

The separation of the non-resonant and the resonant scattering contribution in Eq. 2 can be
performed by using a quadratic fit (described in the SI) considering that in the chosen energy
range (f*’)? << (f°)? (see Figure 2a)** or by solving a linear system of equations:*’ A set of n

SAXS measurements at different energies E; results in a set of n linear equations from Eq. 2:4%4!

1 2f'(Ey) (f'(ED*+ f"(ED? Fo?(q:) I(Ey, q;) A3)
5 5 5 | Folg)Fr(q)) | = E
1 2f'(En) (F'(ED*+ f"(ED?) Fr2(q;) I(Ey, qi)

By solving this set of linear equations for all measured g; -values, the non-resonant (F,*) and
the resonant (F?) scattering intensities as well as the mixed (FyFg) term can be obtained. The
for the data separation needed values of /” and f°’ can be influenced by instrumental and
chemical shifts, which also has to be taken into account for the data evaluation (see SI).

For energies below the Br edge, the absence of any (energy dependent) fluorescence radiation
allows a straight forward separation of the three scattering contributions using Eq. 3. The
calculation of the resonant scattering curve was performed by using all four energies as well as
each possible subset of three different energies and the set of all four resonant curves was
averaged.

The fact that the Rb edge is quite close to the Br absorption edge leads to a significant
contribution of Br-fluorescence for the ASAXS experiments at the Rb edge, as shown
Figure S4. This additional g-independent, but energy dependent contribution in the SAXS data
can dramatically change the calculated resonant scattering contribution. The voltage dependent
scattering intensity from anion and cation concentration changes, together with the unknown
voltage and energy dependent fluorescence from Br™ ions in the electrode prevents an exact
solution of Eq. 3 particularly for large q values.*® The influence of the fluorescence is discussed

in more detail in the SI.



Results and discussion

The SAXS data at a given energy far from both adsorption edges (Figure 3a) show an overall
increase of the intensity at +0.6V and a decrease at -0.6 V as compared to the neutral case at
0 V, with g-dependent detailed changes. If we recall that Br and Rb" have the same number of
electrons (fp = 36), and the anomalous contributions (Eq. 1) are small at this energy, a pure ion
replacement mechanism is not compatible with these changes. The SAXS experiments at
different energies (Figure 3b) show a small but systematic dependency of the scattering

intensity on the photon energy.
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Figure 3: SAXS intensity profiles from the working electrode at different applied potentials and
a photon energy of 12871 eV (a), and at different photon energies close to the Br~ edge at a
potential of 0 V (b). For a better visualization of the Bragg peaks from the hexagonally ordered
carbon nanorods (schematically shown in (a)), the insets show so called Kratky plots*

1(q)q? versus q, with the area under these profiles representing the integrated intensity

The separated, non-resonant scattering intensity (Figure 4a black line) contains the usual
SAXS information from all species within the irradiated volume, similar to the curves in Figure
3a. The resonant scattering curve (Figure 4a, red curve) contains information on the spatial
arrangement of the resonant ion (Br in this case) only, as illustrated schematically in the
corresponding inset.

First, we note that the magnitude of the resonant term is about two orders of magnitude
smaller than the one of the non-resonant term, which gives an indication of the high demands
on data quality and statistical accuracy for ASAXS experiments. Second, we recognize that the

shapes of the resonant and non-resonant scattering curves are rather similar. Therefore, we



concentrate first on the total (integrated) intensity changes of the resonant scattering curves
with applied potential. For Br™ (Figure 4b) they show a significantly stronger intensity decrease
for negative potential (-0.6 V) as compared to the intensity increase for positive potential
(+0.6 V). The second (control) measurement at 0 V shows only minor intensity changes (see
SI for more details). Unfortunately, at the Rb edge, the data analysis of the energy dependent
SAXS signal is more problematic due to an additional X-ray fluorescence term originating
from the Br™ ions, and a slight change also of the anomalous f” contribution from Br™ (see Figure
2a).* The resonant and non-resonant ASAXS contributions from the Rb edge could still be
separated assuming fg, and the fluorescence contribution to be approximately constant in the
chosen energy interval. As a result, the resonant ASAXS curves from the Rb-edge (see SI for
detailed data evaluation and fluorescence separation) are considerably more noisy as compared
to those from the Br-edge. Yet, a noteworthy different change of the resonant Rb" scattering
curves with the applied potential is obvious in Figure 4c. The intensity increases for negative
and decreases for positive potential in this case as expected, but in contrast to Br’, there is no

evident asymmetry with respect to 0 V for Rb".
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Figure 4: (a) Non-resonant (black) and resonant (red) ASAXS intensity obtained from the Br
edge at a potential of 0 V. The insets show schematically the contributing scattering species
within the micropores in a carbon nanorod and in the adjacent mesopore (black: carbon; red:
Br; blue: Rb"; the solvent water also contributes to the non-resonant scattering, but is not
shown for clarity). (b) and (c) show the resonant ASAXS intensity profiles for the Br- and the
Rb edges, respectively, for the different applied potentials. A significantly higher uncertainty
in (c) compared to (b) is the result of the fluorescence contribution and the reduced amount of

energies used for separation (see SI).
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The integrated intensity [ = [ q?I(q) dq of a two-phase system (e.g. pores in carbon) is
proportional to ¢ (1 — ¢)Ap?, where ¢ is the porosity and Ap? the effective electron density
contrast between pores and carbon.*? Similarly, for the resonant scattering curves, the mean
effective electron density level in the pores is determined by the concentration of the
corresponding resonant ion species. Assuming negligible (effective) porosity changes,?! the
square root of the integrated intensity change is therefore proportional to the resonant ion
concentration change (Figure 5a). The amount of Br ions is higher and the amount of Rb" ions
is lower at positive potential as compared to 0 V, and the opposite holds true for negative
potential. Interestingly, the Br” ions clearly show a different behavior for positive and negative
potentials. At positive potential, the concentration of anions increases slightly, while it is
significantly reduced at negative potential. In contrast, the behavior of the cations (Rb") appears
to be symmetric around 0 V. We stress again that the data for the Rb* ions show a considerably
larger experimental uncertainty than the Br™ data, and a possible slight asymmetry for the
cations cannot unambiguously be excluded. Yet, the data in Figure 5a suggest that there are
two different charging mechanisms present, depending on the applied potential: ion
replacement for negative applied potential, and a combination of co-ion expulsion and ion
replacement for positive potential. Interestingly, the asymmetry in the cation and anion
concentration changes goes along with a slight asymmetry in the observed specific capacitance
(Figure S2). Co-ion expulsion has recently been observed in electrodes with organic electrolyte
using in situ NMR,?* and in the initial state of charging in disordered activated carbon
electrodes with aqueous RbBr using in situ XRT.!® We consider two possible reasons for the
observed behavior. First, differences in ion size (bare and hydrated), hydration enthalpy, or
mobility”-!? (Table 2), might cause ion-specific interactions with the carbon confinement and
thus asymmetric concentration changes. Second, specifically adsorbed Br™ ions at 0V, possibly
cause a negative potential of zero charge, resulting in a saturation of adsorbed Br ions at
positive potentials.***> The data given in Figure 5a do not directly contain this information,
since only the relative intensity change with respect to the intensity at OV is given. Detailed
atomistic simulations and additional experiments are needed to fully understand the origin of

the different ion behavior, which is beyond the scope of this work.
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Table 2: lon radii and mobility in water, as well as the hydration enthalpy

Bare ion | Hydrated . Diffusion Hydration
Ion ' ‘ Mobility*’ .
radius*® radius*® coefficient*’ enthalpy?
(108 m?> V' s (kJ mol™")
(nm) (nm) } (10° m? s!)
Br [0.195 0.330 7.20 1.85 -17.9
Rb" |0.148 0.329 7.70 1.98 -18.5
a) b)
- 2.0+
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Figure 5: (a) Integrated intensity of the resonant scattering curves versus applied potential for
Rb+ (blue) and Br- (red). The dashed lines are guides for the eye. (b) Kratky plot of the Bragg-
peaks (after subtraction of the diffuse scattering) and relative peak area for different applied
potentials for the resonant Br-curves. The bars are drawn to better visualize the different

changes of the area of the three Bragg peaks with applied potential, calculated from the Kratky
plot at +0.6 V (red) and -0.6 V (blue) relative to 0 V.

The integrated intensity provides information on the element-specific cation and anion
concentration changes within the range of length scales covered by the g-range in the SAXS
data (/g = 1 nm — 7 nm). Since this range covers essentially the entire range of micro- and
mesopore sizes of the investigated carbon (Figure 1), we interpret these changes as global ion
Additional ion-specific re-

concentration changes. information on possible /local
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arrangement’>?""? may be obtained from the g-dependent changes of the resonant SAXS
profiles. We restrict the following discussion to the anions only, because of the large scatter of
the resonant scattering data from the Rb edge. While the diffuse scattering in Figure 4b does
not exhibit noticeable gq-dependent intensity variations, the three Bragg reflections from the
ordered mesopore arrangement do show peak-dependent changes with the applied potential.
This is visualized in Figure 5b, where the diffuse scattering contribution was subtracted from
each resonant Br- SAXS profile. We observe a similar trend as for the integrated intensity, i.e.,
a peak intensity decrease for negative potential and an increase for positive potential. However,
there are obvious differences for the three Bragg peaks as indicated by the relative Bragg-peak
areas in Figure 5b. The first order Bragg-peak decrease at negative potential is less than the
increase at positive potential, just opposite to the integrated intensity (Figure 5a). This is a clear
sign of a local redistribution of the Br™ ions. Indeed, such diffraction-peak intensity changes are
known to be very sensitive to the form-factor of the ordered mesopore structure, which is
affected by the adsorption of guest species at or within the mesopore walls.*® A future
quantification attempt requires detailed information on the nanopore structure (such as the
activation induced microporosity gradient within the carbon nanorods), and sufficiently large
changes of the Bragg-peaks to set-up a detailed form-factor model. The ASAXS capabilities of
element specificity, together with improved model carbons with more clearly separated micro-
and mesopore distributions, can thus enable unimagined details of ion re-arrangement in
hierarchical pore spaces. We emphasize that compared to previous in situ SAXS

studies,10’12’21’23

no additional electrochemical data are necessary for in situ ASAXS, as it is
both, structure- and element sensitive. This fact may not be of academic interest only, as
electrochemical data include the whole electrode, while the SAXS (and XRT) measurements
cover typically a much smaller electrode volume hit by the X-ray beam. Therefore, such
experiments would enable also position sensitive ASAXS measurements at different electrode
locations, and would for instance allow studying the influence of the cell design on the local

ion storage mechanism.

Conclusion

In conclusion, we have shown that in situ ASAXS is a powerful new method providing access
to real-time ion-specific structural information in an aqueous nanoporous carbon-based
supercapacitor cell. Different relative global- and local concentration changes of anions and

cations were shown to occur for positive and negative applied potentials in an activated carbon
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electrode with ordered mesopores. This proof-of-principle experiment sets the basis to exploit
the full potential of in situ ASAXS for contributing to the elucidation of further unknown
details of ion electrosorption in nanoporous carbons. For instance, the recent advanced SAXS
data analysis method to synergistically combine SAXS with atomistic Monte Carlo

simulations'%%

can easily be extended to element-specific ASAXS. ASAXS might also prove
useful to unambiguously separate intensity changes due to the local ion re-arrangement within
the pores from the concomitant ion electrosorption-induced volume changes of the pore
space.?? More generally, the lack of suitable structure-sensitive in situ techniques critically
impedes progress in increasingly complex electrochemical systems for energy storage and
conversion beyond supercapacitors and CDI. In situ ASAXS has the potential to contribute
substantially to fill this gap in the future. However, its future widespread use relies on highest

data quality, further experimental and theoretical development, a wide accessible energy range,

and access to specialized beamlines dedicated for ASAXS.
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