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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Operando X-ray transmission is a new 
methodology to map local concentra
tions in CDI devices.

• Flow-rate has a strong influence of on 
local concentration along the flow 
channel.

• Ionophobicity due to sub-nanometer 
pores is a dominant factor for overall 
CDI performance.
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A B S T R A C T

The performance of novel electrode materials and the influence of cell geometry or flow rate on capacitive water 
deionization (CDI) are usually described by global metrics from the analysis of the effluent electrolyte together 
with the electrochemical response of the system. However, these approaches cannot provide information on local 
variations of ion concentration and related local efficiency within an operating device. Here, a novel approach of 
position-resolved operando synchrotron-based X-ray transmission is introduced to determine local ion concen
tration changes along the flow channel from the inlet (feedwater) to the outlet (effluent water) of a working CDI 
cell. A specific cell design allows the independent quantification of concentration changes within the bulk 
electrolyte in the flow channel as well as the two oppositely charged nanoporous electrodes. Results from a 15 
mM CsCl feed solution using three flow rates and two carbon materials with hierarchical porosity reveal a 
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complex spatial- and temporal ion distribution in the system. A distinct dependence of local concentration on the 
flow rate is observed, with generally decreasing local desalination capacity towards the outlet of the cell, 
particularly for slow flow rates. It is also found that a significantly better overall performance for one of the two 
materials can be related to dominant counter-ion adsorption within ultramicropores, which ions cannot access in 
their hydrated state at no applied potential (ionophobicity). Overall, the results demonstrate the unique potential 
of position-resolved operando X-ray techniques to get mechanistic insight into local ion redistribution in CDI 
systems, allowing ultimately guiding performance optimization.

1. Introduction

Freshwater scarcity is an escalating global challenge, especially in 
regions where conventional natural sources no longer meet the demand 
[1]. Current desalination technologies, such as reverse osmosis and 
multi-stage flash distillation, remain industrial standards. However, 
they are energy-intensive and best optimized for high-salinity seawater 
[2–5]. Among emerging alternatives, electrochemical desalination, in 
particular capacitive deionization (CDI), offers improved energy effi
ciency for low-salinity water, where it can even outperform reverse 
osmosis [1,2,6]. This makes CDI particularly attractive for brackish 
water desalination and sustainable water management in regions where 
low-salinity feedwater is available.

The fundamental ion removal mechanism in CDI is electric double 
layer (EDL) formation. EDL relies on the electrosorption of ions in 
nanopores of oppositely charged electrodes upon the application of an 
electric field, without involving charge transfer reactions. CDI pre
dominantly utilizes carbon-based materials such as graphene, carbon 
nanotubes, carbon fibers, carbon foams, and biomass-derived (acti
vated) carbons. These electrode systems are highly relevant due to their 
low cost and environmental compatibility, particularly when nano
porous carbons from biogenic sources with high electrical conductivity 
are employed [7–9].

CDI device performance is typically assessed by total salt removal 
normalized by electrode mass (less frequently by electrode volume or by 
electrode surface area) for comparison across systems [10]. Another 
often reported metric is the charge efficiency, which relates the amount 
of removed ions to the invested electric charge [11]. Established global 
metrics such as salt absorption capacity, charge efficiency, salt removal 
rate, water recovery, and stability are foundational for device compar
ison and design. However, they do not by themselves resolve local 
variations in ion concentration, charge efficiency, or transport pathways 
within porous electrodes. Recent work underscored the importance of 
ion transport kinetics, specifically how and where ions are stored, and 
the charge-balancing mechanisms at play [12–18]. These processes span 
multiple length-scales, from convective flow in the channel between the 
electrodes, to potential- and concentration gradient driven ion transport 
within macro- and mesopores, and sub-nanometer confinement effects 
that reorganize ions locally within micropores [19].

At the local scale of the micropores, three fundamentally different 
charge-balancing mechanisms govern global ion concentration changes: 
counter-ion adsorption (adsorption of oppositely charged ions, 
increasing the total ion concentration in the pores), co-ion expulsion 
(removal of like-charged ions, leading to a net concentration decrease), 
and ion exchange (simultaneous counter-ion entry and co-ion exit, 
leaving the ion concentration unchanged) [17,18]. The relative contri
bution of each mechanism is quantified by the charge efficiency, which 
in practice ranges from 1 (pure counter-ion adsorption) to 0 (pure ion 
exchange), and -1 (pure co-ion expulsion). For CDI, only counter-ion 
adsorption leads to a net removal of ions from the feedwater. Depend
ing on the hydrated ion size, pores smaller than ~0.7 nm (ultra
micropores [20]) can exhibit ionophobicity where hydrated ions are 
excluded from the pores due to steric hindrance [21–23]. Under an 
applied potential, partial dehydration enables counter-ion entry into 
these pores, enhancing charge efficiency (CE) and overall salt adsorption 
capacity (SAC). Therefore, this specific mechanism offers a potential 

route for selective counter-ion adsorption based on hydration energy 
and ion size [22,24]. In such ionophobic pores where exclusion domi
nates at open circuit, dehydration-driven entry also becomes a gate
keeper for ion selectivity. Tailoring micropore size (e.g by physical or 
chemical activation) can adjust such selectivity. It could be harnessed, 
for instance, for lithium extraction from brine water [25] or for the 
removal of radioactive- [26,27] and toxic elements [28].

Despite the conceptual simplicity of CDI, practical implementation 
reveals a complex interplay of transport, adsorption, and confinement 
effects across multiple length- and time scales [14,29,30]. Ion transport 
within real electrodes is influenced not only by pore size and topology, 
but also by surface interactions, tortuosity, and the dynamics of (de) 
hydration [19,31,32]. At the device level, flow dynamics and cell ge
ometry introduce additional gradients that shape spatial ion distribu
tion, often in ways that are not reflected in overall performance metrics 
[8,33,34].

While the theoretical understanding for such local mechanisms is 
well-developed for simple pore geometries such as slit pores, experi
mental validation, especially under operando flow conditions, remains 
limited [12,35]. Existing models assume idealized geometries, neglect
ing heterogeneity in pore connectivity and wettability found in real 
carbon structures. Modeling efforts, such as solving nonlinear dynamic 
models by Biesheuvel and Bazant [13] or further developed macroscopic 
continuum models [14,15,34], provide insight into spatial concentra
tion gradients, but lack resolution at the pore scale.

In-situ small-angle X-ray scattering (SAXS) and X-ray transmission 
studies have offered valuable information on local concentration 
changes in supercapacitors [16–18,31]. However, similar approaches 
are still missing for CDI. Only a few neutron imaging results are avail
able so far in this respect [33,36]. While neutron imaging may have 
advantages for the imaging of light ions (in particular Li+ by employing 
different isotopes), it suffers from restricted time resolution and the 
strong incoherent scattering of water. Advantages of X-rays (in partic
ular when using synchrotron radiation) are the much higher temporal 
and spatial resolution due to the high brilliance. Moreover, the possi
bility to easily change the X-ray energy permits in principle even to 
make use of the energy dependence of X-ray attenuation for ion-specific 
imaging. It is striking that despite the wide adoption of CDI, direct im
aging of ion concentration dynamics within working electrochemical 
cells remains nearly unexplored.

In the present study, we introduce a straightforward approach based 
on position-resolved X-ray transmission measurements to directly obtain 
ion concentration gradients in a flow-by CDI cell under operando con
ditions. We employ CsCl as a model salt utilizing the high X-ray atten
uation of Cs+ as compared to Cl− , making the results easier to interpret. 
Practical relevance is maintained through the use of a “quasi-standard” 
cell architecture, allowing real-time tracking of Cs+ concentration 
changes, both in the flowing electrolyte and within the two porous 
electrodes separately. The objective of this study is to investigate how 
flow velocity, pore size, and architecture of the electrode materials in
fluence spatially resolved ion concentration in the electrodes and in the 
flow channel. To this end, hierarchically structured carbons, featuring 
disordered macropores, ordered mesopores, and disordered micropores, 
are employed.
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2. Materials and methods

2.1. Material preparation

Ordered mesoporous carbon materials (OMC) were synthesized via a 
soft-templating approach, followed by template removal through ther
mal oxidation at 280 ◦C for 1 h in 2 % O₂ / 98 % N2, and carbonization at 
850 ◦C for 2 h under nitrogen flow [37,38]. This procedure yields 
macroporous monoliths with a network of struts containing a hexago
nally ordered structure of monodisperse cylindrical mesopores with a 
pore diameter of about 4 nm. Micropores are present within the walls of 
the mesopores and can be changed by targeted activation. Two different 
OMC samples were prepared to investigate the influence of volume and 
size distribution of micropores on CDI performance. The sample after 
pyrolysis at 850 ◦C without activation is referred to as OMC-0. OMC-2 
was obtained by activating OMC-0 in a pure CO2 atmosphere at 900 ◦C 
for 2 h to increase the specific surface area and pore volume of micro
pores without significant alterations of the mesopores.

The monolithic samples were manually ground in a mortar until a 
homogeneous fine powder was obtained. To fabricate electrodes, the 
powders were mixed with 10 mass% polytetrafluoroethylene (PTFE; 60 
mass% solution in water, Sigma-Aldrich) as a binder. Ethanol was added 
before PTFE incorporation to improve dispersion. The mixture was then 
stirred until a malleable, viscoelastic consistency was achieved. The 
mixture was rolled to a thickness of 200 μm, and 32 mm diameter cir
cular electrodes were punched out. The aqueous electrolyte was pre
pared by dissolving CsCl (99.9 %, Sigma-Aldrich) in Milli-Q water. The 
electrode mass for OMC-2 was 70.7 mg and for OMC-0 96.5 mg.

2.2. Material characterization

Pore structure and specific surface area were derived from N2 (77 K) 
and CO2 (273.15 K) gas sorption analysis (GSA) using an Autosorb IQ 
system (Anton Paar QuantaTec, Inc.). Electrode samples were degassed 
at 120 ◦C for 24 h prior to analysis. BET surface area was calculated in 
the relative pressure range 0.05–0.3 following ISO 9277:2022. Pore size 
distributions were calculated from the adsorption branch using a 
QSDFT-based kernel with slit/cylindrical pore assumptions for the N₂ 
data [39]. For the CO₂ data, a grand canonical Monte Carlo-based kernel 
was used [40].

The specific cumulative pore volumes from the N2 and CO2 adsorp
tion data as a function of the pore size are depicted in Fig. 1a and Fig. 1b, 
respectively. Micropore and mesopore volumes were distinguished 

according to IUPAC recommendations [20], using a 2 nm threshold as 
depicted in Fig. 1a. A distinct plateau in the cumulative pore volume 
(Fig. 1a) indicates the clear separation between micro- and mesopores, 
with the micropores being smaller than 1 nm and the mesopores being 
larger than 3 nm. The specific micropore volume was taken from the 
value of the first plateau, while the specific micro + mesopore volume 
refers to pore volume (Vp) estimated from the N2 adsorption isotherms 
using the Gurvich rule at p/p0 = 0.95. The activation step increases the 
micropore volume by a factor of 2.4 (Fig. 1a), and the specific (BET) 
surface area increases by roughly a factor of 2 (Table 1). However, the 
CO2 adsorption data in Fig. 1b demonstrate that the non-activated 
sample has a considerably higher fraction of ultramicropores (< 0.7 
nm) in the micropore volume, as compared to the activated sample. The 
volume fraction of ultramicropores in the micropores (φUltramicro) is re
ported in Table 1. This means that activation not only creates new mi
cropores, but it also likely leads to the growth/coalescence of the 
already existing ones.

The total specific pore volume of the electrodes was calculated from 
their known volume and mass after correction for the contribution of the 
binder. The macropore volume was estimated by subtracting the micro- 
and mesopore volume from N2 gas sorption and the skeletal carbon 
volume from the total electrode volume. Pore volume fractions (poros
ities) were calculated using a skeletal carbon density of 2 g/cm3 and are 
listed in Table 1. These data provide a quantitative basis for evaluating 
the X-ray transmission data.

The mean mesopore diameter DMeso was obtained from the differ
ential pore size distribution from N2 gas sorption, assuming cylindrical 
mesopores (Supporting Information, Fig. S1) and the respective values are 
listed in Table 1. Corresponding size distributions from CO2 adsorption 
are shown in Supporting Information, Fig. S2.

The electrodes were also characterized using SAXS at the (SAXMAT) 
beamline P62 at DESY [41] at an X-ray energy of 11 keV with an Eiger2 
X9M detector (Supporting Information, Fig. S3). The mesopore distance 
was calculated from the (10) Bragg peak resulting from the 2D hexag
onal pore ordering [37,42]. The corresponding lattice parameters a (i.e., 
the distance between adjacent cylindrical mesopores) for OMC-0 and 
OMC-2 are also listed in Table 1, indicating a slight overall shrinking due 
to the activation treatment, while the mesopore diameter increases 
slightly. The differences between the two samples concerning meso- and 
macropores (Table 1) are small and can be considered negligible with 
regard to ion transport properties. Therefore, the relevant differences 
between the two samples for the present work are the considerably 
larger micropore volume and specific surface of OMC-2 (Table 1), and a 

Fig. 1. Cumulative pore volume as a function of pore size from a) N2 gas sorption at 77 K (quenched solid density functional theory, slit/cylinder pores adsorption 
branch) and b) CO₂ gas sorption 273 K (Monte-Carlo model for slit pores).
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larger amount of very small micropores in OMC-0 (Fig. 1b and Sup
porting Information, Fig. S3). The increased amount of micropores in 
OMC-2 may also influence the connectivity of the ordered cylindrical 
mesopores due to micropore channels between the mesopores. Addi
tional structural analysis can be found in the Supplementary Informa
tion in Fig. S5b): X-ray diffraction (XRD), Fig. S6): scanning electron 
microscopy (SEM) and Fig. S7): transmission electron microscopy 
(TEM).

2.3. Electrochemical flow cell

A custom-built electrochemical CDI cell was used for position- 
resolved in-situ X-ray transmission experiments (Fig. 2). The principal 
cell design is based on previously established in-situ SAXS/WAXS elec
trochemical setups for supercapacitors [17,18,31]. It features an all- 
metal housing made of titanium to ensure electrochemical stability. 
The working electrodes were positioned directly on thin Pt current 
collectors attached to polyimide (Kapton) X-ray windows. A custom 3D- 
printed polyethylene terephthalate glycol (PET-G) flow guide was 
inserted between the electrodes to regulate electrolyte flow. Five layers 
of Whatman GF/A separators were stacked within the flow channel, 

shaped to match the flow guide geometry (Supporting Information, 
Fig. S4). A separator-free entrance region was included to homogenize 
pressure following guidance from pressure drop simulations [43]. It also 
features an entrance and exit reservoir (Fig. 2c). The total cell volume is 
roughly 3 mL, while the active volume between the electrodes is about 
1.5 mL.

2.4. Position-resolved X-ray transmission measurements

To study local ion concentration at multiple positions, scanning X- 
ray transmission (XRT) measurements along with SAXS/WAXS were 
performed at the beamline P62 (SAXSMAT) at the synchrotron radiation 
facility PETRA III at DESY in Hamburg. Only the transmission mea
surements are considered here. Specially designed electrodes with pre
cisely aligned and laterally shifted perforations were used, as shown in 
Fig. 2a. This design enabled the acquisition of independent data from 
both electrodes and the bulk electrolyte in the flow channel within a 
small area. To this end, two adjacent 2 mm holes were punched into each 
electrode. Removing the material in between resulted in an elongated 
opening of 6 mm × 2 mm (Fig. 2b), with regions containing only the 
separator without electrodes (white part in the middle) and either of the 

Table 1 
Pore volume fractions (porosities) φ, specific surface area SBET, specific pore volume Vp, and mean mesopore diameter DMeso calculated from nitrogen gas sorption for 
both electrodes. The fraction of ultramicropores (<0.7 nm) relates to the fraction of micropores (<2 nm) rather than the total fraction of pores. The pore mesopore 
distance a was obtained from the 10 Bragg reflection from the mesopore lattice measured with SAXS.

φMicro (%) φMeso (%) φMacro (%) SBET (m2/g) Vp (cm3/g) φUltramicro (%) DMeso (nm) a (nm)

OMC-0 8.5 11.2 46.0 514 0.338 73.0 4.36 10.4
OMC-2 14.9 12.2 47.8 1074 0.609 45.9 4.50 10.1

Fig. 2. Sketches of the electrode/separator assembly with aligned and laterally shifted “hole configurations”. a) side view, b) zoomed top view and c) top view. 
Highlighted in b) in yellow is the X-ray beam with quadratic cross-section of 240 μm edge length and the yellow arrow in a) shows the direction of the X-ray 
irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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two electrodes (red and blue parts) plus the separator. In total, five such 
points of interest (POI) were designed (Fig. 2c) that could each be 
scanned with a small X-ray beam (yellow spot in Fig. 2b). The five POIs 
numbered in Fig. 2c) were actively measured by scanning the X-ray 
beam horizontally at each POI (inlet: POI 1, middle left: POI 2-L, middle 
center: POI 2-C, middle right: POI 2-R, and outlet: POI 3).

XRT measurements were carried out using a 15 mM CsCl aqueous 
feed solution at flow rates of 0.2 mL/min, 1.6 mL/min, and 14 mL/min. 
The slowest flow rate can be considered close to conditions in super
capacitors (“quasi-static” reservoir within the timeframe of charging 
used here), while the highest flow rate would be more closely resem
bling an unlimited reservoir (constant concentration) due to high 
replenishing rates. Given the total active volume of the cell being ≈1.5 
mL, the chosen flow rates are reasonable values for very slow ("quasi- 
static"), intermediate (standard operating regime), and fast flow. Desa
lination cycling was performed by chronoamperometry, that is, charging 
by applying a voltage step from 0 V to 1 V and holding for 3600 s, fol
lowed by discharging at 0 V for another 3600 s. For each flow rate, two 
consecutive charge/discharge cycles were measured. To minimize 
transient effects, each cell underwent 6–8 ex-situ pre-conditioning cy
cles before the actual measurement [10]. The X-ray energy was 11 keV, 
and the size of the X-ray beam (quadratic cross section) was 0.24 mm.

The samples were scanned across the X-ray beam with transmission 
measurements at 13 positions for each POI to reduce radiation damage 
and to capture local heterogeneity. To avoid cross-talk from the elec
trolyte opening, we excluded points immediately adjacent to the 
separator-only region. To avoid hitting both electrodes, the outermost 
points were also excluded. For each region (anode, electrolyte, cathode), 
we therefore report a single scanning point per POI: the point farthest 
from the opening that is not at the outer edge. This conservative selec
tion improves the spatial specificity of electrode- and electrolyte- 
resolved signals.

Voltage cycling and electric current measurement were performed 
using a Gamry REF 600 or an Interface 1010B potentiostat. They were 
used alternately during a measurement, while the second cell was 
conditioned. Effluent conductivity was recorded using a VWR CO3100L 
conductivity meter and converted to concentration via a calibration 
procedure similar to Ref. [10].

2.5. Calculation of the ion concentration changes from XRT

The transmission of X-rays through a material follows Lambert-Beer's 
law, τ = exp( − μd), where μ is the material-specific and X-ray energy- 
dependent linear attenuation coefficient, and d is the sample thick
ness. To calculate ion concentration changes in the bulk electrolyte 
(white region in Fig. 2b), the linear attenuation coefficient μ is expressed 
as a sum of contributions from individual anions, cations, and water, 
weighted by their respective attenuation contribution. This yields for a 
CsCl aqueous solution Eq. (1) [16]: 

ln(τel) = ln(τel+cell) − ln(τcell)

= − del

[

cCsMCs

(μ
ρ

)

Cs
+ cClMCl

(μ
ρ

)

Cl
+ cH2OMH2O

(μ
ρ

)

H2O

]

(1) 

where del represents the total electrolyte thickness and Mi (μ/ρ)i are the 
molar attenuation cross sections. The solvent contribution is described 
by the bulk density of water ρH2O = cH2OMH2O multiplied by its mass 
attenuation coefficient (μ/ρ)H2O. A different density of water in the 
hydration shells of the ions must, in principle, also be considered. 
However, since ion concentrations are low and the attenuation of water 
is generally much weaker than that of the used ions (Table 2), this in
fluence is neglected here. The cell components (i.e., the separator, Pt 
current collectors, and polyimide windows) contribute a constant 
attenuation, denoted as τcell, which is independently measured and 
assumed to remain unchanged throughout the experiment.

Table 2 shows that even though the molar attenuation cross-section 

of water is small, most of the attenuation in the cell still comes from 
water due to the very low ion concentration. Therefore, only small 
changes in the transmission τel are expected, requiring high measure
ment accuracy. When both electrode perforations are completely filled 
with electrolyte, del in Eq. (1) represents the geometrical distance be
tween the two current collectors. This value is corrected for the volume 
fraction occupied by the separator (Fig. 2b). However, some small var
iations in electrolyte thickness across the device cannot be excluded due 
to electrode inhomogeneities and bulging of the Kapton windows during 
flow. Therefore, the effective X-ray path length between the entrance 
and the exit polyimide windows, d, was estimated from the WAXS data 
using the split Bragg reflections from the two Pt current collectors, 
which were directly attached to the Kapton windows (Supporting Infor
mation, Fig. S5 and Eq. (S1)). The procedure and the numerical values 
used in all further calculations of the electrolyte thickness are given in 
Supporting Information, Table S1. The WAXS-derived values agree well 
with the nominal value of 2 mm, but the observed trend towards smaller 
d with decreasing flow rate suggests a flow-rate-dependent bulging of 
the cell.

The separator thickness dSep was determined by measuring the 
transmission of the cell without electrolyte (with and without sepa
rator). For the linear attenuation coefficient of the separator, pure SiO2 
with a density of 2.3 g/cm3 was assumed. Calculation of dSep from the 
transmission yielded a thickness of 200 μm, which was subtracted from 
the geometric thickness d (Table S1) to give the effective electrolyte 
thickness del = d − dSep.

When the X-ray beam passes through one of the electrodes (red or 
blue regions in Fig. 2b), the interpretation of the XRT signal becomes 
more complex. The majority of the X-ray absorption still originates from 
the bulk electrolyte, given the nominally 1.8 mm flow channel versus 
0.2 mm electrode thickness (Fig. 2). We attribute additionally the 
macroporosity of the electrodes (almost 50 %, Table 1) to the bulk 
electrolyte, since no relevant ion adsorption in the macropores is ex
pected to take place. The concentration of ions in the meso- and mi
cropores of one of the electrodes (denoted with the subscript “E”, to be 
distinguished from the bulk electrolyte with subscript “el”) is then 
determined by subtracting the bulk electrolyte contribution from Eq. (1)
for a corrected thickness of d'

el = del − d'
E, with d'

E = dE(φMeso + φMicro)

being the geometric electrode thickness dE corrected for the macropore 
volume and the volume of the solid carbon skeleton. This yields the 
following equation for the transmission of an electrode τE: 

ln(τE) = ln(τE+el+cell) −
d'

el
del

ln(τel) − ln(τcell)

= − d'
E

[

cE
CsMCs

(μ
ρ

)

Cs
+ cE

ClMCl

(μ
ρ

)

Cl
+ cH2OMH2O

(μ
ρ

)

H2O

]

− dCρC

(μ
ρ

)

C
(2) 

with the last term on the right side being the attenuation of the carbon 
with effective thickness dC.

The total ion concentration in the electrodes at no applied potential 
is a priori unknown and can differ from the bulk electrolyte solution in 
the flow channel [44,45]. We assume that at 0 V, the concentration of 
anions and cations is the same also in the pores. Moreover, because τcell 

and the carbon electrode contributions (dC ρC

(
μ
ρ

)

C
) were not measured 

Table 2 
Molar attenuation coefficients μ/ρ*M as well as cell-inlet molar concentrations c 
and resulting linear attenuation coefficients. Values for (μ/ρ) were taken from 
Ref. [48] and were extrapolated for 11 keV.

μ/ρ*M (cm2/mol) c (mol/cm3) μ (cm− 1)

H2O 69.41 55.5⋅10− 3 3.852
Cl 1506.20 15⋅10− 6 0.023
Cs 18,059.19 15⋅10− 6 0.271
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independently, absolute ion concentrations according to Eqs. (1)–(2)
could not be reliably determined. Therefore, only changes in the X-ray 
transmission were analyzed relative to a reference state (τref ), chosen as 
the transmission immediately before the first charging step for both 
consecutive cycles at that flow rate. This procedure also effectively 
eliminates all constant contributions from the solid cell material, which 
can be assumed to be constant. Under the additional assumption that 
water density remains constant in the bulk electrolyte (el) and in the 
micro- and mesopores in the electrodes (E), Eqs. (3)–(4) follow: 

ln(Δτel) = ln(τel) − ln
(
τref ,el

)
= − del

[

ΔcCsMCs

(μ
ρ

)

Cs
+ ΔcClMCl

(μ
ρ

)

Cl

]

(3) 

ln(ΔτE) = ln(τE+el) − ln
(
τref ,E+el

)
−

d'
el

del
ln(Δτel)

= − d'
E

[

ΔcE
CsMCs

(μ
ρ

)

Cs
+ ΔcE

ClMCl

(μ
ρ

)

Cl

]

(4) 

Charge neutrality in the bulk electrolyte leads to further simplifica
tion of Eq. (3), yielding ΔcCs = ΔcCl = Δc and allowing to unambigu
ously determine the bulk electrolyte concentration change (Supporting 
Information, Eq. (S2)). This is generally not possible for the electrodes, 
since Cs+ and Cl− contribute in an unknown way to the XRT signal. If we 
assume that the concentration change of Cl− is not dominating (i.e., 
ΔcE

Cl ≤ ΔcE
Cs), its contribution to Eq. (4) may be neglected due to the 

much higher molar attenuation cross-section of Cs+ (Table 2). The 
corresponding simplified equation is given in Supporting Information, Eq. 

(S3).
For the low concentrations investigated here, counter-ion adsorption 

and/or ion exchange can be assumed to be dominant charge-balancing 
mechanisms. Therefore, the approximation Eq. (S3) should hold well 
for the negatively charged electrode (cathode), giving a direct good 
estimate for the Cs+ concentration change. However, for the positively 
charged electrode (anode), the situation is more complex, since only 
pure counter-ion adsorption would deliver the Cl− concentration change 
(Supporting Information, Eq. (S4)). At the same time, already minor 
mobilization of Cs+ would give a non-negligible Cs+ contribution. 
Therefore, interpreting changes in the anode concentration is more 
difficult.

3. Results and discussion

3.1. Ion concentration changes during cycling

Fig. 3 shows an example of concentration changes under the 
assumption that only Cs+ contributes to the transmission in the elec
trodes (Supporting Information, Eq. (S2–S3)) for the bulk electrolyte (a), 
the cathode (b), and the anode (c). Respective curves for all other points 
of interest (POIs, Fig. 2) are shown in Supporting Information, 
Figs. S8–S17. All data were measured for two subsequent charge/ 
discharge cycles. The majority of measurements show high reproduc
ibility with only small variation between the two cycles. However, some 
datasets (Supporting Information, Table S2) had to be excluded from the 

Fig. 3. Cs+ concentration changes for sample OMC-2 for all flow rates and the first cycle at the central hole of the cell, POI 2 (center). a) bulk electrolyte con
centration in the flow channel, b) Cs+ concentration in the cathode, c) Cs+ concentration in the anode. The applied voltage is indicated by the dashed pink line (1 V: 
0–3600 s, 0 V: 3600–7200 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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analysis due to significant deviations (presumably due to moving air 
bubbles or other local heterogeneities in the system).

Fig. 3a shows the concentration change in the bulk electrolyte at POI 
2-C, that is, the central hole in the middle of the cell (Fig. 2). A strong 
negative initial concentration change is observed for all three flow rates. 
For the fastest flow rate, Δc has returned to zero after about 1000 s, 
indicating that after this time the bulk electrolyte concentration matches 
the feedwater concentration with no further desalination taking place. 
For the intermediate flow rate of 1.6 mL/min, a maximum negative Δc is 
reached after about 1500 s, and eventually Δc approaches approximately 
zero after 1 h. At the slowest flow rate of 0.2 mL/min, Δc becomes 
increasingly negative over the first 2000 s and remains then roughly 
constant, with no tendency to decrease throughout the whole charging 
regime. After the voltage is set back to zero, the bulk water concentra
tion changes for all three flow rates. For the higher flow rate, the con
centration change is initially positive, and returns then to zero, similar to 
the charging regime as expected for a full discharging of the previously 
charged electrodes. For the intermediate flow rate, the discharging 
process takes much longer and is almost complete after 1 h. In contrast, 
for the slowest flow rate, the initially negative Δc returns to zero quickly 
without becoming positive at any point in time, confirming a "quasi- 
static" condition. Similar, yet quantitatively different changes are 
observed for the other POIs (Supporting Information, Figs. S8–S17), 
indicating complex time-dependent concentration gradients in the flow 
channel.

The Cs+ concentration change in the negatively charged electrode 
(cathode) is shown in Fig. 3b. For all three flow rates, the stored Cs+

concentration reaches a roughly constant value after 1000 s. But the 
absolute values are different: 200 mM for the fastest, and almost a factor 
of 2 smaller for the slowest flow rate, the intermediate flow rate lying in 
between. This is consistent with the behavior in the bulk electrolyte 
which is not reaching zero at the end of the charging cycle (Fig. 3a), 
suggesting that, at the two slow flow rates, ion rearrangement continues 
after 1 h. The almost constant (and in some cases even slightly 
decreasing) Cs+ concentration at the cathode points towards slow pro
cesses of (partly competing) ion adsorption and redistribution within the 
electrode. This is probably because the flow velocity of the electrolyte in 
the channel and ion transport velocities due to electrical potential gra
dients and concentration gradients between the electrodes and into the 
nanopores are of the same order of magnitude. This leads to a complex 
spatial and temporal distribution of ions in the system, as seen by the 
varying behavior at different POIs (Supporting Information, 
Figs. S8–S17). Interestingly, upon returning to zero applied voltage, the 
Cs+ concentration exhibits a transient dip before equilibrating to values 
identical to those observed prior to cycling. This might be interpreted as 
co-ion expulsion with subsequent equilibration, similarly as already 
reported by Prehal et al. 2018 [16].

The changes in the positively charged electrode (anode) are more 
difficult to interpret. In the case of pure counter-ion adsorption, the Cs+

concentration change in the anode would be zero, and the changes 
would be given by the Cl− concentration change (Supporting Information, 
Eq. (S4)). Conversely, if Cs+ contributes to the charge balancing simi
larly to Cl− (i.e., ion exchange), the transmission would be dominated by 
Cs+ (Supporting Information, Eq. (S3)). Fig. 3c shows hardly any change 
for the two faster flow rates and a positive concentration change for the 
slowest flow rate, and is not very conclusive in this respect. However, 
several other POIs (Supporting Information, Figs. S8c–S17c) show an 
initially clearly negative concentration change. Although the assump
tion of dominating Cs+ contribution to the signal does not necessarily 
hold for the anode, it is clear that any increase in Cl− concentration 
within the anode as compared to the 0 V state would lead to a positive 
concentration change. Since approximately 12 Cl− ions would result in 
the same XRT change as one Cs+ ion (Table 2), an initial negative con
centration change for the first 1000 s indicates that Cs+ must be strongly 
involved at this stage of charging. This suggests initially ion exchange or 
even co-ion expulsion as a dominating mechanism. In addition, the 

magnitude of the concentration changes at the anode (up to − 100 mM, 
Supporting Information, Fig. S12c and Fig. S14c) implies that the ion 
concentration in the meso- and micropores at 0 V must be significantly 
higher than the feedwater concentration (15 mM). After the initial 
period, the signal returns to the baseline, or becomes even slightly 
positive, probably driven by subsequent Cl− adsorption (Supporting In
formation, Figs. S8c–S17c). Further elaboration of why the anode side 
cannot be evaluated is detailed in the Supplementary Information.

We will, at this point, not further consider the complex time and 
position-dependent concentration changes, as many different aspects 
influence them. In the following, we analyze the final concentration 
changes at the end of each charging cycle in more detail. For all 
measured data points, an almost constant Cs+ concentration is reached 
in the cathode after 1 h holding time (Fig. 3b and Supporting Information, 
Figs. S8b–S17b).

3.2. Spatial dependence and flow rate dependence of ion concentrations

Fig. 4 depicts the bulk electrolyte concentration changes averaged 
over the last 10 min of the two 1 h charging cycles as a function of 
position. At the fastest flow rate of 14 mL/min, the electrolyte concen
tration returns essentially to its initial value for all POIs after 1 h. This is 
no longer the case at lower flow rates. At 1.6 mL/min, a strong gradient 
is observed across POI 1 (inlet), POI 2 (average of the 3 middle POIs 2-L, 
2-C and 2-R), and POI 3 (outlet). Similar is true for 0.2 mL/min, where 
not even at the inlet POI Δc does return to zero. Interestingly, for the 
OMC-0 sample, the concentration change is Δc ≈ − 12 mM for the outlet 
hole (POI 3) for both slow flowrates, while it is considerably smaller for 
sample OMC-2. This suggests a strong influence of the nanopore struc
ture on the ion dynamics under otherwise identical conditions. Except 
for this specific difference, the two electrode materials lead to similar 
final concentration profiles for the two materials for the different flow 
rates.

Fig. 5 shows the corresponding Cs+ concentration changes at the end 
of the charging process in the negatively charged electrode. Consistent 
with the bulk electrolyte concentration decrease, the Cs+ concentration 

Fig. 4. Position-dependent final concentration changes in the bulk electrolyte 
for both materials and all three flow rates. Positions are according to Fig. 2: POI 
1 close to the inlet, POI 2 in the middle of the cell, and POI 3 close to the outlet. 
The three holes in the (2-L: left, 2-C: center, 2-R: right) are averaged. Guides for 
the eye are depicted as dashed-dotted lines (blue OMC-2, red OMC-0). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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in the cathode is increased. Most remarkably, the overall concentration 
increase in the electrodes is considerably higher for the OMC-0 sample 
for all flow rates at all POIs by roughly a factor of 2. While for the fastest 
flow rate, the electrode concentrations are similar along the flow 
channel at the different POIs, for the two slower flow rates, the inlet (POI 
1) exhibits consistently higher ion concentration as compared to the 
middle (POI 2) and the outlet (POI 3) positions for both samples. We 
attribute this to higher ion supply close to the inlet, with the significant 
reduction of stored ions in the center and towards the outlet, pointing 
towards increased ion exchange instead of counter-ion adsorption due to 
reduced flow rate as well as longer contact time between the electrolyte 
and electrode and reduced ion supply.

We note the high standard deviation for OMC-0 at the middle cell 
position (POI 2), particularly in Fig. 4. In order to compare overall 
trends, the data for the POIs 2-L, 2-C and 2-R were averaged and the 
standard deviation was given as error bar, even though Δc values were 
quite different despite their similar distance from the inlet (see Fig. S18 
and the individual data in Figs. S14–16). The origin of this lateral de
viation is unknown. For all three flow rates, the same cell was used for 
the XRT experiments in the sequence, as shown in Fig. 4–5 (i.e., from 
high to low flow rate). We attribute the large deviation in the OMC- 
0 electrode tentatively to a local artefact of this specific cell, since 
otherwise at least some related tendency should also be seen in the OMC- 
2 cell. This underlines the importance of a highly reproducible cell 
design and optimization when studying local effects in the future.

3.3. Global metrics

To validate our approach of determining local ion concentration 
changes using XRT, we calculate the so-called charge efficiency (CE) η 
and the salt adsorption capacity (SAC). The SAC is defined as the amount 
of adsorbed salt during a charging cycle divided by the electrode mass, 
usually given in mg/g: SAC = Nad

mel
*MCsCl, where Nad is the number of 

adsorbed moles, mel is the electrode mass and MCsCl is the molar mass of 
CsCl. The charge efficiency is the ratio between Nad, and the total 
(electronic) charge Q invested: η = Nad

Q*F, where F is the Faraday constant. 

Q was obtained by integrating the recorded electric current over time 
after correcting for leakage current, as detailed in Ref. [10]. From the 
conductivity measurement of the effluent solution Nad,cond was deter
mined using a calibration procedure according to Ref. [10], and the 
corresponding CE ηcond and SACcond were calculated. In order to deter
mine the adsorbed moles of ions from the X-ray transmission measure
ments (Nad,X-ray) the Cs+ concentration change (Δc‾Cs) was multiplied by 
the total (micropore + mesopore) volume, times two assuming equi
librium charge on both electrodes. To compare the global metrics 
SACcond and ηcond with the local transmission measurements, the average 
value and standard deviation of Nad,X-ray from the last 10 min of charging 
was averaged over all 5 POIs in order to calculate the x-ray derived 
global metrics ηX-ray and SACX-ray. The results of the global metrics are 
summarized in Table 3, showing agreement for the fast flow rate be
tween the two methods, thus confirming the robustness of the X-ray- 
based approach. For the intermediate flow rate, the differences are 
larger, and only the trend is consistent between the two methods. For the 
slowest flow rate, the CE based on electrical conductivity could not be 
determined due to the limited sensitivity of the instrument. The main 
results from the analysis of the position resolved ion concentrations in 
the electrodes (Fig. 5) and the CE as an important performance metric 
for CDI (Table 3) are summarized as follows: 

i) the CE and SAC decreases as flow rate decreases, indicating transport 
limitations at lower electrolyte flow;

ii) OMC-0 consistently outperforms OMC-2 demonstrating a consider
ably higher SAC and also a higher CE of this material. It shows that 
the higher Cs+ uptake of OMC-0 persists despite its lower total 
micropore volume, scaling consistently with the ultramicropore 
fraction in the micropores rather than total micropore volume 
(Table 1). Findings from Nuclear Magnetic Resonance Spectroscopy 
and Molecular Dynamics Simulations detailed in Bi et al. [22] 
correlate well with the observations reported here. It highlights the 
importance of ultramicropore fraction in activated carbons for high 
charge efficiency even at very low flow rates. In the following section 
we discuss the influence of local replenishment and time on the 
global metrics and separate the ionophobic contribution from other 
mechanisms.

3.4. Replenishment-limited efficiency and timescale-separated ion 
transport

With our operando scanning X-ray transmission data, we have 
quantified local Cs+ ion concentration changes in the bulk electrolyte 
within the flow channel as well as in the negative electrode of a working 
CDI device. Since Cs+ exhibits a much higher X-ray attenuation coeffi
cient as compared to Cl− and water, the XRT signal is dominated by Cs+

as long as Cl− concentration changes are not dominant. This is assumed 
to be the case for the negatively charged electrode and is used to 

Fig. 5. Average Cs+ concentration changes for the cathode Δccat
Cs , for both ma

terials and all three flow rates. Positions are according to Fig. 2: POI 1 close to 
the inlet, POI 2 (average of 2-L: left, 2-C: center, 2-R: right) in the middle of the 
cell, and POI 3 close to the outlet. Guides for the eye are depicted as dashed- 
dotted lines (blue OMC-2, red OMC-0). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.)

Table 3 
Charge efficiency (CE) and salt adsorption capacity (SAC) values from X-ray 
transmission and conductivity measurement of effluent solution.

OMC-0 OMC-2 OMC-0 OMC-2

ηX− ray ηX− ray ηcond ηcond

14 (mL/min) 1.01 ± 0.03 0.70 ± 0.04 0.99 ± 0.025 0.66 ± 0.025
1.6 (mL/min) 0.86 ± 0.07 0.50 ± 0.1 0.38 ± 0.025 0.14 ± 0.025
0.2 (mL/min) 0.69 ± 0.1 0.40 ± 0.08 - -

SACx− ray 

(mg/g)
SACx− ray 

(mg/g)
SACcond 
(mg/g)

SACcond 
(mg/g)

14 (mL/min) 44.9 ± 1.3 37.6 ± 1.5 41.4 ± 1.0 38.6 ± 1.0
1.6 (mL/min) 37.8 ± 2.6 27.9 ± 2.8 15.8 ± 1.0 7.4 ± 1.0
0.2 (mL/min) 30.4 ± 3.0 30.4 ± 2.4 - -
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quantitatively estimate cation concentration changes in the system. 
While for the fastest flow rate, ion concentration profiles were found to 
become quite homogeneous within a short time, slower flow rates result 
in a complex, time-dependent, and position-dependent distribution of 
ions in the electrodes and in the flow channel.

This emphasizes the importance of considering several different time 
scales at play, related to i) the macroscopic forced electrolyte flow in the 
flow channel, ii) the ion migration between the electrodes and into the 
nanopores driven by the gradient of the electric potential, and iii) 
diffusive transport of ions along concentration gradients. A particularly 
interesting result in this respect is the significantly higher Cs+ ion 
adsorption in the OMC-0 electrode as compared to OMC-2 at identical 
conditions.

Most surprisingly, this happens despite the fact that OMC-0 exhibits a 
considerably lower specific nanopore volume as compared to the acti
vated OMC-2 material. Across all operating conditions, OMC-0 also ex
hibits a higher CE than OMC-2. This striking result is attributed to the 
higher amount of ultramicropores in OMC-0 (Fig. 1b, Supporting Infor
mation, Fig. S3), i.e., pores smaller than approximately 0.7 nm, which 
roughly corresponds to the diameter of a hydrated Cs+ ion. This sub- 
nanometer confinement imposes strong steric constraints on fully hy
drated ions, promoting counter-ion-adsorption as the dominant charge- 
balancing mechanism [21,46].

Fig. 4 shows that in the "quasi-static" limit (0.2 mL/min), the con
centration change in the bulk electrolyte close to the outlet is Δc ≈ − 12 
mM for OMC-0 but only − 8 mM for OMC-2. Given the feedwater con
centration of 15 mM, this means an 80 % concentration decrease in the 
flow channel for OMC-0 but only about 50 % for OMC-2. We interpret 
this by enhanced cross-electrode ion exchange for OMC-2, which limits 
its maximum desalination capacity. Notably, OMC-0 achieves very deep 
local depletion under "quasi-static" or intermediate flow conditions (Δc 
≈ − 12 mM at the center and outlet), which may be highly relevant when 
maximum salt removal is the primary objective.

At the highest flow rate, X-ray-derived and conductivity-derived 
charge efficiencies agree well within the margin of error, which con
firms the robustness of the X-ray approach under optimal replenishment. 
At intermediate and low flow, ex-situ conductivity can underestimate η 
as compared to the X-ray results because the bulk electrolyte concen
tration at the inlet may not have returned to its initial value at the end of 
the charging period, while the X-ray approach resolves the local state 
directly.

A closer look at the two boundary flow rates (i.e., comparing the fast 
flow of 14 mL/min with the "quasi-static" case of 0.2 mL/min) reveals 
that the X-ray-based CE decreases by about 33 % for OMC-0 and about 
43 % for OMC-2. The relative drop is thus similar for both materials, 
suggesting that even though ionophobicity raises the absolute efficiency, 
it does not mitigate the flow-induced decrease of efficiency. The primary 
driver of parasitic pathways at low flow is insufficient ion replenish
ment. Even the “standard operating regime” (1.6 mL/min) yields a 
measurable improvement over 0.2 mL/min, which underscores the 
central role of replenishment. The local X-ray mapping across high-flow 
and "quasi-static" conditions brackets the full operating envelope of CDI 
CE for a given material and geometry. Unlike purely effluent-based CDI 
metrics, it quantifies the "quasi-static" limit in situ, separating 
ionophobicity-driven efficiency from replenishment-limited losses.

Comparing the stored Cs+ concentrations at the inlet POIs from Fig. 5
with other POIs allows us to determine local differences. At 1.6 mL/min, 
the center and outlet are about 34 % less efficient than the inlet for both 
materials. This decrease is substantial and is expected to accumulate 
over longer electrodes. OMC-0 outperforms OMC-2 at every position 
(Fig. 5), which is consistent with strongly enhanced counter-ion 
adsorption in OMC-0.

Nevertheless, the results from Fig. 4–5 suggest that a higher local 
velocity promotes higher local efficiency. Therefore, a tapered flow path 
that increases velocity towards the outlet may lead to high desalination 
with a more homogeneous concentration profile along the flow path, 

and also reduces lateral concentration variation. However, we only state 
this as a hypothesis for future investigations rather than a conclusion of 
the current work.

Finally, we discuss another striking observation, namely the exper
imental observation that at the two slow flow rates some POIs show a 
maximum of Cs+ in the negative electrode upon charging, with a sub
sequent clear decrease of the Cs+ concentration (Supporting Information, 
Fig. S10 and Fig. S14). We believe that this effect is due to (slow) 
diffusive ion transport after (fast) charge balancing has been achieved in 
the electrode. We tentatively ascribe this effect to possible diffusive 
back-mixing (i.e., concomitant Cs+ and Cl− back diffusion into the bulk 
electrolyte solution). A holding-time-dependent decrease was already 
reported by Zhang et al. [19], and global ion concentration changes on 
two distinct timescales are also known from static supercapacitors [16]. 
Alternatively, proton-mediated ion exchange (i.e., gradual exchange of 
Cs+ ions by H+ ions) cannot be excluded. This may be particularly ex
pected as a consequence of cumulative ionization of water due to the 
absorption of X-rays and potential secondary reactions involving radi
cals. Even pure water has been shown to exhibit considerably higher 
conductivity in confinement [47].

4. Conclusions

We introduced position-resolved X-ray transmission to map local 
concentration changes in a flow-by CDI cell under operando conditions, 
resolving independently the bulk electrolyte in the flow channel and at 
predefined points (POIs) in both electrodes. Measurements at high flow 
rate and at a "quasi-static" limit within the same platform cover the full 
operating envelope of CE and SAC for a given material and geometry. It 
also quantifies the "quasi-static" limit in situ, which effluent-based 
methods cannot access. For the chosen electrode materials, across all 
flow rates, higher absolute ion uptake and charge efficiency is observed 
which is consistent with an ionophobicity-driven contribution due to a 
high fraction of ultramicropores. As the flow rate is reduced, efficiency 
drops for both materials, indicating that replenishment limitations 
rather than pore chemistry dominate at low flow. Spatial analysis shows 
a position-dependent ion uptake along the electrode, with geometry 
affecting local replenishment. Future work should include the 
improvement of cell reproducibility and the optimization of cell geom
etries (e.g., tapered cells with varying flow rate), as well as variation of 
the inlet concentration. Moreover, the X-ray transmission methodology 
can easily be extended to employing (several) different X-ray energies 
close to absorption edges of specific elements, allowing to separate the 
contributions from different ions in multi-ion systems. It may also be 
extended to other scanning X-ray techniques exploiting modern syn
chrotron radiation facilities, such as scanning small-angle X-ray scat
tering to directly assess local concentration changes within the 
nanopores, or scanning X-ray fluorescence (XRF) to assess ions indi
vidually in multi-ionic systems. We explicitly acknowledge the material- 
scope limitations of the present work. Further investigations using other 
materials including carbons frequently used for CDI will be necessary to 
verify the generality of our approach.
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