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This research aims to explore the impact of tilted channel configurations of CDI cells on desalination perfor-
mance. The results reveal that the titled convergent channels have a faster average salt adsorption rate
(ASAR) than the regular straight geometry. For desalination operations that end at a quarter of the equilibrium
salt adsorption capacity (SAC), the convergent spacer with a slight slope of 1.5 degrees has a 20 % higher ASAR
than the typical straight geometry (0.15 mg/g/min for convergent and 0.12 mg/g/min for straight). This gain
increases to about 24, 29.5, and 33%, respectively, for slopes of 3.5, 5.5, and 7 degrees, compared to the
straight geometry with the same spacer thickness. By looking at the underlying mechanisms, the spacer geom-
etry is found to shift the location of the initial adsorption. This affects how quickly the device outputs the
cleaned water. Interestingly, the geometry angle can also affect the location of the depletion zone, so tilted
spacers can also affect the behavior during electrode starvation. Specifically, the convergent geometry has
the depletion zone in the middle of the electrode instead of the corner near the outlet, as seen for straight
and divergent channels. Together, these findings indicate how to construct tilted spacers to enhance CDI
performance.
1. Introduction

In recent years, freshwater scarcity has become a global problem
[1–6]. As a result, more attention has been paid to the improvement
of sustainable and high-energy seawater desalination methods. One
vital method to address the water crisis is desalinating the salty water.
The capacitive deionization (CDI) method has been proven to be an
efficient option for this purpose [3,4,6–13] and especially for brackish
water desalination [14,15].

A CDI system polarizes the solution by using two electrodes
through a potential difference. Adsorption of ions from solution to por-
ous electrodes with opposite charges occurs [16–21]. The ions on the
electrodes' surface are later released by removing or reversing the
applied voltage. The main difference between CDI and supercapacitors
is that there is fluid flow in the case of CDI, and the main goal is to
desalinate rather than store the charges [22,23]. Previous studies have
shown that carbons are the first choice for use in CDI because these
materials have a relatively low cost and have shown good environmen-
tal compatibility [24–28].
Modeling has always been beneficial for researchers, and in the
case of CDI, accurate modeling of the desalination mechanism in
CDI cells is of great importance. Modeling makes predicting and opti-
mizing system performance easier [29]. It has been reported that the
previously used Gouy− Chapman− Stern (GCS) model does not have
the accuracy required to simulate the CDI process [30]. Biesheuvel
presented the modified Donnan (mD) model and showed that
[31–35] modeling of salt absorption and charge storage in CDI systems
under the effect of highly superimposed electric double layers is possi-
ble with this model. Guyes [35] employed a one-dimensional mD
model and considered only charge and electric field transfer. In that
work, a static feed solution between the electrodes was assumed,
and the flow's impacts on ion absorption were not investigated.
Numerous studies have tried to enhance the desalination efficiency
of CDI cells by electrode material improvement [36–38] and parame-
ter optimization [39–41].

Lee et al. [42], studying ion adsorption in NaCl solution, observed
that ions are physically adsorbed to the electrodes' surface in a CDI sys-
tem. This observation paved the way for further research in CDI cells.
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Biesheuvel et al. [43] proposed a thermodynamic model to examine
the charge efficiency of CDI. Their results showed an improvement
in CDI charge efficiency due to an increase in battery voltage or a
decrease in the solution's ionic strength. Dykstra et al. [44] showed
that the Nernst-Planck equation could well model the CDI adsorption
process. Recently, Nordstrand et al. [45] introduced the dynamic Lang-
muir (DL) model, which, while a simple model, can model the desali-
nation process well. They extended the DL model two years later to a
linear state-space model [46]. Using the mD model theory, Hemmati-
far et al. [47] developed a two-dimensional (2D) CDI model that
accounts for solution flows, charge transport, and electric field cou-
plings. Although the proposed model considered the effects of the solu-
tion flow on the ion adsorption in the middle of the channel, it did not
examine all effects of solution flow on the ion adsorption within the
electrodes.

The impact of optimizing geometry on performance is more com-
mon in other applications than CDI. For example, convergent/diver-
gent channels have been studied in applications relating to
microchannels to achieve better mixing [48–55]. Implementing such
changes in geometry and their impact on mixing can contribute to
two significant effects. The first effect is to induce swirls that increase
turbulence. The second effect is that the flows with different concen-
trations will have more time to mix when the residence time is
increased in tilted geometries. Which of these effects is prominent
depends on the Reynolds number. The application of such geometries
has not yet been examined in CDI systems.

In the present study, it is shown how these geometries can affect
the CDI systems by modeling fully coupled two-dimensional CDI in
divergent and convergent geometries and comparing them with the
straight channel. The deionization performance of the studied config-
urations has been compared and discussed in terms of cumulative salt
adsorption, salt adsorption capacity (SAC), average salt adsorption rate
(ASAR), and system dynamics. This research presents a theoretical
framework for the optimal design of a practical desalination device.

2. Theory and numerical model

2.1. The two-dimensional modified Donnan model

To model the EDL structure and accumulation of the charge at por-
ous electrodes, we apply the mD model [11,56]. The mD approach has
a higher level of detail than a simpler EDL model, such as GCS [57].
The mD model is applied to bimodal pore structure electrodes in a for-
mulation that describes the electrode double-layer formation [58]. In
the model, porous electrode systems that have a volume with charac-
teristic pore diameters smaller than or equal to the Debye length can
be numerically treated [59], thus including overlapped Debye lengths.
According to this model, macropores and micropores are distin-
guished. Further, ion transport is controlled by the volume occupied
by the macropores, while the micropore volume controls the accumu-
lating charge in the EDLs [35,58,60].

An electroneutral condition is assumed for ionic concentration in
the macropores (i.e., no EDLs in macropore pathways). Additionally,
micropore EDLs contain a compact Stern layer adjacent to the elec-
trode surface. Micropore volume is regarded as strongly overlapped
EDLs outside the Stern layer (In CDIs, Debye lengths typically are
1–10 nm [47]).

The coupled 2D adsorption-transport dynamics in a CDI cell were
simulated using COMSOL Multiphysics 5.6. This software can simulate
various problem models simultaneously, providing a powerful context
for various physics [61–65].

Continuity and Navier–Stokes momentum conservation equations
have the following form for the fluid flow in the main channel, respec-
tively [66]. It should be noted that the spacer used in our models is not
porous.
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where u, P, μ, and ρ indicate the fluid velocity, pressure, viscosity, and
density, respectively.

The porous media flow field is employed in the porous electrode
region to obtain pressure and velocity distributions. In this zone, the
fluid flow conforms to Darcy's law [67] by satisfying the continuous
Stokes-Brinkman momentum conservation equation:
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where pM and к represent the macropore porosity and effective perme-
ability of porous media, respectively. In this model, к = 8.9 × 10−12

m2 andpM = 0.4.
In the general form, ion transport can be described by the Nernst-

Planck (NP) equation [68,69]:

@ci
@t

þr � Ji ¼ 0 ð4Þ

where ci (unit mol/m3) denotes the concentration of species i, and the
ion flux Ji (unit mol/m2.s) in the dilute solution can be expressed by:

Ji ¼ ciu� ziDi

VT
cir∅� Dirci ð5Þ

Here, Di denotes the diffusion coefficient of the species in the
spacer. Ø indicates the local potential. The electrolyte is assumed to
be dilute, binary, symmetric, and univalent (zi = 1), with equal diffu-
sion coefficients. Electroneutrality is maintained within macropores,
and hence, c = cM,i for i = ± 1.

Adsorption and desorption within electrodes are modeled by the
following set of equations. For more detail about their derivations,
the reader can refer to [47]. The electrochemical potential gradient
between macropores and micropores disappears when the chemical
equilibrium is reached. Hence, correlations between the ion concentra-
tion in micropores and macropores can be derived from an extended
Boltzmann distribution [43].

cm; i ¼ cM; iexp �zi
Δ∅D

VT
þ μ

�
att

� �
ð6Þ

This equation encompasses cm,i and cM,i, which are the concentra-
tions of ion i in the micropores and macropores of the porous elec-
trode, respectively; zi represents the species valence; VT denotes the
thermal voltage (VT = KT/e, where e denotes the charge of an elec-
tron. K and T are the Boltzmann constant and temperature, respec-
tively.; T is typically 293.15 K); Δ∅D represents the Donnan
potential; and μ

�
att from which the adsorption potential for ions into

micropores can be calculated.
Micropore capacitance is related to the amount of charge stored in

the micropores (the net amount) 2qm (measured in moles per volume
of the electrode) and the micropore potential drop Δ∅m (measured as
the difference between the surface of the electrode and pore center) by
using the formula below [47]. Here, Cm represents the effective vol-
ume-specific capacitance of micropores, while F denotes the Faraday
constant.

2qmF ¼ �CmΔ∅m ð7Þ
Salt and charge balance in the porous media can be modeled using

the following equations [47]:
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Fig. 1. Three geometries have been explored in this study: (a) straight, (b)
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Here, c represents the concentration of ions in macropores and bulk
solution (i.e., c = cM,i). Besides, De = pMDiis defined as the effective
diffusion coefficient in the porous media [64]. The volumetric ions
concentration is represented by 2wm = cm+ + cm−, whereas the net
charge density in micropores is expressed by 2qm = cm+ - cm−. The
porosity of the micropores is denoted by pm.

There is the following correlation among potentials of the solution
∅, electrode ∅e, Donnan potential Δ∅D, and micropore potential drop
Δ∅m [47]:

∅e �∅ ¼ Δ∅m þ Δ∅D ð10Þ
It is noteworthy that ∅e varies with time. By non-dimensionalizing

the above-mentioned equations, we get the following equations within
the electrodes:
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In the spacer, the nondimensionalized equations will be as shown
below. Notably, the transport equation in the spacer is based on the
flux as mentioned in Eq. (8) and calculated based on the flow rate.
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In these equations, t ¼ t
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Le2=De, ∅ ¼ VT ∅

�
, c ¼ c0 c

�
, qm ¼ c0q

�
m, and

wm ¼ c0w
�
m. Le and L indicate the thickness and length of electrodes,

respectively. Besides, c0 shows the inlet concentration of the solution.
In calculating the nondimensional effective micropore capacitance,
C̅m, we use the formula C̅m = CmVT/2Fc0,

The calculation method of cumulative salt absorption during charg-
ing is represented here. Specific salt removal from the output stream at
any given time can be obtained by the following equation [47]:

Γr tð Þ ¼ 1
me

Zt

0

Q c0 � cout τð Þð Þdτ ð17Þ

where me , couth i and Q indicate electrode mass, averaged effluent con-
centration over the outlet boundary, and flow rate of water,
respectively

It is also possible to obtain specific adsorbed salt per electrode mass
by the following expression. Here W is the depth (“into-the-paper”
length) of the device. This value will be the same in all simulations,
so the volume in different simulations will be the same if the 2D areas
are the same.

Γa tð Þ ¼ 1
me

ZZ
2pm wm tð Þ � w0

m

� �
W dx dy ð18Þ

Here, w0
m denotes the initial adsorbed charge at zero external volt-

age [47].
The following equation can do the calculation of the cumulative

charge per electrodes mass:

Σ tð Þ ¼ 1
me

ZZ
2Fpmqm tð ÞW dx dy ð19Þ
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2.2. Geometry and boundary conditions

Three geometries have been studied: straight, divergent, and con-
vergent channels. Two configurations have been evaluated with the
slope (α) of divergent and convergent geometries equal to 1.5, 3.5,
5.5, and 7 degrees. In order to have comparable results, the spacer vol-
ume is considered the same among the three geometries in each con-
figuration, equal to 6 × 10−6, 9 × 10−6, 1.5 × 10−5, and
2 × 10−5, respectively. Fig. 1 shows the schematic of the simulated
CDI cells as straight, divergent, and convergent configurations. The
electrodes are symmetric in all the configurations with an equal height
(He), width (W), and length (L) of 0.68, 20, and 100 mm, respectively
(i.e., the volume of 1.36 × 10−6 m3). There is a distance Hs between
the electrodes to allow water to flow between them, equal to 3, 4.5,
7.5, 10, 15, and 20 mm in the straight channels of the cases with
spacer volumes of 6 × 10−6, 9 × 10−6, 1.5 × 10−5, 2 × 10−5,
3 × 10−5, and 4 × 10−5 m3, respectively. The inlet and outlet of
length L/8 are included in the computation domain.

In this paper, all the geometries are shown in a scaled view to be
visible in a compact figure. We have also represented cases with slopes
of 10 and 12 degrees and spacer volumes of 3 × 10−5 and
4 × 10−5 m3 in the supporting information, which might be imprac-
tical to construct, made only for investigating the principles by looking
at the extreme cases. However, in the following sections, the simula-
tions show substantial gains even for small slopes, and having larger
slopes improves the performance.
divergent, and (c) convergent channels in various configurations of α = 1.5,
3.5, 5.5, 7, 10, and 12 degrees. Convergent and divergent channels have the
same spacer volumes as the straight geometry in each configuration.



Table 1
Values of the parameters in the mD model applied in our simulations.

parameter description value

pm The porosity of the micropores 0:3
pM The porosity of the macropores 0:4
Rc Contact resistance 4:7Ω
Cm The capacitance of the micropores 150 MFm�3

D The diffusion coefficient in the spacer 1:9� 10�9 m2 s�1

De The effective diffusion coefficient in the porous
media

0:95� 10�9 m2 s�1

μatt Parameter of the non-electrostatic salt
adsorption

1:5
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In all the investigated cases, an inlet constant flow rate of KCl with
20 mM concentration is implemented on the left side of the geome-
tries. At the outlet, pressure has been set to zero on the right side of
the channel. Besides, concentration has the value of c ¼ c0 at the inlet,
or in a non-dimensional form, it is c

� ¼ 1. On the outer walls, we have

∂c
�
∕ ∂n = 0 and ∂∅

�
∕ ∂n = 0, in which n is the normal vector at the

walls. In other words, there is no flux through the outer walls (More
details of the boundary conditions can be found in Fig. 1 (b) in Ref.
[47]). In addition, the mass flux and current are constant at the bound-
ary between the electrodes and the spacer, as explained in the previous
work by Nordstrand and Dutta [64]. The macropore and micropore
porosities of the activated carbon electrode are considered as 0.4
and 0.3, respectively. The model uses the parameters from Ref. [47]
to make it comparable with earlier work in the literature. Table 1. pro-
vides a list of the parameters utilized in our study.
Fig. 2. Comparison of the adsorption evolution over time in (a) divergent, (b) strai
convergent geometries equal to 1.5 degrees.

4

2.3. Grid independence study

The grid independence study was performed at the beginning of
this research to ensure that the solution does not depend on the grids.
The grid analysis of the geometries of the case with the slope of diver-
gent and convergent geometries equal to 1.5 degrees is illustrated in
Fig. 2 by plotting the variations in the adsorption for four different grid
numbers. In all cases, there is a 0.8 V potential difference between the
two electrodes; the inlet concentration equals 20 mol/m3, and the flow
rate is 0.42 mL/min. As can be seen, for the straight geometry
(Fig. 2b), the variations of the specific cumulative adsorption with grid
number are minimal, and an acceptable result can be achieved with a
relatively small number of meshes. For this reason, grid number
51,978 was chosen for this geometry for the rest of the calculations.
The results show that the mesh affects especially the divergent
(Fig. 2a) and convergent geometries (Fig. 2c). Therefore, grid numbers
682,317 and 705,814 have been used for these geometries, respec-
tively. These selected grids show a negligible difference with a finer
mesh. Close views of the grids used in the straight and divergent chan-
nels are given in Fig. S1. As a result of using boundary layers at the
electrodes-spacer interface, the slopes of the convergent/divergent
channels produced highly skewed elements that affected the results.
Additionally, divergent/convergent channels have sharp corners at
their inlet and outlet of the spacer, requiring much finer meshing.
The grid independency condition was therefore met by significantly
more grids in divergent and convergent models.

Another thing to note is that grid performance can vary depending
on the type of calculation performed. Therefore, we repeated the dif-
ght, and (c) convergent geometries of the case with the slope of divergent and



Fig. 3. Comparison of the (a) specific charge accumulation and (b) specific
cumulative ion adsorption between our simulation results and those of
experimental reports by Hemmatifar et al. [47] for three different applied
voltages, 0.4 V, 0.6 V, and 0.8 V. The solid and dashed lines indicate the
experimental and numerical results, respectively. The plots are reproduced
from the previous work [64] using the same model.
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ferent simulations with varying mesh sizes to verify the internal con-
sistency of the results.
3. Results and discussion

In this section, the performance of the CDI system is examined for
straight, divergent, and convergent channels. Before going into the
main investigations, we first compare our results with previous exper-
imental results to validate our numerical solution method.

3.1. Validation

In order to validate the model, the simulated cumulative charge
and salt adsorption performance were compared with published exper-
imental results for different applied voltages. As convergent/divergent
spacers will be investigated theoretically in the study, it is necessary to
ensure the model accurately describes CDI performance for a given
geometry. Fig. 3 illustrates cumulative specific charge and salt adsorp-
tion variations over time for the same geometry as the experimental
investigation of Hemmatifar et al.'s work [47]. Three potential differ-
ences of 0.4, 0.6, and 0.8 V are applied between the two electrodes.
The concentration of the inflow is 20 mol/m3, and the mass flow is
0.42 mL/min in all investigated cases. As can be seen, there is a good
agreement between our results and experiments [47], so the model
appears to work well in a given geometry. Further validation of our
simulation can be found in Ref. [64]. A validated model lets us make
changes to the device structure and see how they affect the entire
process.
5

The modeling results are the most accurate at low voltage. The big-
gest difference can be seen in the early charging process for 0.8 V.
Here, the model overpredicts the cumulative charge somewhat. Earlier
studies have reported that simulations of starvation conditions can be
unsteady, so it is reasonable that this range should be more difficult to
model accurately. The charging under normal conditions is mostly on
an RC timescale, but the resistive losses in the solution matter more at
low concentrations. This suggests that starvation conditions are more
challenging to model accurately in this framework. However, the over-
all fitting is highly accurate.

3.2. Comparison of the CDI process dynamics among different geometries

This section evaluates CDI process dynamics by comparing the
effluent concentration plot among the three geometries studied.
Fig. 4 depicts variations of the normalized effluent concentration for
the case with the slope of divergent and convergent geometries equal
to 1.5, 3.5, 5.5, and 7 degrees. In all cases, the inlet flow rate and con-
centration are 0.42 mL/min and 20 mol/m3, respectively. The applied
potential difference between the electrodes is 0.4 V and 0.8 V, respec-
tively. For all geometries, the ion concentration at the output decreases
rapidly to a minimum in a short time during the desalination phase.
Then it gradually increases until the concentration of ions in the solu-
tion is approximately equal to the initial concentration of the solution.
During this time, the activated carbon electrodes have reached satura-
tion absorption capacity.

An interesting point from this figure is that the convergent geome-
try has faster kinetics in the time before reaching the minimum outlet
concentration. It looks to reach this minimum point in around half the
time of the normal spacer. On the other hand, the lowest effluent con-
centration is lower with the divergent geometry. The next section will
go deeper into the quantitative performance differences between these
geometries.

3.3. CDI system performance for straight, divergent, and convergent
geometries

This section goes into more detail about the speed differences indi-
cated in the last section. Here, we present results for cumulative speci-
fic salt removal for the straight, divergent, and convergent cell
configurations. This corresponds to how much of the cleaned water
has been pushed out of the CDI device. The slopes of the examined
divergent and convergent geometries are equal to 1.5, 3.5, 5.5, and
7 degrees. The concentration of the inflow is 20 mol/m3, and the flow
rate is 0.42 mL/min in all investigated cases. The applied potential dif-
ference between the electrodes is 0.8 V. As shown in Fig. 5(a), before
reaching the equilibrium, the convergent geometry with a 1.5 degrees
slope has higher cumulative salt adsorption than the straight channel.
For example, the maximum difference is 0.75 mg/g after 10 mins of
operation (0.57 for straight and 1.32 for convergent). On the other
hand, for the divergent geometry with the same slope and time, we
see about 0.36 mg/g lower cumulative salt adsorption compared to
straight geometry. These differences in the performance diminish for
longer operation times, and the geometries lead to the same adsorp-
tion at equilibrium. This suggests that convergent geometries could
be beneficial to short operations.

Knowing that adding a slope can affect performance, we can look at
Fig. 5(b–d), which displays the cumulative salt adsorption for steeper
divergent and convergent geometries. For the cases with 3.5 and 5.5
degrees, the maximum difference of the cumulative salt adsorption
between convergent and straight channels increases to 0.96 and
1.44 mg/g, respectively. For the 7 degrees configuration, the early
cumulative adsorption has increased further in the convergent config-
uration. The operation with the convergent geometry removes 75.56
% more than the straight geometry after 25 min (0.54 mg/g for
straight and 2.21 mg/g for convergent(. Fig. S2 depicts the results



Fig. 4. Time evolution of the normalized effluent concentration for the case with the slope of divergent and convergent geometries equal to (a) 1.5 (b) 3.5 (c) 5.5
and (d) 7 degrees. The applied potential difference between the electrodes is 0.4 V (left) and 0.8 V (right).
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for the cases with 10 and 12 degrees slopes. There are pronounced
increases in early cumulative adsorption of the convergent channels,
which demonstrates the importance of slope.

The difference matters because real CDI operations typically switch
from desalination to regeneration well before equilibrium. Using the
average salt adsorption rate (ASAR) as a performance indicator, we
can measure how fast salt can be adsorbed, which is the salt amount
6

absorbed per cycle and divided by the cycle time [56]. The ASAR mea-
sures salt adsorption rate, or 'speed' [70]. To illustrate, for example,
the equilibrium salt adsorption capacity (SAC) for all of the geometries
of volume spacer 3 × 10−6 m3 in Fig. 5(a) is around 9 mg/g. However,
the ASAR would be higher if the process was stopped earlier (see Fig. 6
(a)). For instance, with the straight channel, stopping at 2.25 mg/g (a
quarter of equilibrium SAC) after 17 mins would yield an ASAR of



Fig. 5. Comparison of the cumulative specific ion adsorption evolution over time among three studied geometries with the slope of divergent and convergent
geometries equal to (a) 1.5 (b) 3.5 (c) 5.5 and (d) 7 degrees.
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0.12 mg/g/min instead of 0.07 mg/g/min for the equilibrium process
after 120 mins (as shown in Fig. 6(a)). Meanwhile, stopping at a quar-
ter of equilibrium SAC (at 15 mins) with the convergent geometry of
1.5 degrees improves the ASAR (0.15 mg/g/min) by 20 % compared
to the same situation with the straight spacer.

For the geometries with slopes of 3.5, 5.5, and 7 degrees the gain
improves to about 24, 29.5, and 33%, respectively. By examining
the 7 degrees channel in more detail, it can be seen that the straight
channel, stopping at 2.75 mg/g (a quarter of equilibrium SAC) after
45 mins, would yield an ASAR of 0.06 mg/g/min instead of
0.03 mg/g/min at the equilibrium state (as shown in Fig. 6(b)). While
stopping at a quarter of equilibrium SAC with the convergent geome-
try of 7 degrees gives the ASAR of 0.09 mg/g/min at 30 mins. As illus-
trated in Fig. S3, for the convergent channels with slopes of 10 and 12
degrees, the performance improvement increases further to about 44
% and 57 %, respectively. However, the spacer is thick to accommo-
date the 10 and 12-degree slopes, so it should be viewed as a hypothet-
ical model to illustrate the trend. That is, there is a trend that
convergent geometries give a faster response in the early desalination
process. For the 12-degree case, the straight channel, stopping at
3.25 mg/g (a quarter of equilibrium SAC) after 88 mins, would yield
an ASAR of 0.03 mg/g/min instead of 0.02 mg/g/min at the
equilibrium.

Fig. S4 shows the cumulative salt adsorption for the geometries
with 7 degrees slope with an applied potential difference of 0.4 V
instead. As can be seen, changing the voltage does not significantly
affect the difference between the values associated with convergent/-
divergent geometries and the straight ones. Interestingly, Fig. S5
7

shows that the current is almost the same with all geometries. These
initial results would suggest that the main reason the geometries per-
form differently is that they affect how quickly cleaned water is
pushed out of the device.

From these results, it can be concluded that the convergent chan-
nels with a slight slope can effectively improve CDI performance com-
pared to the straight channel. Also, steeper slopes yield bigger
differences. This adsorption improvement does not depend on the
applied voltage. It remains to explain why the tilted spacers would
make a difference in the CDI process.
3.4. Distribution of normalized ion concentration in the spacer and
macropores within different geometries

The previous sections have established that the spacer can affect
the device output. This subsection looks at what happens inside the
device, which could give a better understanding of the internal mech-
anisms and explain the results. Specifically, the results display concen-
tration fields in convergent/ divergent geometries with a slope of 7
degrees at charge times of 4, 84, and 150 mins with an equal spacer
volume, including comparisons with the straight case. In all cases, a
potential difference of 0.8 V is implemented between the two elec-
trodes. The concentration of KCl solution at the inlet is 20 mol/m3.
The flow rate has been set to a constant value of 0.42 mL/min. The
applied potential difference between the two electrodes is 0.8 V. It
should be noted that in all studied cases the flow is laminar due to
the low Reynolds number, as discussed in section S5 of the supporting
information.



Fig. 6. Comparison of the average salt adsorption rate (ASAR) over time among three studied geometries with the slope of divergent and convergent geometries
equal to (a) 1.5 (b) 3.5 (c) 5.5 and (d) 7 degrees. The applied potential difference between the electrodes is 0.8 V. Note that the reported ASAR is the cumulative
value rather than the momentaneous removal rate. That is, the ASAR at a time t is calculated as the total removal up to t, divided by t.
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In the cases of low initial concentration, after the external voltage
(t = 4 min) is applied, a depletion zone close to the spacer at the elec-
trode surface is formed due to the sudden absorption of ions from the
macropores (Fig. 7). This starts at the electrode-spacer boundary.
Interestingly, the depletion zone is first formed preferably at locations
with a smaller spacer width in the simulations. We hypothesize that
this is related to the lower electrolyte resistance in the spacer where
the spacer is thinner. A key reason is that the high external resistance
limits the overall current that can flow through the electrodes initially,
but not the local ion current. This means the electrode could charge
rapidly in some areas while charging slower in others. When multiple
pathways are available through the spacer, the current takes the path
of least resistance. Thus, the electrode areas closer to the thinner part
of the spacer charge faster than the other electrode parts. Hence the
location of the depletion zones.

At later times, this depletion zone grows, and its border extends to
the top of the electrode to cover the entire electrode. Hemmatifar et al.
[47] refer to this phenomenon as electrode starvation. It has been
shown that in the low-concentration case, starvation can significantly
retard the charging of the electrodes [47]. Interestingly, the location of
the depletion zone at these later times can also be shifted by changing
the geometry angle. The convergent geometry has the most uniform
concentration, and its depletion zone is in the middle at t = 84 and
150 mins. Meanwhile, the straight geometry has depletion in the upper
corner near the outlet.
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One possible reason can be found in Eq. (8), which states that only
diffusion affects ions transport in the electrodes. In all cases, the spacer
channel near the outlet has a lower concentration than the inlet. Thus,
the ions in the electrode around that area are replenished more slowly.
This leads to more starvation. However, the convergent geometry
removes ions near the outlet earlier in the charging process, giving
more time for diffusion replenishment in that area and reducing the
impact of starvation near the end of the charging process.

If the shift in the depletion zones mitigates starvation, that should
be reflected in a higher current at intermediary times when the starva-
tion raises the electrolyte resistance. The results show such behavior
qualitatively (Fig. S6), although the effect is small. Thus, shifting of
depletion zones seems to have a small impact on practical applications.
Still, it gives an insight into the key mechanisms around tilted spacers.
The following section will instead go deeper into the early adsorption
patterns.
3.5. Distribution of normalized ion concentration in the electrode
micropores within different geometries

The previous subsection hypothesized that the spacer angle shifts
the position of the initial adsorption in the electrodes. Here, we will
investigate that explicitly by looking at the adsorption (which is the
same as the micropore concentration).



Fig. 7. The normalized concentration (c/c0) distribution within the top half of the CDI cell at t = 4, 84, and 150 mins in the divergent (left) straight (middle) and
convergent (right) geometries of the case with the slope of divergent and convergent geometries equal to 7 degrees. The electrode-spacer interface is indicated by a
blue line.
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An illustration of the charging process of the case with a slope of 7
degrees in the divergent/convergent channels is shown in Fig. 8.
Specifically, the graphs focus on the normalized micropore adsorption
within the upper electrode at times 4, 84, and 150 mins. The results
indicate that adsorption with the divergent spacer starts near the inlet
and continues near the inlet. With a straight channel, the adsorption
starts uniformly but continues near the inlet. An explanation would
be that the influent water leads to a higher ion concentration near
the inlet, which raises the diffusion rate and conductivity. So, it is nat-
ural to get higher adsorption there after a while. However, with a con-
vergent spacer, the adsorption starts near the outlet before continuing
near the inlet. This has a balancing effect on the overall adsorption dis-
tribution, particularly at the interface. That is, the early charging near
the outlet seems to compensate for the inherent tendency to charge
faster near the inlet. Hence the shift in depletion zones.

More importantly than depletion zones, the results demonstrate
that the convergent spacers shift the initial adsorption towards the out-
let (Fig. 8). This means there is a shorter way for the cleaned water to
flow before exiting the device. That leads to faster output (Figs. 4–6). It
also explains why the equilibrium results are the same in these figures
because the spacer tilting only shifts where adsorption happens at
what times. Conversely, the divergent spacer shifts adsorption towards
the inlet. Thus, the water initially at the inlet would be cleaned more
as it passes the spacer channel before it leaves the device. Thus, there
will have been more total removal from the water when it finally exits,
so the minimum effluent concentration is lower (Fig. 4).
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3.6. Sensitivity analysis

Multiple steps have been taken to ensure that the simulation results
are relevant to the experimental system. The core model was com-
pared against experimental data with good agreement, meaning the
local behavior on the electrodes is described accurately, and new
geometries can be simulated with the same materials. Also, grid con-
vergence studies were performed to ensure a high numerical precision
under the varying geometries.

Four main slopes were considered. Already at a modest slope of 1.5
degrees, we can see a performance difference between the geometries.
The larger slopes of 3.5, 5.5, and 7 degrees (plus 10 and 12 in the Sup-
plementary) are useful to clearly show the physical trends that come
with larger slopes. Specifically, we have demonstrated faster output
and shifting depletion zones compared to straight geometries with
the same spacer thickness. The same trends exist for all slopes and
become stronger for steeper slopes, which indicates that the simulated
trends should be correct.

To practically accommodate the steeper slopes in the geometry, the
spacer thickness was increased in these cases. So, Fig. 5(b–d) show a
clear gain from using convergent spacers with 3.5, 5.5, and 7 degrees
compared to a straight spacer with the same thickness. However, the
increased spacer thickness raises the resistance, meaning the gain in
Fig. 5(b–d) is small compared to the situation in Fig. 3 with the thin
straight spacer. Overall, we can thus say that a convergent spacermainly
improves performance if the average spacer thickness can remain small.



Fig. 8. Normalized micropore counterion concentrations within the upper electrode of the geometries in the case with a slope of 7 degrees in the
divergent/convergent channels at times 4, 84, and 150 mins.
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4. Conclusion

The present study attempts to gain a more comprehensive insight
into CDI performance by modeling and comparing fully coupled two-
dimensional CDIs in divergent and convergent geometries. These were
compared to the straight channels with the same spacer and electrode
volume. Our results show that the desalination output can be better in
titled convergent channels than in straight ones with the same spacer
thickness. For example, a convergent geometry of only 1.5 degrees
improves ASAR by 20 % when stopping at a quarter of equilibrium
SAC compared to straight spacers. This gain rises to about 24, 29.5,
and 33%, respectively, for slopes as large as 3.5, 5.5, and 7 degrees,
respectively. Also, the performance benefit is mainly tied to how
quickly the cleaned water is pushed out of the device. Such results
were almost the same regardless of the potential difference. Raising
the spacer thickness to accommodate the sloped spacers can counter-
act the gains from the slope, so performance gains are seen mainly
when there is a modest slope, and the spacer remains thin.

The study has provided several physical insights regarding how
sloped spacers can affect the CDI process. These are related to the
adsorption patterns and depletion zone formation within electrodes
of the different geometries. As a trend, tilted spacers shift where the
initial adsorption happens within the electrodes, which affects how
quickly the clean water can be pushed out of the device. For example,
convergent geometries shift the charging closer to the output, which
yields a faster output response. Conversely, divergent geometries shift
the initial charging towards the inlet, which leads to a lower minimal
concentration in the output. Another trend is that the depletion zone
location can be shifted by changing the angle of the channel. This
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serves to mitigate concentration shocks, although the effect is small
for practical purposes. Most uniform concentrations could be seen with
convergent geometry. Instead of the corner near the outlet, as seen for
straight and divergent channels, it has a depletion zone in the middle
during the middle and late stages of the desalination process. All in all,
tilted spacers give significant flexibility when tailoring the CDI opera-
tions for optimal performance.
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