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• Novel current collector based on bipolar 
plates made of expanded graphite. 

• Comparison of current collector archi
tectures in resistance measurements and 
FCDI experiments. 

• Investigation of flow channel design and 
length. 

• Influence of surface roughness on 
charge transfer between current collec
tor and flow electrode.  
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A B S T R A C T   

Flow-electrode Capacitive Deionization (FCDI) is a relatively young technology that allows energy-efficient 
desalination and salt concentration. FCDI employs flow electrodes, suspensions of conductive particles capable 
of storing ions in the electric double layer at their surface upon charging. To facilitate charging, the flow elec
trode particles must be electrically contacted using current collectors. Current collectors must guide the flow 
electrode along a membrane surface, provide a surface area for electrical contact with the particles, and be inert 
at high salt concentrations. In this study, we compare different current collector architectures for FCDI. Graphite 
plates and membrane-electrode assemblies made of carbon fiber fabric are two architectures described in the 
recent literature. We introduce a new current collector architecture based on a bipolar plate made of expanded 
graphite. These novel current collectors show up to 55 % higher salt transfer than graphite plates, rendering them 
a valuable new architecture for FCDI modules. Comparative analysis of different current collector architectures 
shows that the side walls of a flow channel are more effective at charge transport than the bottom wall. 
Furthermore, surface roughness impacts charge transport, with smoother surfaces leading to higher salt removal 
rates.   
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1. Introduction 

The growth of the human population and global climate change put 
strain on freshwater resources worldwide. According to projections, 6 
out of 10 billion people living on Earth will suffer from scarcity of clean 
water by 2050 [1,2]. Industrial and agricultural activities further stress 
the available water resources [3,4]. The wastewater from these pro
cesses often contains salts that can harm the water body, even in low 
concentrations. The aim should be to recycle these wastewaters by 
desalination and to minimize the amount of water lost. Furthermore, the 
recycling of valuable salts from wastewater can provide an additional 
economic incentive [5]. 

Separation of dissolved salts from water is achieved with different 
desalination technologies that are either temperature-driven, pressure- 
driven, or electro-driven. In electro-driven membrane processes, the 
driving force for ion transport is an electric field, thus eliminating the 
need for high temperatures and pressures. Studies show that electro- 
driven membrane processes can be more energy efficient than their al
ternatives, especially at low salt feed concentrations [6]. The most 
common process is electrodialysis (ED), in which an alternating array of 
ion-exchange membranes (IEMs) between two electrodes is used. 
Research on ED dates back to the 1940s, but improvements in available 
membranes were necessary to make the process viable and increase the 
attention it received [7]. IEMs are strongly charged materials that block 
the passage of salt ions with the same charge [8,9]. Cation-exchange 
membranes (CEMs) allow the passage of cations while blocking anions 
from entering the membrane material. Anion-exchange membranes 
(AEMs) block cations and allow anions to pass. An alternating array of 
these membranes between two electrodes leads to the formation of 
diluate and concentrate compartments between the IEMs when an 
electric field is applied to the electrodes. Electrochemical reactions 
(mostly water-splitting) at the electrodes drive the ion transport. An ED 
system can (to some extent) be scaled up by adding more IEMs between 
the electrodes [10]. The addition of IEMs also adds new resistances to 
the system, and the voltage at the electrodes needs to be increased to 
generate the same current as in a system with fewer membranes. 

An alternative to ED is Capacitive Deionization (CDI), in which ions 
are removed from a bulk solution by adsorption to charged electrode 
surfaces. CDI is enhanced by the addition of IEMs (Membrane CDI, 
MCDI) to block the adsorption of oppositely charged ions during the 
regeneration step [11]. Since no electrochemical reactions occur, the 
process is, in theory, more energy efficient than ED [12]. CDI and MCDI 
processes can be improved by tailoring the electrode materials to 
enhance salt adsorption capacity. The development of materials for CDI 
electrodes is a growing field with notable progress [13]. Common ap
proaches are the use of different carbonaceous materials [14], pseudo
capacitive materials such as prussian blue analogues [15–17] or the use 
of metal-oxide decorated graphite materials [18–23]. 

(M)CDI has received academic interest and industrial application 
[24,25]. However, a disadvantage of the technology is its inherently 
non-continuous operation [13,26]. 

A continuous MCDI process was made possible in the form of Flow- 
electrode Capacitive Deionization (FCDI) in 2013 [27]. In this process, a 
suspension of porous particles is used as a flow electrode, enabling a 
continuous process with a high capacity for ion adsorption. The particles 
are charged by contact with static current collectors and by forming 
charge percolation networks, similar to electrochemical flow capacitors 
[28–30]. The charged particles then attract ions, which are stored in the 
electric double layer at the surface of the particles. In early FCDI 
research, activated carbon particles were used [27,31,32]. In the past 
ten years, work on flow electrodes has been a significant part of FCDI 
research [33]. Some researchers focused on a better understanding of 
charge transfer in flow electrodes through experiments or simulations 
[30,34–36]. Other researchers investigated different carbon-based ma
terials [37–43] or the modification of flow electrodes with conductive 
additives (e.g., carbon black). These materials can improve the 

conductivity and capacity of flow electrodes [44–46]. The charge 
transfer from the current collectors to the flow electrode particles can 
also be enhanced with redox active materials in the flow electrodes 
[47–50]. Intercalation materials and prussian blue analogues have also 
been used to enhance flow electrodes [51,52]. 

Simulations show that the contact resistance between the particles 
and the current collector has a substantial impact on the overall charge 
transfer resistance [53]. Dennison et al. investigated the effects of 
channel depth and flow rate on the resistance and conductance of an 
electrochemical flow capacitor. They found that up to 40 % of cell 
resistance was caused by fixed resistances of current collectors and 
interfacial resistance between the current collector and the flow elec
trode. Thus, they highlighted the interdependence of flow electrode 
composition and cell design [54]. Wang et al. document charge transfer 
limitations between the current collector and particles on the anode side 
of their FCDI cell [55]. Therefore, improvement of current collectors is 
an important field of FCDI research. 

A second rationale for the focus on current collectors is based in the 
scale-up of FCDI. Initially, FCDI research was done with two modules: 
one for desalination and the other one for concentration [27,31]. The 
first step in process intensification and scale-up was the implementation 
of a single module setup with alternating diluate and concentrate 
channels [56]. FCDI modules are now designed similarly to ED modules. 
The main difference is the mechanism of charge transfer in the flow- 
electrode compartment. ED depends on converting electric current 
into ion movement by electrochemical reactions. FCDI depends on the 
contact between the current collector and the flow-electrode particles 
and the formation of percolation networks. The actual contribution of 
capacitive storage to ion removal in FCDI is the subject of debate 
[57,58]. 

Nevertheless, it is worth exploring the boundaries of the technology 
with new modules on an increased scale. He et al. demonstrated scale-up 
with a tubular FCDI module [59]. However, most researchers use plate 
and frame type modules for scale-up [60,61]. Here, stacking can enable 
scale-up, similar to ED. In the case of FCDI not only the IEMs need to be 
stacked but also the current collectors need to be repeated [62]. This 
renders current collectors similar to bipolar plates used in electrolyzers 
or fuel cells [63,64]. Since multiple current collectors are needed for 
module scale-up by stacking, the performance and the price of the cur
rent collectors become increasingly important. 

Typically, graphite plates act as current collectors in FCDI. They 
fulfill all requirements: they are electrically conductive, chemically inert 
in salt solutions, can be easily machined, and are not too expensive. 
However, they are not well suited for stacking. Graphite is brittle and 
susceptible to breaking; thus, thick plates are needed to achieve me
chanical stability. Furthermore, machining the flow channels does cause 
significant costs. For these reasons, alternative current collector archi
tectures have been investigated. Xu et al. have used so-called membrane- 
current collectors (MCCs) which are an assembly of a titanium mesh and 
an IEM [65,66]. Three-dimensional current collectors based on metal 
meshes or foams offer higher surface area between current collector and 
flow electrode particles [67,68]. However, these three-dimensional 
current collectors were so far not tested in scale-up. Chen et al. have 
coated regular graphite current collectors with polyaniline to reduce 
surface roughness and ohmic resistance at the interface between the 
current collector and the flow electrode [69]. Li et al. have used addi
tional carbon felts in their modules and achieved a 63 % increase in salt 
removal rate [70]. Recently, Saif et al. used 3D-printed gaskets to form a 
flow channel on top of a Pt-coated titanium current collector [71]. In the 
past, our group has developed membrane-electrode assemblies (MEAs), 
in which the IEM is hotpressed to a carbon fiber fabric (CFF) [72]. In this 
case, the membrane and the current collector form a single part, with the 
CFF acting as functional reinforcement. Thus, thinner membranes could 
be used. Since the MEAs do not feature a flow channel for the flow 
electrode, a second part (usually 3D-printed from a polymeric, non- 
conductive material) is necessary. 
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Notably, MCCs and MEAs also change the concept of charge transfer 
from the current collector to the particles in the flow electrode. Charge 
transfer no longer occurs at the three walls of the flow channel but 
directly at the membrane. Although this leads to a significantly smaller 
area for electron exchange with the flow electrode, the salt transport rate 
remains constant. We hypothesized that this was due to shorter transfer 
paths in the MEA [72]. However, we were unable to prove this hy
pothesis; this is the first reason we revisit the topic of current collectors. 
The second reason is the MEA manufacturing process. Although MEAs 
allow the scale-up of FCDI modules [62], their production is labor- and 
time-intensive. The hotpressing step is followed by a sealing step with 
silicone rubber. Additionally, a second part is needed to provide the flow 
channel. New current collector architectures should aim to reduce the 
number of parts and manufacturing steps. 

Bipolar plate (BP) current collectors from expanded graphite, used in 
some fuel cells or redox-flow batteries [73], offer a viable alternative. 
Expanded graphite plates are available in thicknesses up to 2 mm. Thus, 
cutting of a flow channel for a flow electrode is possible. In addition, 
assemblies of current collector and IEM can be formed by hotpressing an 
IEM to the expanded graphite. This facilitates easy production of BP 
current collectors: the only steps necessary are cutting of the flow 
channel and hotpressing; no further gaskets or sealing steps are neces
sary. An overview of the manufacturing steps for the current collector 
architectures investigated in this work is given in Table 1. More detail on 
the advantages and disadvantages of the manufacturing processes is 
given in the Supplementary Information. 

Composite expanded graphite plates with around 10 % of polymeric 
binder are more durable than those made from pure graphite. This 
renders them better suited for the manufacturing of BPs. The flow 
channel can be cut with a waterjet cutter. This generates a flow channel 
in which the two walls provide the area for charge transport, as shown in 
Fig. 1. With the graphite plates, MEAs, and BPs, there are three different 
current collector architectures that utilize different materials and have 
varying interfacial areas for charge transport to the flow-electrode 
particles. This works aims to compare these current collector architec
tures in FCDI experiments. We hypothesize that the surface area be
tween the current collector and the flow electrode influences the 
performance of different current collector architectures. This surface 
facilitates the transport of electrons between the current collectors and 
the flow electrode particles. In the following, the surface area is referred 
to as electron transfer area (ETA). Furthermore, the influence of surface 
roughness is investigated. 

2. Experimental 

2.1. Characterization of current collector materials 

In this study, three different current collector architectures are 
compared. The first step was to characterize the different materials in 
electrical resistance measurements. Samples of the materials (50 mm ×
50 mm) were clamped between copper plates in a press with a force of 
97 kN at a temperature of 25 ◦C. Chronoamperometric measurements 
with a voltage of 1 mV were used to determine ohmic resistances, and 
the resistances of the copper plates were deducted. The average re
sistances of three experiments were used for the comparison. From these 
results, resistivities were calculated according to Eq. (1). Here ρ is the 
material-specific resistivity, R is the measured resistance, Acond is the 

surface area in contact with the copper plate, and lcond is the thickness of 
the sample. 

ρ = R⋅
Acond

lcond
(1) 

Graphite plates are commonly used in FCDI research, and MEAs were 
investigated in a previous study [72]. Bipolar plates (BPs) made from 
expanded graphite are a new approach in FCDI; therefore, the material 
was investigated with XRD (Empyrean Series 2, Malvern Panalytical 
Ltd.) and compared to the graphite plates. The surface roughnesses of 
the current collectors were investigated by field emission scanning 
electron microscopy (FE-SEM SU5000, Hitachi High-Tech Corporation) 
and optical profilometry (NT2000, Wyko Corporation). Furthermore, 
the attachment of the membrane to the bipolar plate was investigated by 
swelling tests and field emission scanning electron microscopy. 

2.2. Manufacturing of current collectors for FCDI experiments 

FCDI modules were built as single modules [56,74] with ED-100 
membranes (active membrane area Amem = 100 cm2, Fumatech BWT 
GmbH). One module consisted of two current collectors (one positively 
and one negatively contacted). First, graphite plate (GP) current col
lectors and MEAs were compared with BPs with fixed geometry. Then, 
the geometry of BPs was varied. The epoxy-impregnated GPs (180 × 180 
× 10 mm, MR40, Müller & Rössner GmbH & Co. KG) have meandering 
flow channels with 14 turns milled into one side for the flow electrodes 
(3 mm × 1.45 mm and 1556 mm total length). The same flow channel 
layout is also used in the MEA and BP modules, as shown in Fig. 2 (a). In 
the flow channel cross-sections, the conductive material is shown in grey 
and the non-conductive material in white. The resulting electron 
transfer area (ETA) for each architecture is given. 

In the next step, the channel lengths of the BP current collectors were 
varied by reducing the number of turns of the meander channel from 14 
to 10 and to 6, as shown in Fig. 2 (b). Another set of experiments (shown 
in Fig. 2 c) investigated the influence of the channel side walls and the 
bottom wall. The BP geometry with 14 turns was used. The side walls 
were replaced by non-conductive polymeric material and a second BP 
without flow channel geometry was added as the bottom wall. 

MEAs were manufactured with 30 μm thick FKS-30 (Fumatech BWT 
GmbH) membranes, according to the process described by Linnartz et al. 
[72]. Furthermore, a 10 mm rim at the edges of the MEAs was fitted with 
copper tape with a conductive adhesive (ET1181, 3 M Corporation) to 
enable good electrical contact. The flow fields for the MEA modules 

Table 1 
Manufacturing steps for the flow channel, the membrane and the sealings 
needed for the different current collector architectures.  

Architecture Graphite Plate MEA Bipolar Plate 

Flow channel Milling 3D-printing Waterjet-cutting 
Membrane treatment Untreated Hotpressing Hotpressing 
Sealings Gaskets Silicone Not necessary  

Fig. 1. Difference in the investigated FCDI architectures. When using a 
graphite plate, charge transfer between the current collector and flow electrode 
can occur at three channel walls shown in grey. For the MEA this reduces to the 
surface area of the carbon fiber fabric beneath the membrane and for the bi
polar plate to the two side walls. 
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were 3D-printed (printer: Objet Eden260, material: VeroClear, Stratasys 
Ltd.). For the BP modules, expanded graphite plates (Sigracell® FR10, 
SGL Carbon SE) with a thickness of 1.6 mm were used. The flow channel 
was cut into the plates by waterjet cutting. Then CEMs (FKS-130, 
Fumatech BWT GmbH) were pressed onto the plates at 120 ◦C and 
570 N/cm2 for 7 min. During pressing, the plate and the CEM were 
placed between aluminum plates (to achieve a good alignment of the 
CEM) and 250 μm thick sheets of PTFE (to avoid sticking of the CEM to 
the aluminum plate). The edges of the BP current collectors were also 
fitted with the same copper tape. The pressing procedure caused the 
thickness of the expanded graphite plate to reduce to 1.45 mm. Thus, the 
same channel depth was used for the manufacturing of the flow fields for 
MEAs and GPs. Anion exchange membranes (FAS-130, Fumatech BWT 
GmbH) and two 470 µm thick mesh spacers (ED-100 Spacer, Deukum 
GmbH) were used to complete the modules. Polyoxymethylene end 
plates were used to clamp the modules and provide connections for the 
flow-electrode channels and the feed spacers. 

2.3. FCDI experiments 

FCDI experiments were carried out in continuous single-pass oper
ation. Feed solutions were prepared by dissolving 60 g/L sodium chlo
ride (VWR International GmbH) in ultrapure water. The flow electrode 
was prepared by suspending 15 wt% activated carbon powder (Carbopal 
SC11PG, Donau Carbon GmbH) in the same solution. The flow electrode 
was stirred for at least 12 h prior to use. The water feed flows were 
conveyed by peristaltic pumps (REGLO ICC Digital Peristaltic Pump 2- 
Channel, Cole-Parmer Instrument Company Ltd.) from a feed vessel 
through the module to a product vessel. The flow electrode was 
conveyed with a peristaltic pump (Masterflex Easyload II, Cole-Parmer 
Instrument Company Ltd.), and the flow rate was set to 200 mL/min 
for all experiments. The electric potential was provided to the module by 
a power supply, which also measured the current (HM8143, Rohde & 
Schwarz GmbH & Co. KG). Conductivities of diluate and concentrate at 
the module outlet were measured with conductivity sensors (SE615-MS, 
Knick Elektronische Messgeräte GmbH & Co. KG and LTC0.35/23, 
Xylem Analytics Germany Sales GmbH & Co. KG). Data from the con
ductivity sensors and the power supply were logged with a setup sup
plied by ZUMOLab GmbH. Due to the single-pass experiment mode, the 
outlet conductivities develop to a steady state. This steady state was 
used to compare the experiments with each other. The inlet and outlet 
mass flows were measured by taking samples for a constant duration of 
20 min during steady state and weighing them. The density of the 
samples was measured (Densito 30PX, Mettler-Toledo International 
Inc.), allowing the calculation of exact volumetric flow rates. A corre
lation between density and sodium chloride (NaCl) concentration (see 
Supplementary Information Fig. S4) was used to calculate concentra
tions from the measured density. The validity of this correlation was 
verified by investigating some samples with ion chromatography (930 
Compact IC Flex, Deutsche METROHM GmbH & Co. KG. Anion column: 
Metrosep A Supp 7 - 250/4.0. Cation column: Metrosep C 6 - 250/4.0). 
The deviation between the ion chromatography results and the corre
lation results was in the range of ±5%. For each different FCDI module, 
at least three experiments were performed and included in the 
evaluation. 

2.4. Metrics used in FCDI experiments 

The experiments are evaluated by comparing the concentration dif
ferences between diluate and concentrate. Concentrations are normal
ized by dividing by the feed concentration cF. Furthermore, the current 
efficiency (CE, Eq. (2)) and the average salt transfer rate (ASTR, Eq. (3)) 
are calculated. CE is calculated with zNaCl = 1, Faraday's constant F, and 
the molar mass of sodium chloride MNaCl. The current I is the average 
current during the sampling time. The salt mass flux ΔṁNaCl is calculated 
using a mass balance around the concentrate or diluate channels. These 
mass balances are decoupled from each other by the flow-electrode 
compartment, which leads to slight variations between the indepen
dent mass balances. Thus, individual CEs for diluate and concentrate are 
calculated and averaged. The averaged CEs are used to compare the 
different modules. The same procedure is applied to calculate the ASTR. 
The average salt mass flux is divided by the active membrane area 
installed in the modules AMem,tot = 300 cm2 (from two 100 cm2 CEMs 
and one 100 cm2 AEM) which is constant in all experiments and the 
molar mass of sodium chloride MNaCl. 

CE =
zNaCl⋅F⋅ΔṁNaCl

I⋅MNaCl
(2)  

ASTR =
ΔṁNaCl

AMem,tot⋅MNaCl
(3)  

Fig. 2. FCDI current collectors investigated in this study. (a): Comparison of 
different architectures. The GP and the MEA architecture consist of two sepa
rate parts, in the BP architecture the membrane and current collector form an 
assembly. The flow channel geometry is the same in all three architectures. (b): 
BP architectures with shorter flow channels, leading to lower electron transfer 
area (ETA). (c): BP architectures with the addition of a conductive bottom wall. 
The BP with a conductive bottom wall has the same ETA as the GP architecture. 
The conductive bottom wall with non-conductive side walls has the same ETA 
as the MEA architecture. 
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3. Results and discussion 

While different current collector designs for FCDI are known in the 
literature, to the best of our knowledge, there are no studies in which 
bipolar plates (BPs) made of expanded graphite are used. Thus, initial 
tests were necessary to evaluate the material and compare it to reference 
materials. XRD was used to compare the material to pure graphite and 
expanded graphite without binder material. The measurements show no 
structural differences between the three materials; the results are given 
in Supplementary Information Fig. S1. 

Electrical resistances of BP material were compared to those of a 
graphite plate and carbon fiber fabric used for membrane-electrode as
semblies (MEAs). Low resistances are an important prerequisite for 
current collectors. Graphite is an anisotropic material with a difference 
between in-plane and through-plane resistances. Expanded graphite also 
shows this anisotropy at the macroscopic level [75]. According to the 
manufacturer's datasheet, the through-plane resistivity of the bipolar 
plates is higher (in-plane: 7× 10− 6 Ω⋅m, through-plane: 1× 10− 3 Ω⋅m). 
Thus, through-plane measurements were used to compare the materials. 
All materials were tested in the thicknesses that were used to manu
facture current collectors for FCDI experiments (graphite plate 10 mm, 
BP 1.6 mm, MEA 0.1 mm). First, the electrical resistances of the material 
samples were measured, then resistivities were calculated according to 
Eq. (1) to enable comparison with data reported in other research. The 
bipolar plates used in our study contain a polymeric binder. The influ
ence of the binder material on the resistance is investigated by 
measuring a sample of pure expanded graphite as comparison. The re
sistances are shown in Fig. 3. The values range from 0.36 mΩ for the 
carbon fiber fabric used in MEAs to 0.52 mΩ for the BP. Notably, the 
resistance of the pure expanded graphite is higher than that of the BP. 
However, the differences between the materials are negligible in com
parison to the typical ohmic resistances of an FCDI cell (800 mΩ). 
Additionally, resistivities are shown in Fig. 3. The resistivity of the bi
polar plate is 8× 10− 4 Ω⋅m, close to the manufacturer's value of 1×

10− 3 Ω⋅m. 
The results of the hotpressing of BPs are investigated by field emis

sion scanning electron microscopy. The images in Fig. 4 (a) and (b) show 
that the ion exchange membrane only adheres to the top layer of the 
expanded graphite and does not penetrate the material. At the edges, the 
membrane detaches slightly from the expanded graphite. However, the 
connection of the two materials is stable enough to withstand handling 

without any issues. Swelling of the membrane in water also does not 
cause delamination, as shown in the photographs in Fig. 4 (c) and (d). A 
sample cut from a BP was photographed first in the dry state (c) and then 
again after being submerged in ultrapure water for seven days (d). 
Although local delamination of the membrane and the expanded 
graphite is visible as light spots, the membrane remained firmly 
attached. In the FCDI experiments, the BPs are clamped in the FCDI 
modules. When these modules were taken apart after the experiments, 
no delamination of the membranes from the expanded graphite plates 
was observed. 

3.1. FCDI experiments 

FCDI experiments were performed to compare the different current 
collector architectures. In the first set of experiments, newly developed 
BPs were compared with graphite plates (GPs) and membrane-electrode 
assemblies (MEAs). The arrangement of ion-exchange membranes in all 
architectures was CEM-AEM-CEM. For the BP architecture, a compari
son between CEM-AEM-CEM and AEM-CEM-AEM is given in Supple
mentary Information Fig. S5. 

Fig. 5 (a) shows the concentration differences reached in the exper
iments. GP and BP architectures show higher concentration differences 
in the diluate and concentrate as the MEA architecture. Fig. 5 (b) shows 
high current efficiencies above 0.95 for all architectures. Small and 
unavoidable errors in the measurement of flow rates and concentrations 
strongly influence current efficiencies. A detailed analysis of these errors 
is given in the Supplementary Information. These errors render the ab
solute value of the current efficiencies less reliable. However, it can be 
concluded that all three architectures exhibit high current efficiencies, 
suggesting that no electrochemical reactions occur. The average salt 
transfer rate (ASTR) of the BP architecture is higher than that of GPs and 
MEAs. BPs also have the advantages of being thinner and easier to 
manufacture. Interestingly, the larger electron transfer area (ETA) of the 
GPs (shown in Fig. 2) does not influence the results. This result is in line 
with the results obtained from the study of MEAs [72]. In that study, it 
was hypothesized that the close contact between the current collector 
and membrane in the MEAs was the reason for the similar performance. 
Since there is no such close contact in the BP architecture, we became 
interested in the influence of current collector designs on the ASTR. Our 
goal is not to investigate the charge transport at the microscopical level 
but to develop rules for the design of current collectors that enhance the 
salt transport in FCDI. 

When flow-electrode composition, membranes, and operating 
voltage are kept constant, there are four parameters of the current col
lectors that can influence charge transport in FCDI: membrane area, 
electron transfer area, flow channel design (hydrodynamics), and cur
rent collector material. When altering current collector designs, it is 
difficult to vary one of the parameters independently from the others. In 
the first step, we deliberately shortened the flow channels of the BPs 
from 14 turns to 10 and 6 turns. By doing so, we reduced the electron 
transfer area, and the membrane area between the spacer channels and 
the flow electrode. Notably, the waterjet cutting enables an easy and 
quick manufacturing of the different geometries. The resulting designs 
are shown in Fig. 2 (b). 

Since the flow rate of the flow electrode and the depth and width of 
the channels were kept constant, shorter flow channels lead to lower 
pressure drops (see Supplementary Information Fig. S7). We never 
encountered problems with flow-electrode clogging; hence, we assume 
that the altered pressure drop does not influence the results. Thus, the 
only parameters that varied were the membrane area and the ETA. The 
results of the experiments are shown in Fig. 6. Here, concentration dif
ferences and ASTR are plotted over the ETA. The ETA is defined as the 
sum of all conductive surface areas, where flow-electrode particles can 
exchange charge with the current collectors. The current efficiency of 
the experiments is given to demonstrate that the experiments are not 
influenced by low efficiency. As mentioned above, it is important to 

Fig. 3. Resistivities and resistances of different materials studied as FCDI cur
rent collectors. The resistance of the bipolar plate is compared to graphite, 
carbon fiber fabric used for MEAs and a plate of pure expanded graphite. 
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handle the absolute values of the current efficiency with caution. 
However, by comparing the values obtained from various experiments, 
it can be concluded that none of the experiments are constrained by a 
significantly lowered current efficiency. The concentration differences 
and the ASTR show almost linear behavior. The same is true for plotting 
these metrics over the membrane area since the membrane area and the 
ETA are geometrically linked to each other (see Supplementary Infor
mation Fig. S6 for a plot of the concentration difference and ASTR over 
the membrane area). 

From these experiments, it can be concluded that the length of the 
flow channel in a current collector influences the salt transfer in FCDI. 
This could be due to the influence of the membrane area, ETA, or both. 
We assume that the membrane area is not a limiting factor for ion 
transport, as current densities in all experiments are around 25 mA/cm2, 
and ion-exchange membranes can be operated with current densities up 
to 50 mA/cm2 in electrodialysis [76,77]. This implies that the lower ETA 
is responsible for the lower ASTR. Future current collector design should 
aim to maximize both the membrane area and the ETA. As shown here, 

this is possible by adding more turns to a meandering flow channel. 
However, the number of turns is limited by the width of the corrugations 
forming the flow channel. With the BP material used here, a minimum 
width of 3 mm is required to guarantee mechanical stability. Alterna
tively, the width of the flow channels could be minimized to achieve a 
higher number of turns in the same area. However, this would change 
the hydrodynamics of the flow electrode in the channel. Innovative 
designs for flow channels given in literature could be used for BP current 
collectors in future [78–80]. 

In the next step, we wanted to test the effect of varying the ETA 
without influencing the membrane area. An easy way to do this is to add 
a backplate made of conductive material to the initial BP setup. In this 
case, we used a plate cut from the stock material of our BPs without a 
flow channel. When the plates are pressed together in the FCDI module, 
a seal is formed between them without the need for gaskets. While our 
standard BP module has an ETA of 4426 mm2, the system with the 
bottom wall has an ETA of 9081 mm2, same as the graphite plate ar
chitecture. In addition to the experiments with the bottom wall, we also 

Fig. 4. Visual investigation of BPs. (a) and (b) show FE-SEM images of the membrane hotpressed to the expanded graphite plate. (c) and (d) show photographs of a 
different sample that was used to investigate membrane swelling in ultrapure water. After seven days some light spots are visible, that show local delamination of the 
membrane. Overall, the membrane remained firmly attached. 

Fig. 5. Results of FCDI experiments with the different current collector architectures investigated in this study. The feed flow rates of the diluate and concentrate 
were kept constant at 1 mL/min, the voltage at the modules was set to 1.2 V. 
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investigated a system with a conductive bottom wall but non-conductive 
side walls. In this case, the side walls of the flow channel were made of 
polymeric material. This led to an ETA of 4655 mm2, same as the MEA 
architecture. However, the flow channel cross-section and the mem
brane area remain unchanged. The flow channel geometries are shown 
in Fig. 2 (c). 

The concentration differences depicted in Fig. 7 (a) show no signif
icant differences between the standard BP and the conductive bottom 
wall with non-conductive side walls. However, adding the bottom wall 
to the BP leads to a higher concentration difference. While the BP 
without a bottom wall achieves a diluate concentration of 0.27cF and a 
concentration of 1.51cF the system with the bottom wall reaches 0.02cF 
and 1.61cF. This is by far the largest concentration difference docu
mented in our experiments and comes close to the complete removal of 
salt from the diluate feed. Fig. 7 (b) shows high current efficiencies for 
all three modules. Non-conductive side walls give a lower ASTR than the 
standard BP, although the ETA is higher. This result suggests that 
charging the flow-electrode particles at the side walls is more effective. 
Interestingly, the ASTR is almost equal to the result from the MEA ar
chitecture shown in Fig. 5 (b). For both sets of experiments, the average 
ASTR is 2.29 μmol/

(
min⋅cm2). This is consistent with expectations since 

both systems have the same ETA. Therefore, the results suggest no dif
ference between charging the particles at the bottom of the flow channel 
or at the top close to the membrane. Further investigation in future work 
is required, as it can aid in the design of flow channels for FCDI or similar 
processes. 

The BP with the bottom wall has an ETA of 9081 mm2 and reaches a 
current density of 34 mA/cm2 and the highest ASTR 
(3.55 μmol/

(
min⋅cm2)). However, the ASTR is lower than the ASTRs of 

the other two modules in this comparison added together. A possible 
cause are the low diluate concentrations reached in these experiments. 
Single-pass experiments lead to low diluate concentrations towards the 
outlet of the FCDI module. In this case, the diluate concentrations reach 
1.75 g/L. Thus, there is insufficient salt left to be transported, limiting 
the ASTR. The direct comparison between the graphite plate and the BP 
with the bottom wall reveals a major disadvantage of the graphite plate 
architecture. Although both have an ETA of 9081 mm2, the ASTR when 
using the BP is 55 % higher. Differences in hydrodynamics, membrane 
area, or ETA cannot explain this result. Therefore, it must be caused by 
differences in the materials. Chen et al. hypothesized that charge 
transfer of graphite plates can be hindered by surface roughness and 
oxygen erosion of the carbon microcrystals at the surface of the graphite. 

Fig. 6. Impact of flow channel length on desalination experiments with BP architecture.  
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They were able to improve their graphite current collectors by coating 
them with polyaniline [69]. Surface roughness is also a possible cause in 
our experiments because of the different materials and manufacturing 
techniques we used to obtain the current collectors. 

The difference in surface quality is investigated with field emission 
scanning microscopy (FE-SEM) and optical profilometry. FE-SEM im
ages are shown in Fig. 8. The roughness values Ra beneath the images 
are calculated from profilometry results. The average of at least three 
measurements at different locations of the material is used. The surface 
height plots of the profilometry measurements are given in Supple
mentary Information Fig. S9. The untreated surface of the expanded 
graphite plate used as the bottom wall (see Fig. 8 c) is the smoothest 
surface in the comparison. The walls of the channel in the graphite 
current collector are manufactured by milling and are also relatively 
smooth (see Fig. 8 a). Here, the side wall is shown, but there is no dif
ference in the smoothness between the side wall and the bottom wall for 
this current collector (a FE-SEM image showing both the side wall and 
bottom wall is given in Supplementary Information Fig. S8). The side 
walls of the BP are significantly rougher than the surface because they 
are cut with the waterjet cutter. The result of this comparison is 
inconclusive. The bipolar plate bottom wall is smoother than the 
graphite plate, but the side walls are less smooth. To investigate whether 
surface roughness impacts the FCDI experiments, the roughness of the 
bottom wall is increased. Fig. 8 (d) shows the surface of the bottom wall 
after artificially increasing the roughness by treatment with sandpaper. 

The impact of this artificial surface roughness on ASTR in FCDI ex
periments is shown in Fig. 9. With a rougher surface of the bottom wall, 
the ASTR decreases while the current efficiency remains high. However, 
the ASTR is still more than 40 % higher than for the graphite plate. This 
result supports our hypothesis that surface roughness influences current 
collector performance. Future research is needed to understand how 
surface roughness interferes with the charge transport between the 
current collectors and the flow-electrode particles. The roughness of the 

side walls needs to be included in the investigation. Additionally, long- 
term experiments are needed to test whether the abrasion caused by the 
flow-electrode particles will deteriorate the surface quality of the BPs 
and decrease ASTRs over time. 

Typically used graphite plate current collectors show a salt transport 
lower than modules with membrane-electrode assemblies or BPs. The 
surface roughness of the graphite plates stems from the machining 
process and could be avoided with a different manufacturing process or 
a coating. However, graphite plates are likely to remain more expensive 

Fig. 8. FE-SEM images of the surfaces of different current collectors. The arrows in the current collector symbols indicate the surfaces shown in the images. The 
surface roughness values Ra are measured with optical profilometry. 

Fig. 9. Results from experiments in which the surface roughness of the bottom 
wall of the bipolar plate setup is increased. The results from the graphite plate 
setup are given for reference. 

N. Köller et al.                                                                                                                                                                                                                                   



Desalination 582 (2024) 117595

9

and less well suited for scale-up by stacking. 
Our work shows that there is untapped potential for improving FCDI 

current collectors. Although charge transport between current collectors 
and flow-electrode particles remains a challenging topic, simple 
constructive changes in current collectors can lead to important benefits 
in the FCDI process. 

4. Conclusion 

Flow-electrode Capacitive Deionization (FCDI) is an innovative 
technology for the desalination and concentration of water with ion- 
exchange membranes. FCDI is similar to electrodialysis (ED) and can 
be scaled up by stacking. Multiple current collectors are necessary to 
build a stacked FCDI module. Thus, the performance and cost of these 
current collectors become increasingly important. In this study, we 
compare different architectures that can be used as current collectors: 
graphite plates, which are typically used in FCDI research, membrane- 
electrode assemblies made from carbon fiber fabric, and a new type of 
bipolar plates made from expanded graphite. Our results show superior 
salt transport of the bipolar plates, which are also cheaper to manu
facture than graphite plates and easier to apply than membrane- 
electrode assemblies. 

The bipolar plates can be used with an ion-exchange membrane on 
both sides to enable stacking. Alternatively, it is possible to add a 
conductive bottom wall. With the bottom wall, the surface area where 
charge can be transported between the current collector and the flow 
electrode is equal to that of the graphite plate architecture. However, the 
salt transfer rate with bipolar plates is 55 % higher. We conclude that 
this enhancement is partially caused by the lower surface roughness of 
the bottom wall. 

Our research shows that the ideal two-dimensional current collector 
for FCDI with an activated carbon flow electrode must have a high 
surface area available for charge transport, with the side walls 
contributing more to the charge transport than the bottom wall. The 
surfaces should be smooth; however, the influence of surface roughness 
on charge transfer needs to be investigated in more depth in the future. 

Although there is plenty of research on the particles that form the 
flow electrodes, our work showcases great potential for improvement in 
the engineering of current collectors. Future studies on FCDI should 
consider replacing typically used graphite plates with improved current 
collectors like the bipolar plates presented in this work. Furthermore, 
current collectors and flow electrodes could be tuned together to opti
mize charge transfer. 
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