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Highlights: 1 

 Why FCDI can be part electrodialysis and part electrosorption? 2 

 Resistance to charge transport is essential towards the performance of FCDI. 3 

 Distinguish the electronic and ionic resistance within a flow-electrode.  4 

 Enhancing electronic conduction greatly contributes to improve FCDI 5 

performance. 6 

 7 

Abstract 8 

Flow-electrode capacitive deionization (FCDI), as a novel electro-driven 9 

desalination technology, has attracted growing exploration towards brackish water 10 

treatment, hypersaline water treatment, and selective resource recovery in recent years. 11 

As a flow-electrode-based electrochemical technology, FCDI has similarities with 12 

several other electrochemical technologies such as electrochemical flow capacitors 13 

and semi-solid fuel cells, whose performance are closely coupled with the 14 

characteristics of the flow-electrodes. In this review, we sort out the potentially 15 

parallel mechanisms of electrosorption and electrodialysis in the FCDI desalination 16 

process, and make clear the importance of the flowable capacitive electrodes. We then 17 

adopt an equivalent circuit model to distinguish the resistances to ion transport and 18 

electron transport within the electrodes, and clarify the importance of electronic 19 

conductivity on the system performance based on a series of electrochemical tests. 20 

Furthermore, we discuss the effects of electrode selection and flow circulation 21 

patterns on system performance (energy consumption, salt removal rate), review the 22 

current treatment targets and system performance, and then provide an outlook on the 23 

                  



research directions in the field to support further applications of FCDI. 24 

 25 

 26 

Keywords: 27 

Flow-electrode capacitive deionization; electrosorption; electrodialysis; charge 28 

transport; electronic resistance29 

                  



1. Introduction  30 

Desalination is an important technology to treat brine water and a promising way 31 

to address the increasing concerns relating global water resource shortage (Elimelech 32 

and Phillip, 2011; Shannon et al., 2008). Among many desalination technologies such 33 

as reverse osmosis, electrodialysis and thermal distillation, electro-driven desalination 34 

is known to be advantageous as it can separate target ions from aqueous rather than 35 

transporting water under an applied voltage (Lin, 2020; Tong and Elimelech, 2016). 36 

Apart from the early developed electrodialysis (ED) (Strathmann, 2010), 37 

electro-driven desalination has been developed so extensively in the last two decades 38 

that several branch technologies emerged, including capacitive deionization (CDI) 39 

(Porada et al., 2013; Suss et al., 2015), membrane capacitive deionization (MCDI) 40 

(Lee et al., 2006), and flow-electrode capacitive deionization (FCDI) (Jeon et al., 41 

2013). Different from other electro-driven desalination devices that employ solid 42 

electrodes to remove target ions, FCDI applies flow-electrodes, normally carbon 43 

slurry, which can be recirculated during the desalination process, and thus greatly 44 

facilitates continuous desalination. Flow-electrodes with conductive carbon slurry 45 

were first utilized by Kastening et al. to achieve charge transport and ion 46 

electrosorption in 1985 (Kastening et al., 1985; Kastening, 1988). But few studies 47 

followed until Duduta et al. proposed semi-solid flow battery (SSFB) using flowable 48 

carbon to store energy in 2011 (Duduta et al., 2011). Soon afterwards, a new concept 49 

called ―electrochemical flow capacitor (EFC)‖ combining the advantages of 50 

supercapacitors and flow batteries was proposed in 2012. Presser et al. realized rapid 51 

                  



charging/discharging process by using a carbon-electrolyte mixture as active 52 

substance to store energy (Presser et al., 2012). In 2013, carbon slurry as 53 

flow-electrode was introduced in capacitive deionization, known as FCDI, to desalt 54 

high salinity (32.1 g L
-1

 NaCl) brine water, delivering a superior salt removal 55 

efficiency of 95% (Jeon et al., 2013). Since then, increasing research efforts have been 56 

made to optimize electrode materials (Cai et al., 2020; Chang et al., 2019; Cho et al., 57 

2019; Cohen et al., 2016; Doornbusch et al., 2016; Hatzell et al., 2015b; Liang et al., 58 

2017; Park et al., 2016; Tang et al., 2019; Yang et al., 2017b), configuration (Cho et 59 

al., 2017; Choo et al., 2019; Hatzell et al., 2014a; Linnartz et al., 2020; Ma et al., 60 

2020a; Rommerskirchen et al., 2015; Yang et al., 2016b; Yang et al., 2019; Zhang et 61 

al., 2019b; Zhang et al., 2020a), and operation mode (Gendel et al., 2014; Jeon et al., 62 

2019; Luo et al., 2020; Rommerskirchen et al., 2015; Yang et al., 2017a), as well as to 63 

investigate energy recovery from FCDI (Hatzell et al., 2014b; Jeon et al., 2014; Liu et 64 

al., 2017; Ma et al., 2019a; Porada et al., 2014; Rommerskirchen et al., 2018a) and to 65 

explore its application (Fig. 1a). Several studies in the past two years have also started 66 

to try to achieve selective recovery of target ions after they are enriched in 67 

flow-electrodes in FCDI (Bian et al., 2019; Bian et al., 2020; Fang et al., 2021; Lin et 68 

al., 2020; Mansoor et al., 2020; Xu et al., 2021b; Xu et al., 2021a; Xu et al., 2021c; 69 

Zhang et al., 2018b; Zhang et al., 2018c; Zhang et al., 2019a; Zhang et al., 2020c; 70 

Zhang et al., 2020b; Zhang et al., 2021). Besides intensive experimental studies on 71 

FCDI, modeling work was also performed to better understand the main influencing 72 

factors (Rommerskirchen et al., 2018b; Rommerskirchen et al., 2020a; Wang et al., 73 

                  



2020). 74 

Conventional flow-electrodes used in FCDI are prepared by dispersing activated 75 

carbon (AC) powders (~10 to 20 μm in diameter) in salt solution at a loading of 5-20 76 

wt%. A typical FCDI device is with three chambers separated by ion exchange 77 

membranes (IEMs), comprising two electrode chambers filled with flow-electrodes 78 

and a desalination chamber to let in the feedwater (Fig. 1b) (Jeon et al., 2013). Current 79 

collectors bound the electrode chambers, and a grid is placed in the desalination 80 

chamber to prevent short circuits. Graphite plates carved with serpentine flow 81 

channels are normally employed as current collectors to bridge the electron transport 82 

between flow-electrodes and external circuit. Similar to the desalination with CDI, a 83 

constant voltage or constant current is typically applied to operate an FCDI cell. With 84 

this applied voltage, carbon particles in flow-electrodes are electrically charged, while 85 

ions in desalination chamber are forced to pass through the IEMs and adsorbed in the 86 

electric double layers (EDLs) formed in the micropores of carbon particles. In this 87 

way, the brine is desalinated as it flows through the middle channel. 88 

The FCDI research field is rapidly growing, and a systematic understanding of 89 

the complex transport and ion storage processes at play are currently being developed 90 

in the literature. In this work, we take the flow-electrode as the core and 91 

comprehensively analyze the technology. We first provide insight into the desalination 92 

mechanisms of FCDI and investigate the differences as compared with electrodialysis 93 

process. Then we propose a qualitative electrochemical analysis method to 94 

distinguished the electronic resistance and ionic resistance with the support of the 95 

                  



research data. The current performance of FCDI and the critical factors are discussed, 96 

and prospects of future research directions are presented. 97 

 98 

2. Desalination process of FCDI: similarities and differences as compared with 99 

ED 100 

Desalination process of FCDI is similar to that in electrodialysis (ED), as in both 101 

salt ions in aqueous solutions are forced through the IEMs due to an applied electric 102 

field. In both, electrical energy is consumed to drive the electromigration of salt ions 103 

across IEMs (Lin, 2020), for example sodium ions across a cation exchange 104 

membrane or chloride across an anion exchange membrane. In FCDI, unlike ED, after 105 

passing through IEMs, target ions are absorbed into charged EDLs of the 106 

carbon-based flow-electrodes or concentrated in the electrolyte phase of the flow 107 

electrode (Fig. 2). It is also possible that the untargeted ions, such as protons or 108 

hydroxide ions generated by self-ionization of water, would be adsorbed into the 109 

EDLs, instead of the target ions in the electrolyte. Another way to retain target ions in 110 

the electrolyte is the Faradaic reactions (anodic oxidation/cathodic reduction) that 111 

occur in carbon electrodes or at the current collector interface (Yu et al., 2018; Zhang 112 

et al., 2018a). In an ideal FCDI system, all target ions should be adsorbed onto the 113 

electrode. However, the way in which the desalination proceeds greatly depends on 114 

operating mode, voltage applied and electrode materials (Liang et al., 2017; Ma et al., 115 

2018; Tang et al., 2020). In a conventional ED system, all removed ions are retained 116 

within the solution in the concentrate chamber. Also, Faradaic reactions occur only in 117 

                  



the terminal electrode chambers (Fig. S1).  118 

When EDLs of flow-electrodes serve to store the ions, either targeted or 119 

untargeted ions, the electrical energy applied to the FCDI cell is converted into 120 

electrostatic energy, as in traditional CDI. However, when there is an 121 

oxidation/reduction, such as anodic carbon oxidation, the electrical energy is 122 

converted into chemical energy, similar to the energy conversion in an ED process. 123 

This suggests that a major distinction between the desalination process of ED and 124 

FCDI is the mode of energy consumption. For the ED process, only Faradaic reactions 125 

occur and the electrolyte of anode and cathode chambers are recirculated to ensure 126 

constant pH (Al-Amshawee et al., 2020). While in FCDI, both Faradic reactions 127 

which requires high applied voltage and electrosorption processes may be occur 128 

concurrently (Ha et al., 2020; Tang and Zhou, 2020) . 129 

Previous experimental studies reported that salt ion removal via electrosorption 130 

in FCDI may require less energy per m
3
 than the use of Faradaic reactions in ED, 131 

although such studies analyzed ED stacks with only a small number of cell pairs, 132 

which substantially overestimated the contribution of Faradaic reaction from ED 133 

electrodes in real applications (Ma et al., 2019b; Tang et al., 2020). Ma et al. 134 

investigated desalination performance with and without carbon electrode added into 135 

anode and cathode chamber in FCDI and found that the energy consumption of 136 

carbon-free FCDI was 3~5 times that of FCDI with 10 wt % carbon content at a 137 

similar desalination rate (Ma et al., 2019b). Furthermore, Rommerskirchen et al. 138 

constructed a stacked FCDI system to treat high-salinity brines (60 g L
-1

) (Fig. 3a) 139 

                  



(Rommerskirchen et al., 2020b). Theoretical calculations demonstrated that energy 140 

consumption of FCDI was lower than ED in a 1-5 pairs stacked structure (Fig. 3b). 141 

Subsequently, stacked FCDI and ED devices consisted of three pairs were assembled, 142 

respectively. With the same current density applied on the stacked FCDI and ED 143 

devices, similar desalination rates were delivered, while the energy consumption of 144 

FCDI (14.93 kWh m
-3

) was significantly lower than ED (53.01 kWh m
-3

). The 145 

current-voltage curves of the two systems indicated that a higher voltage is required 146 

for the Faradaic reactions to occur in the electrode, which led to the higher energy 147 

consumption of the ED system.  148 

Besides experimental research, modeling studies have been performed to analyze 149 

the energy consumption of FCDI (Rommerskirchen et al., 2018b; Rommerskirchen et 150 

al., 2020a; Wang et al., 2020). With an equivalent film-electrode model, Wang et al. 151 

revealed that the potential drop across the electrodes accounted for over 30% of 152 

constant applied voltage on FCDI, suggesting the electrodes would consume 153 

considerable energy during desalination (Wang et al., 2020). Based on a theoretical 154 

calculation of the resistances at different effluent concentrations, Rommerskirchen et 155 

al. found that the resistance of electrode in a single cell pair was a dominating 156 

consumer in whole energy consumption, accounting for about 35-50% 157 

(Rommerskirchen et al., 2020b). Therefore, a thorough knowledge and optimization 158 

of the electrode is critical to reduce energy demand. 159 

 160 

3. Flow-electrodes in FCDI 161 

3.1 Charge transport in flow-electrode 162 

                  



Charge transport in the flow-electrode consists of both electron transport and ion 163 

transport, as illustrated in Fig. 4. For the electrons, they can transport between the 164 

current collector and activated carbon particles through direct contact, transport 165 

among activated carbon particles through a continuous network formed by particle 166 

contact, and transport between activated carbon particles via redox reactions (marked 167 

with①, ② and ③ in Fig.4, respectively). The first and second mechanisms of 168 

electron transport occur in all FCDI cells, while the last one requires an additional 169 

redox couple present within the flow-electrode, which will be further described in 170 

Section 4. The ions can transport through the electrolyte and along particles EDLs 171 

tangentially to surfaces  (marked with ④ and ⑤ in Fig. 4, respectively) (Shocron 172 

and Suss, 2017). 173 

Better understanding and quantification of charge transport in flow-electrodes 174 

would help to improve FCDI performance. It is generally believed the electron 175 

percolation within the flow-electrodes greatly depends on the physical contact. To 176 

characterize the charge transport in flow-electrodes consisted of activated carbon, 177 

Hatzell et al. employed synchrotron radiation X-ray tomographic microscopy to image 178 

particle interactions and revealed the percolating cluster depending on the solid 179 

content loading (Hatzell et al., 2017). On this basis, another study managed to obtain a 180 

3D reconstructed images, capturing the degree of percolation and interparticle voids 181 

in the electrode to resolve the charge percolation pathways (Dixit et al., 2019). They 182 

found that with higher carbon content loading, not only the connected particulate 183 

network was increased, but also the anisotropy of electron transport and a more 184 

                  



tortuous ion transport path were displayed. Another modeling study by Karzar-Jeddi 185 

et al. investigated the effect of hydrodynamic interaction on charge transport and 186 

demonstrated that charge transport in flow-electrode was improved with faster particle 187 

charging (Karzar-Jeddi et al., 2019). These studies have significantly promoted the 188 

understanding of charge transport at micron-level, but are still limited by the difficulty 189 

of measuring in the flow state in real application scenarios of flow-electrodes.  190 

To improve understanding, electrochemical tests are often performed to 191 

determine the resistance and capacitance of flow-electrodes, which can be performed 192 

in situ and enable quantitative analysis of charge transport. Electrochemical tests can 193 

be performed transient, e.g., electrochemical impedance spectroscopy (EIS), and 194 

steady state, e.g., direct current (DC) measurements. Previous studies have tried to 195 

obtain the electron transport resistance by performing DC tests (Gloukhovski and Suss, 196 

2020; Hatzell et al., 2015a; Hatzell et al., 2017). As one of the typical and 197 

most-employed electrochemical tests, EIS is performed by controlling the current (or 198 

potential) as a sinusoidal signal with small amplitude, which effectively linearizes the 199 

electrochemical system. The relevant parameters of the system like resistance and 200 

capacitance can be determined through an equivalent linear circuit model, built by 201 

connecting circuit elements in series and parallel. The equivalent circuit model is an 202 

important tool for electrochemical analysis. Hoyt et al. proposed an equivalent circuit 203 

model including a new custom element as the impedance of the surface charge 204 

boundary layer, ―ZEFC‖, which showed that the electronic resistance was almost 205 

unchanged when the flow rate increased from 50 mL/min to 250 mL/min (Hoyt et al., 206 

                  



2018). However, modeling work is still required to simulate the process of charge 207 

transport more accurately, including ion transport. In the 1960s, a theoretical 208 

transmission line model for porous electrodes was proposed, and was employed to 209 

study the dynamic charge transport later in the impedance tests on fluidized bed 210 

electrodes (flowing status) (De Levie, 1963; Gabrielli et al., 1992, 1994; Juan 211 

Bisquert et al., 1999). Based on the transmission line model and previous research on 212 

the electrode of electrochemical flow capacitor (Dennison et al., 2014b; Petek et al., 213 

2016), here we present an equivalent circuit for FCDI, where the carriers of the 214 

current inside the flow-electrodes are the electrons and ions, and the two currents are 215 

linked by a double layer capacitance (Fig. 5). This equivalent circuit aims to better 216 

characterize the resistances in FCDI, where, Rs represents the series resistance, 217 

including the resistance of IEMs and ionic resistance in the desalination chamber (Qu 218 

et al., 2015; Qu et al., 2016). Further, Ro is the resistance in the outer circuit elements 219 

(if any), such as current collectors and wires, Rct is the contact resistance between 220 

carbon particles in flow-electrodes and the current collector. The constant phase 221 

element, Qct, in parallel with Rct, is the interfacial contact capacitance of current 222 

collectors, and Re/n, Rion/n and C/n are electronic resistance, ionic resistance and 223 

electric double layer capacitance of the carbon particles in flow-electrodes per unit 224 

volume/length, respectively, where n is a discretization parameter and depends on the 225 

test system and computational requirements. This model gives a relatively realistic 226 

description of the charge transport process, but is too complex for fitting calculations, 227 

and thus a simpler model will be adopted in the subsequent fitting.  228 

                  



 229 

3.2 Electrochemical testing and analysis of flow-electrodes 230 

3.2.1 Devices and methods for electrochemical testing of flow-electrodes 231 

Cylinder (Fig. 6a) and plate-shaped devices (Fig. 6b, 6c) have been employed to 232 

perform electrochemical tests of flow-electrodes. Equivalent circuit would depend on 233 

the devices utilized. For example, Gloukhovski et al. utilized a polycarbonate tube 234 

with four rectangular titanium electrodes parallel to the flow direction for testing, in 235 

which the contact resistance between the collector and flow-electrodes was negligible 236 

according to the test results (Cohen et al., 2016; Gloukhovski and Suss, 2020). 237 

Rommerskirchen et al. examined the entire FCDI system using a graphite plate carved 238 

with flow channels, where the resistances for charge transport included those in IEMs 239 

and in the solution of the middle chamber (Rommerskirchen et al., 2019). In order to 240 

measure the resistance of the flow-electrode, our device has a plate shape as shown in 241 

Fig. 5c, in which the serpentine flow channels are carved in acrylic plate and graphite 242 

plates are placed on both sides as current collectors. For test systems of Fig. 6a and 243 

Fig. 6c, the equivalent circuit is as shown in Fig. S2, through which the electronic 244 

resistance was determined with the DC method. 245 

The regular EIS measurements for flow-electrodes are performed at open circuit 246 

voltage with 5-20 mV amplitude and with a frequency range between 10
-2

 and 10
5
 Hz. 247 

High amplitude should be avoided as it may cause non-stationary conditions (Schwarz 248 

et al., 2002). DC measurements are usually performed by applying a series of low 249 

constant voltages increasing from -100 mV to 100 mV at intervals of 20 mV, where 250 

                  



the resistance is determined as the ratio of voltage to current. Generally, two-electrode 251 

configuration would go with plate shaped device for the testing. But two-electrode 252 

and four-electrode configurations were both applicable in cylinder shaped device, 253 

which showed little influence on results (Gloukhovski and Suss, 2020).  254 

 255 

3.2.2 Data analysis and resistance identification 256 

A typical Nyquist plot for an EIS test with cell in Fig.6c is shown in Fig. 7a (the 257 

black line, obtained in our study), similar to the plots of an FCDI cell in 258 

Rommerskirchen et al.’s work (Rommerskirchen et al., 2019), which contains two 259 

arcs, corresponding to two peaks appearing in the Bode plot (Fig. S3), suggesting the 260 

system is characterized by two time constants. The first arc at higher frequencies is 261 

considered related to the parallel connection of contact resistance and interfacial 262 

contact capacitance of current collector. The higher arc seen in the low frequency 263 

region corresponds to charge transport in the flow-electrodes. It is notable that the 264 

arcs may change depending on the configurations of testing devices. A study found 265 

that the first arc might not appear (Gloukhovski and Suss, 2020), and another study 266 

obtained a linear line in the low frequency because of the separator in testing device 267 

(Choo et al., 2017) . 268 

For analyzing the data, Rommerskirchen et al. developed an equivalent circuit 269 

model which contained the influence of diffusion, electrode porosity, and convection 270 

(Rommerskirchen et al., 2019) . The modeling studies were in highly agreement with 271 

experimental results, most of which were aimed to explore the effects of various 272 

                  



conditions on the overall performance of FCDI. However, it is still difficult to 273 

quantify separately the resistances associated with electron or ion transport within the 274 

flow-electrodes. By employing the equivalent circuit based on the theoretical 275 

transmission line as described previously, and upon substitution of limiting 276 

frequencies, different resistances in charge transport can be extracted from the 277 

Nyquist plot (Fig. 6a). Specifically, at high frequency, the capacitor acts as a short 278 

circuit, and as an open circuit at low frequency. Hence, the high frequency 279 

intersection on the real axis can be regarded as the sum of resistance of outer circuit 280 

elements and the parallel connection of ionic and electronic resistances. The low 281 

frequency intersection can be estimated as the sum of outer, contact and electronic 282 

resistances. Our device was also used to perform a DC test to determine the electron 283 

transport resistance (Fig. 6a and Fig. 6c), which was found similar to the value of low 284 

frequency intersection in EIS testing. A simplified equivalent circuit as shown in Fig. 285 

7b has previously utilized to determine the ion transport and electron transport 286 

resistances (Hatzell et al., 2015a; Youssry et al., 2013, 2015), where Ro, Rct and Qct are 287 

described in section 3.1, Re and Rion are the total electronic and ionic resistances, 288 

respectively, and the constant phase element Q is set as the non-ideal capacitance of 289 

electrode due to the rough electrode surface. 290 

By applying different experimental conditions of flow-electrodes in device (Fig. 291 

6c), including carbon content, electrolyte concentration and flow rate, the results from 292 

EIS tests, fitting calculations and DC tests are shown in Table S1. The resistance of 293 

current collector and wires (Ro) is too small and is excluded from this table. As can be 294 

                  



seen, the electron transport resistances determined by EIS tests are quite in line with 295 

those obtained in DC tests (the last two columns), suggesting the validity of the 296 

equivalent circuit. Based on the same testing and calculation principles, the 297 

conductivity of various flow-electrodes was obtained with both devices in Fig. 6a and 298 

6c. The conductivity of flow-electrode with 2.5 vol% multi-walled carbon nanotubes 299 

(MWCNTs) and 100 mM KBr was measured to be approximately 34 mS cm
-1

 through 300 

a cylindrical device (Gloukhovski and Suss, 2020). And similarly, in the plate device, 301 

the conductivity of electrode with 10 wt% AC (YEC-200D) and 171 mM NaCl was 302 

18 mS cm
-1

. 303 

 304 

3.3 Resistances in flow-electrodes of FCDI  305 

As shown in Fig. 8 and Table S1, the dominating resistance of the flow-electrode 306 

in device (Fig. 6c) is electronic resistance, which is much higher than ionic resistance, 307 

suggesting electron transport is the limiting step of charge transport within the 308 

electrode. In addition, the AC content, salt concentration of electrolyte, and flow rate 309 

all have significant impacts on the resistances. 310 

As shown in Fig. 8a and Table S1, increased carbon content in flow-electrodes 311 

leads to the decrease in all resistances investigated. Electronic resistance appears more 312 

sensitive than ionic resistance towards carbon content. When the carbon content is 313 

raised from 10% to 20%, electronic resistance sharply drops by an order of magnitude. 314 

The likely cause is the larger average size of the percolating cluster with higher 315 

carbon loading, which promotes the electron transport (Gao et al., 2007; Hatzell et al., 316 

                  



2017). Ionic resistance decreases from 7 Ω to 2.4 Ω when carbon content increases 317 

from 5% to 20%, suggesting that more solid carbon particles would facilitate the 318 

transport of ions. This finding is similar to the results of Gloukhovski et al. 319 

(Gloukhovski and Suss, 2020). In order to quantify ionic resistance, a multi-chamber 320 

device was fabricated to perform DC tests (Fig. S3a). Results once again demonstrates 321 

that the ionic resistance of flow-electrodes are reduced with higher carbon content 322 

(Fig. S3b), which could be attributed to the short-circuiting of the ion conduction path 323 

through the particles (Sabacky and Evans, 1977). It is noticeable that the contact 324 

resistance (Rct) becomes larger with increased carbon content as determined by EIS 325 

results (Table S1). The reason is still under investigation. 326 

When electrolyte concentration increases from 1 g L
-1

 to 35 g L
-1

, ionic 327 

resistance decreases from 7 Ω to 0.5 Ω (Fig. 8b). With increasing salt concentration, 328 

electronic resistance decreases substantially at the beginning, but remained stable after 329 

the salt concentration is above a certain level. As explained by 330 

Derjaguin-Landau-Verwey-Overbeek (DVLO) theory, the increase of electrolyte ionic 331 

strength compresses the EDLs on the surface of the carbon materials, thus reducing 332 

the average distance between particles, increasing particle aggregation, and providing 333 

an improved path for electron transport between particles (Daintree and Biggs, 2010; 334 

Farina and Oldham, 1977; Gloukhovski and Suss, 2020). 335 

Electronic resistance is found to decrease substantially with increased flow rate 336 

(Fig. 8c), because high flow rate can promote flow disturbances, facilitating the 337 

contact of particles and reducing the resistance(Halfon and Suss, 2019). However, 338 

                  



several research results show that in a wider test range, the resistance first decreases 339 

and then increases as faster flow rate applied (Dennison et al., 2014a; 340 

Rommerskirchen et al., 2019), which may be a result of boundary layer effects. The 341 

ionic and contact resistances are both less affected by flow rate (Fig. 8c and Table S1). 342 

The unusual drop of contact resistance at flow rate of 5 mL min
-1

 is probably due to 343 

increased aggregation of activated carbon particles on the collector surface at low 344 

flow rates. 345 

 346 

3.4 Conductivity of flow-electrodes with different materials  347 

As mentioned above, electronic resistance is critical to the electrode. The 348 

electronic conductivity of flow-electrodes with different materials also varies 349 

dramatically. As shown in the data in Table S3, the electronic conductivity of the 350 

flow-electrode with MWCNT is greater than that of several other materials (AC and 351 

acetylene black) for various volume/mass fractions. In addition to the conductivity of 352 

the solid particle material itself, the reasons for these differences are related mainly to 353 

particle shape and agglomeration tendencies. For example, high aspect ratio particles 354 

such as MWCNTs can form more effective percolating networks relative to low aspect 355 

ratio particles, for a given particle loading (Foygel et al., 2005; Mutiso and Winey, 356 

2015; Parant et al., 2017; Takeno et al., 2017; Tarlton et al., 2017).  357 

We tested the conductivity of flow-electrodes of MWCNT, AC (YP-50F) and AC 358 

(Norit SX Ultra) when suspended into DI water to isolate their electronic conductivity, 359 

and for various particle volume fractions. Conductive additives, such as carbon black 360 

were not included in the flow electrodes. From well-established percolation theory, 361 

measurements of electronic conductivity can be used to calculate the percolation 362 

                  



threshold of the conductive phase (Mutiso and Winey, 2015). The percolation 363 

threshold was found by best fitting the measured conductivities to a power law, for 364 

carbon volume fractions in the vicinity of significant macroscopic electrical 365 

conductivity onset: 366 

   σ=σ0(φ-φc)
t
 367 

Where σ is the macroscopic electrical conductivity in S cm-1, σ0 is the 368 

pre-exponent in S cm-1, φ is the carbon volumetric fraction in the suspension, φc is 369 

the percolation threshold and t is the conductivity exponent. There is no clear 370 

reference to the upper limit of the aforementioned power law applicability, however it 371 

should work at φ values close to the percolation threshold (Mutiso and Winey, 2015) . 372 

As clearly seen in Fig. 9, the MWCNT suspension conductivity dominated over 373 

the activated carbon suspension conductivities. YP-50F suspensions significantly 374 

differed from MWCNT and Norit SX Ultra. YP-50F particles conducted electricity 375 

very poorly and its calculated percolation threshold was 2-3 orders of magnitude 376 

smaller than the other materials. All the tested materials fit well to a power law, 377 

however differ in the prefactor and the conductivity exponent. The prefactor is 378 

influenced by the inherent particle conductivity, contact resistance and network 379 

topology (Foygel et al., 2005), and ranged 4 orders of magnitude. The conductivity 380 

exponent equaled to 2t   in the MWCNT and YP50F power laws and 1t   in the 381 

Norit SX Ultra power law. In the polymer composite literature, 2t   matches the 3D 382 

universal exponent for spherical particles (Foygel et al., 2005; Mutiso and Winey, 383 

2015). We hypothesize, supported by the images in Fig. 10, that MWCNT particles 384 

                  



agglomerated into sphere-like aggregates and effectively acted as large spherical 385 

particles resulting in 2t  . According to Fig. 10, the YP-50F particles with aspect 386 

ratio (AR) ≈1 remained fully dispersed, thus resulting in 2t  . Surprisingly, the Norit 387 

SX Ultra conductivity exponent tended towards the lower values mentioned in 388 

literature for 2D/3D elongated particles ranging 1.1-1.6 (Foygel et al., 2005) . 389 

Fig. 10 shows optical microscope images of the particle suspensions we tested, 390 

comprising 1 vol% and DI water. The field of view sizes in Fig. 10 are 1.1 mm x 1.5 391 

mm (a, b) and 1.5 mm x 2 mm (c). Although our MWCNT primary particles are rod 392 

shaped elongated cylinders with aspect ratio (AR) = 200-500, they agglomerate to 393 

~100 µm sized bundles with an aspect ratio close to 1 (see Fig. 10a), as they 394 

interconnect via Van-der-Waals interactions of neighboring agglomerates in a DI 395 

water suspension (Tarlton et al., 2017). Norit SX Ultra suspension is shown in Fig. 396 

10b. These particles are initially large with AR≈1 (D90=100 µm) and it seems they 397 

connect via the smaller particles (D10=3 µm; D50=15 µm) of the suspension. The 398 

agglomerates formed here, look much more elongated than those of MWCNT, 399 

suggesting higher AR than 1. The YP-50F suspension, shown in Fig. 10c, comprises 400 

uniformly separated 5-20 µm sized primary particles, which apparently do not form 401 

any significant agglomerates.  402 

 403 

4. Factors Affecting Desalination Performance of FCDI 404 

Evaluation metrics of FCDI desalination performance include desalination rate 405 

and energy consumption that are usually normalized to either per unit of treated water 406 

                  



or per unit of ion removal (Hawks et al., 2019). Through summarizing over 30 407 

reported FCDI desalination performances in literatures (normalized to per mole of 408 

ions removed), Fig. S5 shows their energy consumptions and salt removal rates. The 409 

factors that affect performance are diverse, including not only separation itself (i.e., 410 

feed salinity and removal efficiency), but also flow-electrodes, device design, 411 

operation mode, etc. (detailed information in Table S3). Clearly current studied 412 

desalination process by FCDI required the energy between 60 kJ mol
-1

 and 250 kJ 413 

mol
-1

, while mostly delivered salt removal rates below 3 μmol cm
-2

 min
-1

. When 414 

treating high saline water (NaCl concentration over 30 g L
-1

), the exceptionally high 415 

salt removal rates, up to 38.5 μmol cm
-2 

min
-1

 were achieved. And other factors 416 

affecting the desalination performance, including the flow-electrodes and operation 417 

mode, will be discussed below. 418 

 419 

4.1 Effects of flow-electrodes on FCDI desalination 420 

The resistance against electron transport in flow-electrodes greatly restrains 421 

charge transport, leading to limited desalination performance of FCDI. Various 422 

measures have been employed to reduce the electron transport resistance among 423 

activated carbon particles, including increasing carbon content, adding conductive 424 

agents, introducing redox reactions, and assembling current collectors and IEMs for 425 

shorter charge transport distance (Fig. 11). 426 

The understanding that increasing the content of activated carbon can promote 427 

the formation of the electron transport network to facilitate electron transport has been 428 

                  



evidenced by an experimental study where increased carbon content from 10 wt% to 429 

20 wt% significantly improved the salt removal rate from 0.3 to 1.2 μmol cm
-2

 min
-1

 430 

(Fig. 11a) (Porada et al., 2014). However, the carbon content of flow-electrodes in 431 

FCDI is generally considered no more than 20 wt% to be well circulated. But surface 432 

modification of the carbon material can reduce its viscosity, and thus enable a high 433 

carbon content of flow-electrodes up to 35% (Hatzell et al., 2015b; Park et al., 2016). 434 

Adding conductive agents, e.g., carbon black and carbon nanotube, in flow-electrodes 435 

can also improve the desalination performance (Liang et al., 2017; Tang et al., 2019) . 436 

When 0.5 wt% functionalized carbon nanotubes were added in flow-electrodes to 437 

form conducting bridges among activated carbon particles for the electrons, the 438 

resistance of electron transport was greatly reduced, leading to a much increased salt 439 

removal rate from 8.7 to 34.32 μmol cm
-2

 min
-1 

(Fig. 11b) (Cho et al., 2019).
 
Another 440 

study employed additional 14 mM L
-1

 liquid solvent benzoquinone into 1 wt% 441 

activated carbon flow-electrodes. The electron transport among carbon particles were 442 

considerably facilitated through benzoquinone's redox properties, and the salt removal 443 

rate was improved (Fig. 11c) (Ma et al., 2016). But the difficulty in separating and the 444 

toxicity of benzoquinone would pose a safety hazard. Besides promoting charge 445 

transport in flow-electrodes, reformed current collectors can also facilitate charge 446 

transport by providing an easier distance for charge transport (Fig. 11d) (Linnartz et 447 

al., 2020; Yang et al., 2019). When a titanium mash was placed adjacent to the IEM to 448 

serve as current collector, the salt removal rate was increased by 89% than the control 449 

FCDI with titanium mesh far from the membrane. In summary, adding solid 450 

                  



conductive agents to promote the formation of a conducting network is the simplest 451 

and most applied way to increase charge transport in flow-electrodes. However, those 452 

conductive agents are of high cost. 453 

Besides flow-electrodes, salt concentration in the electrode chamber also 454 

significantly affects the desalination performance of FCDI. As described in section 3.3, 455 

an increase in the salt concentration in flow-electrodes will reduce the overall 456 

resistance and thus improve the performance, which has been experimentally 457 

evidenced by a study where increased NaCl concentration in flow-electrodes from 0 458 

wt% to 1.48 wt% reduced the total resistance from 24.26 to 5.03 Ω and doubled the 459 

salt removal rate (Yang et al., 2016a). Apart from the change in resistance, the salt 460 

concentration also affects the Donnan potential across IEMs simultaneously, which 461 

will influence the portion of the voltage for driving ions transport at a given applied 462 

voltage. In addition, excessive salt in the electrode will lead to the increased back 463 

diffusion of ions, which reduces the charge efficiency and degrades desalination 464 

performance (Ma et al., 2019b; Moreno and Hatzell, 2018; Yang et al., 2017a). It has 465 

been reported that when salt concentration in electrode was increased from 342 mM to 466 

855 mM, the salt removal rate decreased from 0.94 to 0.68 μmol cm
-2

 min
-1 

(Ma et al., 467 

2019b). These facts suggest that an optimal salt concentration of electrolyte should be 468 

carefully determined. In the meantime, a stable salt concentration in the 469 

flow-electrodes is also conducive for a stable desalination performance. Zhang et al 470 

succeeded in continuously operating FCDI for 14 days by maintaining a stable 471 

electrode salt concentration through separating and discharging the concentrated water 472 

                  



from the electrodes with a microfiltration membrane (Zhang et al., 2019b; Zhang et al., 473 

2020a) . 474 

Flow rate of electrodes has also been found to affect FCDI’s desalination 475 

performance, as well as energy consumption. It is acknowledged that increased flow 476 

rate within a certain range will reduce the electron transport resistance as discussed in 477 

3.3, leading to faster desalting performance and less energy requirement particularly 478 

for salt removal. However, a high flow rate will definitely increase the energy 479 

consumption of pumping. An experimental study revealed that increased electrode 480 

flow rate from 100 mL min
-1

 to 150 mL min
-1

 slightly declined the energy 481 

consumption for salt removal from 0.72 Wh g
-1

 NaCl to 0.7 Wh g
-1

 NaCl, but raised 482 

the total energy consumption (including energy for salt removal and pumping) from 483 

0.77 Wh g
-1

 NaCl to 0.8 Wh g
-1

 NaCl (Rommerskirchen et al., 2018a).  484 

 485 

4.2 Effects of operation mode on FCDI desalination 486 

There are three typical modes to operate an FCDI based on different ways to 487 

circulate flow-electrodes, i.e., isolated closed cycle (ICC), short-circuited closed cycle 488 

(SCC) and single cycle (SC) modes (He et al., 2018; Luo et al., 2020; Ma et al., 2019b; 489 

Ma et al., 2020b; Rommerskirchen et al., 2015). These three modes have different 490 

electrosorption-desorption patterns, energy consumption and advantageous 491 

application areas. 492 

In ICC mode, flow-electrodes are circulated in anode chamber and cathode 493 

chamber, respectively (Fig. 12a). It can be regarded that the electrosorption and 494 

                  



desorption in ICC operation happen in sequence like in CDI. The desorption occurs 495 

when short-circuited or reversely charged. There is distinguished electrosorption and 496 

desorption in SCC mode as well (Fig. 12b). After absorbing the ions, the 497 

flow-electrodes from anode and cathode chamber will be introduced into an outer 498 

chamber where they are mixed up to release the ions (Dahiya and Mishra, 2020). 499 

However in SC mode, the flow-electrodes are circulated all through anode chamber 500 

and cathode chamber (Fig. 12c). While the flow-electrodes enriched with ions in one 501 

chamber directly enter the other chamber, desorption and electrosorption will occur 502 

simultaneously. This desorption process here is similar to reversed voltage/current 503 

desorption in CDI.  504 

Compared with the ICC mode where electrosorption and desorption occur 505 

successively, the timely desorption in the SCC and SC modes would help to renew 506 

more available electrosorption capacity of activated carbon particles during the whole 507 

desalination process, leading to better desalination performance, as well as lower 508 

operating voltage required because the salt removal is mostly led by the 509 

electrosorption in EDLs. He et al. found that at the same current density, FCDI’s 510 

operation in SCC mode would require a much reduced maximum voltage (1.0 V) than 511 

in ICC mode (1.92 V), and only 47% energy consumption of ICC mode (He et al., 512 

2018). It is noticed that simultaneous charging and discharging in SC mode would 513 

make well use of the electrostatic energy accumulated during desorption and therefore 514 

decrease the energy consumption (Ma et al., 2020b). Similar to SC mode, Jeon et al. 515 

connected the anode and cathode chambers of two FCDI cells in reverse series (as 516 

                  



shown in Fig. 12d) (Jeon et al., 2019). The positive electrode (marked in red) would 517 

adsorb the anions in the first FCDI cell, and then enter negatively charged chamber in 518 

the second cell, where the anions would be discharged and retained in the electrolyte, 519 

promoting more cations to migrate into the anode chamber due to the effect of charge 520 

neutralization. 521 

When operating in SCC or SC modes, the ions are eventually concentrated in the 522 

electrolyte, where separation of ions from the flow-electrodes is normally required. 523 

However, Rommerskirchen et al. employed a four-chamber FCDI device operating 524 

with SC mode and facilitated the refreshment of flow-electrodes (Rommerskirchen et 525 

al., 2015). As illustrated in Fig. 12e, after absorbing chloride ions, the flow-electrodes 526 

in anode chamber would enter the cathode chamber, where the chloride ions would be 527 

desorbed into the solution and pass through the adjacent anion exchange membrane 528 

under the applied electric field. Afterwards, chloride and sodium ions would be 529 

removed in the concentrated chamber. Since SCC and SC modes greatly facilitate the 530 

regeneration of electrodes (desorption), it has been found advantageous over other 531 

operation modes, as it could avoid re-salination of desalted water and achieve high 532 

water recovery (Hawks et al., 2018). Effective regeneration of flow-electrodes also 533 

makes desalination performance of FCDI no longer limited by the electrosorption 534 

capacity of carbon particles, and enables the desalting treatments of both low and high 535 

concentration salt water. Rommerskirchen et al. successfully desalted high salinity 536 

water with 60 g L
-1

 NaCl by FCDI, accompanied by water recovery of 77.6 % 537 

(Rommerskirchen et al., 2020b). 538 

                  



Several researchers have also noticed that when FCDI was operated with ICC 539 

mode, dissociation of water or Faradaic reactions would occur in the electrode 540 

chamber, producing OH
-
 and H

+
 and resulting in pH increase in the cathode chamber 541 

and decrease in the anode chamber, respectively. A study operating FCDI for 11 h 542 

with ICC mode found obvious change in cathode pH from 9 to 12.5 and in anode from 543 

9 to 1.42 (Nativ et al., 2017) . Particularly for recovering target resource, this pH 544 

change in ICC mode can promote the conversion of some substances, such as the 545 

conversion of NH4
+
 to NH3 in alkaline solution of the cathode, or the conversion of 546 

PO4
3-

 to H3PO4 in acidic solution of the anode, which is beneficial for further 547 

separation (Bian et al., 2019; Bian et al., 2020; Zhang et al., 2019a). Zhang et al. 548 

employed FCDI under ICC mode to remove ammonium ions from dilute wastewater. 549 

After selectively concentrated in the cathode, ammonium ions turned into dissolved 550 

NH3 with following stripping via gas permeable membrane and finally recovered as 551 

ammonium sulfate (Zhang et al., 2018b; Zhang et al., 2018c; Zhang et al., 2019a).  552 

 553 

5. Conclusions and Outlook 554 

FCDI is an appealing electro-driven desalination process, based on 555 

flow-electrodes. It is revealed that the electron transport in flow-electrodes is critical 556 

to the FCDI performance, which is related not only to the conductivity of the solid 557 

electrode particles themselves but also to the inter-particle connectivity. And the 558 

potentially parallel mechanisms of electrosorption and electrodialysis in the FCDI 559 

desalination process is presented. Despite of demonstrated advantages of continuous 560 

                  



desalination and low energy consumption, FCDI is still in early stage of development 561 

and is far from practical application for now. First, for a better desalination 562 

performance, conductive agents are intensively employed to enhance the conductivity 563 

of flow-electrodes. However, these conductive agents, like carbon nanotubes and 564 

carbon black, are normally costly materials. It is still challenging to develop low-cost, 565 

high-conductivity capacitive materials to serve as flow-electrodes. Regarding energy 566 

consumption, it should not be ignored that maintaining the circulation of 567 

flow-electrodes requires a considerable amount of energy, which accounts for 5%-25% 568 

as reported previously. Reducing the viscosity of flow-electrodes, e.g., surface 569 

modifying of electrode materials, and proper design of flow channel, e.g., applying a 570 

parallel flow channel to replace serpentine channel for a shorter flow path and lower 571 

pressure drop, may present solutions to address this concern. So far, desalination 572 

studies of FCDI have explored a wide salinity range from 0.5 to 60 g L
-1

, suggesting 573 

that besides treating brackish water, FCDI may be further employed in the field of 574 

zero discharge of industrial wastewater. Another potential application of FCDI should 575 

be the recovery of specific resources like phosphates and heavy metal ions through 576 

promoted transformation of target ions. 577 

Appendix A. Supplementary data 578 

The Supporting Information is available: Equivalent circuit for EIS measurement 579 

device in the work; Bode plot of flow-electrode; Multi-chamber device to determine 580 

ionic resistance; Results of electrochemical characterization by performing EIS and 581 

                  



DC tests with various flow-electrodes; Summary of electronic conductivity of 582 

different flow-electrodes; Summary of FCDI performance. 583 
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 890 

Fig. 1. (a) Historical review of flow-electrode related research directions and the 891 

number of FCDI publications each year from 2014 to 2020, as indexed by “Web 892 

of Science”. (b) Schematic of a typical FCDI device from (Jeon et al., 2013). 893 

Copyright 2013 Royal Society of Chemistry. 894 
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 896 

Fig. 2. Schematic illustration differing desalination and ion storage mechanisms 897 

in FCDI. 898 
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 900 

Fig. 3. (a) Stack of single-module FCDI, and (b) theoretical calculation of energy 901 

demand of FCDI and ED from (Rommerskirchen et al., 2020b). The details and 902 

results of related experiments can be found in Table 3 of (Rommerskirchen et al., 903 

2020b) . Copyright 2020 Elsevier. 904 

  905 

                  



 906 

Fig. 4. Schematic illustrating the main charge transport mechanisms in 907 

flow-electrodes. 908 
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 910 

Fig. 5. Schematic showing (a) charge transport and (b) an equivalent circuit of 911 

an FCDI cell based on a theoretical transmission line.  912 
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 914 

Fig. 6. Devices for electrochemical test of flow-electrodes: (a) cylindrical 915 

polycarbonate tube with 4 rectangular titanium electrodes from (Gloukhovski 916 

and Suss, 2020), (b) a plate FCDI cell applied for EIS measurements from 917 

(Rommerskirchen et al., 2019), Copyright 2019 Elsevier, (c) our device for 918 

measuring the resistances of an FCDI electrode, where acrylic plate with 919 

serpentine channels is employed for flow-electrodes and graphite plates for 920 

current collecting. 921 
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 923 
Fig. 7. (a) A typical curved line in Nyquist plots for EIS test with device in Fig. 6c 924 

(black line) and (b) equivalent circuit for fitting of capacitive flow-electrodes. 925 
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927 

Fig. 8. Electronic and ionic resistances of various flow-electrodes in device Fig. 6c 928 

from EIS fitting results under (a) different carbon contents (AC, YEC-200D), (b) 929 

different salt concentrations, and (c) different flow rates. 930 
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 932 

Fig. 9: Measured electrical conductivity vs. adjusted volumetric carbon 933 

fraction (φ-φc). All data were from our own measurements for flowing 934 

suspensions of MWCNT, AC (Norit SX Ultra) and AC(YP-50F) particles in 935 

deionized water with the cylindrical cell (Fig. 6a). 936 
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 938 

Fig. 10: White-light Leica DMS1000 digital microscope images of (a) MWCNT, 939 

(b) AC (Norit SX Ultra) and (c) AC (YP-50F) particles in deionized water 1 vol% 940 

suspensions after 15 minutes mixing using a magnetic stirrer. Scale bars: 100 941 

µm. 942 
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 944 

Fig. 11. Different ways to increase charge transport in flow-electrodes: (a) 945 

increasing carbon content, (b) adding conductive agents, (c) coupling redox 946 

reactions, and (d) decreased distance of current collector from ion exchange 947 

membrane. 948 
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 950 

Fig. 12. Schematic of different operation modes of FCDI: (a) isolated closed-cycle 951 

(ICC) mode, (b) short-circuited closed cycle (SCC) mode, (c) single cycle (SC) 952 

mode, (d) switch cycle mode (Jeon et al., 2019), copyright 2019 American 953 

Chemical Society, and (e) a four-chamber FCDI operated with SC mode 954 

(Rommerskirchen et al., 2015), copyright 2015 Elsevier. 955 
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