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ABSTRACT 

Faradaic deionization (FDI) is an emerging and promising electrochemical technology for stable and 

efficient water desalination. Battery-type energy storage materials applied in FDI have demonstrated 

to achieve higher salt removal capacities than carbon-based conventional capacitive deionization 

(CDI) systems. However, most of the reported FDI systems are based on inorganic intercalation

compounds that lack cost, safety and sustainability benefits, thereby curtailing the development of a 

feasible FDI cell. In this work, we introduce an all-polymer rocking chair practical FDI cell, with a 

symmetric system composed by a redox-active naphthalene-polyimide (named as PNDIE) buckypaper 

organic electrodes. First, electrochemical performance of PNDIE in 0.05 M NaCl under open-air 

conditions is evaluated in both three-electrode half- and symmetric FDI full-cell using typical lab-scale 

electrode dimensions (1.6 mgPNDIE; 0.78 cm2), revealing promising specific capacity (115 mAh g-1) 

and excellent cycle stability for full-cell experiments (77 % capacity retention over 1000 cycles). Then, 

all-polymer rocking chair FDI flow cell was constructed with practical PNDIE electrodes (92.2 

mgPNDIE; 9.6 cm2) that delivered large desalination capacity (155.4 mg g-1 at 0.01 A g-1) and high salt-

removal rate and productivity (3.42 mg g-1 min-1 at 0.04 A g-1 and 62 L h-1 m-2, respectively). In 

addition, long-term stability (23 days) experiments revealed salt adsorption capacity (SAC) retention 

values over 95% after 100 cycles. The overall electrochemical and deionization performances of the 

reported technology is far superior than the state-of-the-art CDI and FDI techniques, making it a 

competitive choice for robust and sustainable “water-energy” electrochemical applications. 
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1. Introduction 1 

The importance of ensuring the access to water and sanitation for all has been recognizing by the 2 

by the United Nations (UN) in the 6th Goal of the 2030 Agenda for Sustainable Development [1]. 3 

Additionally, the UN World Water Development Report of 2021 has estimated that over 2 billion 4 

people live in areas that are subjected to water stress and, additionally, over 45 % of the global 5 

population lack access to safely managed sanitation facilities [2]. Along with these issues, it has been 6 

found that the depletion of natural freshwater sources drives the need for replacing aging related 7 

infrastructures by new water treatment technologies. It is envisioned that these advanced treatments 8 

should face challenges such as the adaptation to climate change and the reduction of energy 9 

consumption [3,4]. As a result, many efforts have been devoted, specially, in the development of 10 

efficient and low-cost desalination systems [3]. Currently, the most popular desalination technologies 11 

are multi-stage flash distillation (MSF) and reverse osmosis (RO) [5–7]. However, both treatments 12 

have a relatively high energy consumption (from 3-5 kWh m-3 in the case of RO to 10-16 kWh m-3 in 13 

the case of MSF) due to the use of either high temperatures or pressures applied in the desalination 14 

process [5,6], [8].  15 

To overcome these limitations, electrochemical technologies have recently attracted the attention 16 

of the scientific community [9]–[14]. Carbon electrodes have been employed in a process named 17 

capacitive deionization (CDI) for ion separation, whose working mechanism is driven by the formation 18 

an electrical double layer (EDL). CDI is an energy-efficient and environmentally friendly technology 19 

[14], [15], [16] based on the application of low voltages (usually below 1.5 V). In this fashion, CDI 20 

avoids the drawbacks of using an energy-intensive thermal process or operating under high-pressure 21 

conditions, reducing the energy consumption per volume of fresh water produced from brackish water 22 

(0.2-1.0 kWh m-3) [17–19]. Nevertheless, along with the adsorption of the counterions during the 23 

charging process, co-ions are released simultaneously, resulting in a significant charge losses [3,16]. 24 

To address this problem, ion exchange membranes (IEM) have been placed alongside the electrodes, 25 

configuring membrane CDI technology (MCDI) [16,20]. Despite the use of costly IEM, the ion 26 

removal capacity of these deionization systems is not sufficient yet for desalting high-concentration 27 

saline water [5,21] being its application limited to brackish water (1-5 g L-1) desalination. 28 

As an alternative, in 2012 M. Pasta et al. introduced “A Desalination Battery”-an innovative 29 

system in which the electrode was made up of an active material that was able to store the ions within 30 

its particles/layers by either intercalation and/or faradic reactions [11]. Here onwards term “faradaic 31 

deionization (FDI)” is used to describe this and related technologies. Later, Lee et al. proposed a hybrid 32 

capacitive deionization (HCDI) system that combines EDL-based and faradaic materials as cell’s 33 



electrodes [11], [21]. Faradaic materials, typically used in batteries for energy storage, are able to 34 

intercalate selectively certain ions in the bulk as a result of a redox reaction, which contrasts with 35 

surface confined reactions experienced in capacitive materials [15,22,23]. Consequently, faradaic 36 

materials present large charge storage capacity (and hence high specific capacity) and high ion 37 

selectivity that concurrently lead to a high desalination (or cation recovery) capacity compared to the 38 

capacitive electrodes [5,15],[24]. Additionally, since only cations or anions will be stored in the bulk 39 

of intercalation materials due to their intrinsic redox-active mechanism, they show less co-ion 40 

expulsion than the conventional carbon electrodes [5]. In this context, many faradaic electrodes, mostly 41 

based on inorganic materials with cation-storage capability such as metal oxides (sodium manganese 42 

oxide), metal phosphates (NASICON), MXenes and Prussian blue analogues, have been reported for 43 

HCDI and FDI [5,16,17,23–32].  44 

Lately, the development of redox-active organic materials as faradaic electrodes for more 45 

sustainable batteries technologies have been gaining renowned interest within the battery research 46 

community [33–35]. This is mainly due to their inherent features such as flexibility, easy 47 

processability, recyclability, biodegradability, the ability to be 2D or 3D printed, and the perspective 48 

to prepare them from renewable resources. Polymers are promising candidates to substitute inorganic 49 

active materials in battery electrodes because of their low specific weight, good mechanical and 50 

thermal stability, safety and sustainability aspects. Particularly, the family of carbonyl compounds 51 

(e.g., imides, quinones, etc.) is of special interest due to their high reactivity, fast kinetics, high capacity 52 

and wide structural design diversity [30,36]. The redox mechanism of carbonyl functionalities implies 53 

a reversible one-electron reduction reaction to form a radical mono-anion (enolization) accompanied 54 

by capture of an electroneutralizing cation (see Scheme 1a for the representative redox mechanism of 55 

a typical imide polymer in Na+ electrolyte). Thus, this process can be extended to more electrons by 56 

expanding the conjugated structure [30,37]. 57 

Among the different carbonyl polymers, polyimides (PI) have been successfully applied as high 58 

performance organic electrodes in numerous battery technologies, including but not limited to 59 

monovalent (e.g., Li+) and multivalent (e.g., Mg+2, Al+3) batteries operating in organic electrolytes 60 

[4,30]. Lately, their applicability as polymer anode for aqueous batteries with a range of charge carriers 61 

(Li+, Na+, Mg+2, Ca+2, etc.) also been realized [38–41]. Despite the impressive amount of works on the 62 

use of polymer electrodes for batteries, to the best of our knowledge, we found a sole example of redox 63 

polymer, specifically, PI, applied as polymer cathode in combination with a EDL-based electrode in a 64 

HCDI system [37,42]. However, this PI-HCDI system exhibited limited performance in terms of low 65 

specific capacity (~60 mAh g-1), poor coulombic efficiency (~70 %) and moderate sodium uptake 66 

capacity (54.2 mg g-1). Albeit this exciting advancement of polymer-based HCDI, there is still 67 



enormous room to improve the performance of the underlying HCDI systems. In this regard, it is also 68 

worth mentioning here that, beyond the reported PI-HCDI technology, the implementation of all-69 

polymer FDI for ion capture technologies has not been accomplished to date.  70 

Based on the acquired knowledge from organic batteries by our group and the specific working 71 

requirements for the efficient FDI namely, i) low electrolyte concentration (below 0.05 M) and ii) 72 

open-air atmosphere, an innovative polyimide-based symmetric FDI is proposed here. Our approach 73 

relies on the synergistic combination of smart redox polymer selection i.e., poly[N,N′-(ethane-1,2-74 

diyl)-1,4,5,8-naphthalenetetracarboxiimide] (PNDIE) and refining it into an advanced buckypaper 75 

electrode architecture to meet the aforementioned FDI criteria. Notably, PNDIE has been proven to 76 

exhibit a stable electrochemical performance in O2-saturated aqueous electrolytes [37]. Additionally, 77 

carbon nanotube-reinforced PNDIE buckypaper is anticipated to furnish superior electrochemical 78 

performance due to its intrinsic enhanced electron/ion transport even with high polymer content and 79 

high mass loading organic electrodes as already demonstrated in batteries [43–45] that are also specific 80 

working requirements of a practical FDI system.  81 

In this work, the electrochemical and deionization performances of the PNDIE electrodes in a 82 

standard three electrode half-cell, symmetric coin cell, and a rocking-chair FDI full-cell configurations 83 

were quantified by systematically operating it under various operational conditions and comparing it 84 

with the state-of-the-art to scrutinize our results. The all-polymer PNDIE symmetric coin cell with lab-85 

scale electrodes (~1.6 mg; 0.78 cm2) demonstrated high specific capacity (~110 mAh g-1), good 86 

coulombic efficiency (~100%) and excellent cycle stability (77 % capacity retention over 1000 cycles) 87 

in 0.05 M NaCl solution. Inspired by this superior electrochemical performance, a novel all-polymer 88 

FDI cell with larger electrodes (92.2 mg; 9.6 cm2) was constructed by coupling a reduced PNDIE 89 

anode and an oxidized PNDIE cathode with an anion-exchange membrane. The constructed FDI cell 90 

exhibited a high salt removal capacity of 155.4 mg g−1 in 0.05 M NaCl solution working at constant 91 

current (CC) of 0.01 A g-1 and a rate adsorption capacity of almost 3.42 mg g-1 min-1 working at CC 92 

of 0.04 A g-1, leading to a productivity of 62 L h-1 m-2.  These impressive values outperformed most of 93 

the previous CDI/HCDI/FDI results reported in the literature.  94 



 95 
Scheme 1. Design principles of faradaic deionization using PNDIE. (a) Electrochemical redox 96 

mechanism in Na+ aqueous electrolyte, (b) working mechanism of PNDIE symmetric coin-type and 97 

flow-type (c) full cells. 98 

 99 

2. Experimental section 100 

2.1 Materials and Methods  101 

Reduced graphene oxide (RGO; Nanografi), single-walled carbon nanotubes (SWCNT; 102 

Nanografi), polyvinylidene fluoride (PVDF; Sigma Aldrich), 1-methyl-2-pyrrolidinone (NMP; ≥99 %, 103 

Sigma Aldrich), carbon nanotubes fiber fabrics current collector (Tortech Nano fibers Ltd., Israel), 104 

NaCl (≥99 %, Sigma Aldrich) were used as received. The redox polymer, 1,4,5,8-105 

naphthalenetetracarboxylic dianhydride (NTCDA)-derived polyimide (PNDIE) was synthesized by a 106 

polycondensation reaction between NTCDA and ethylenediamine as described previously [46]. 107 

2.2 Electrode Preparation  108 

The self-standing, binder- and metal current collector-free buckypaper electrodes were prepared 109 

following the modified procedure previously reported by us [45]. The composition of the electrode 110 

was fixed to 70:15:15 wt% (PNDIE:rGO:SWCNTs).  In brief, for the FDI electrochemical cell, first, 111 

22.5 mg of SWCNTs were dispersed in 20 mL solution of iso-propanol (IPA)/ N-methyl-2-pyrrolidone 112 

(NMP) (1/1 v/v) through a tip sonicator for 10 min at 0.75 cycles and 100 % of amplitude (ultrasonic 113 



processor UP400S, 400 W, 24 kHz). Then, after carefully grinding 22.5 mg of rGO with 105.0 mg of 114 

PNDIE, those were added to the SWCNTs dispersion and then sonicated again at 0.5 cycles and 50 % 115 

of amplitude for another 10 min. After, this dispersion was immersed in a bath sonicator (Branson 116 

2510, 100 W, 42 kHz) for 2 h, then stirred overnight to prepare the electrode ink. The suspension was 117 

filtered through a Nylon membrane filter (47 mm diameter, pore size 0.45 µm) with the help of 118 

vacuum, followed by thorough rinsing with IPA to remove loosely bound polymer. The buckypaper 119 

was carefully peeled off from the filter, dried overnight at 70 °C under vacuum, and directly used as 120 

the electrode with an average diameter and mass loading 35 mm and 9.6 mg cm-2 of PNDIE, 121 

respectively. For three-electrode and coin cell studies, PNDIE buckypaper electrodes with lower mass 122 

loading of around 2.0 mg cm-2 were also prepared. Also for comparison, a conventional electrode with 123 

PNDIE mass loading around 1.6 mg cm-2 by a classical slurry-casting approach using the doctor-blade 124 

technique was fabricated as well. 125 

 126 

2.3 Electrochemical Cell 127 

2.3.1 Three Electrode cell 128 

Circular discs of 10 mm diameter were cut from the buckypaper with a PNDIE mass loading of 129 

~2.0 mg cm-2. A standard flooded three-electrode electrochemical cell was assembled using PNDIE as 130 

the working electrode, platinum mesh as the counter electrode, and Ag/AgCl (3 M NaCl) as the 131 

reference electrode, respectively. NaCl-based aqueous electrolytes of different molar concentrations 132 

(i.e., 0.05, 0.10, 1.00 M) were used in these characterizations. 133 

2.3.2 Symmetric coin cell  134 

First, circular disc (10 mm diameter, 1.6 mg cm-2) of PNDIE /SWCNTs/rGO was reduced in a 135 

three-electrode cell to PNDIE-Na. Then, PNDIE||PNDIE-Na full-cells were assembled using the 136 

reduced PNDIE /SWCNTs/rGO as the cathode, pristine PNDIE-Na:rGO:SWCNTs as the anode and a 137 

porous Whatman® glass microfiber filter (Grade GF/B) soaked with ~200 µL of 0.05 M NaCl as the 138 

aqueous electrolyte in CR2032 coin cells. 139 

2.3.3 Symmetric FDI flow cell 140 

We have chosen the symmetric flow cell configuration to evaluate PNDIE’s FDI performance in 141 

which the same redox couple is present in both electrodes (e.g., OX + e- → RED and RED → OX +e-142 

), allowing us the use of low voltages to separate salts efficiently and continuously [47]. First, a circular 143 

disc (35 mm diameter, 9.6 mg cm-2) of PNDIE buckypaper was reduced in a three-electrode cell to 144 

PNDIE-Na performing a discharge and charge process at 0.2 A g-1 to -1.0 V and 0.1 V, respectively, 145 



followed by a discharge process at 0.05 A g-1 until -1.1 V (Fig. S1). As shown in Fig. S2a, the flow 146 

cell consisted of two external cases fabricated via 3D printing, 4 Viton gaskets, and two expanded 147 

graphite current collectors with specific shapes catted with a silhouette plotter (CAMEO 4) and an 148 

anion exchange membrane (AEM, Fumapem FAA-3-30). Externally, each side of the cases was 149 

connected to two Nalgene PVC Tubing (1/16Wall, Thermo Scientific), from which the electrolyte was 150 

pumped flow through the device with a Masterflex® L/S® peristaltic pump with two heads at 30 mL 151 

min-1 (Fig. S2b).  152 

2.4 Physico-chemical Characterization 153 

Field-emission scanning electron microscopy (FE-SEM) was used to investigate the 154 

microstructure of the buckypaper electrodes. SEM images of the samples were collected using a JEOL 155 

JSM-7900F Prime at an acceleration voltage of 15 kV.  156 

Ion chromatography (IC) was employed to analyze the amount of Na+ and Cl- ions removed during 157 

the electrochemical process in the symmetric FDI flow cell. When the experiments were reaching the 158 

selected voltage limit, samples were collected from each side of the cell. Those samples were then 159 

filtered through microfilters of 0.2 µm, diluted in a 1:10 ratio with MilliQ water, and analyzed using a 160 

930 Compact IC Flex chromatographer. The separation column for anions was a Metrosep A SUPP 5, 161 

while for cations a Metrosep C 6-250/4.0. The effluent conductivity of each tank was measured using 162 

a flow-type conductivity meter sensION MM374, HACH. 163 

2.5 Electrochemical Characterization 164 

The electrochemical performance of individual electrodes in 3-electrode configuration and 165 

symmetric coin cells was investigated by cycling voltammetry (CV) and galvanostatic charge–166 

discharge (GCD) experiments using a Biologic VMP3 multichannel Potentiostat/Galvanostat 167 

(Biologic SP-150). The CV and GCD profiles of PNDIE were obtained with PNDIE:rGO:SWCNT 168 

buckypaper (70:15:15 wt%), Ag/AgCl (3 M NaCl) and platinum mesh as the working, reference and 169 

counter electrodes, respectively, in different concentrations of NaCl (0.05, 0.10, and 1.00 M) as 170 

aqueous electrolyte. Then, the electrochemical behavior of the full cells in the coin-type device was 171 

tested by GCD experiments with a BTS4000-5V10mA Battery Testing System (CT-4008T), using 172 

different voltage windows and different current densities. As a commonly used procedure for polymer-173 

based organic batteries, the specific capacities and current rates (C-rates) were normalized with respect 174 

to the mass of PNDIE in the buckypaper electrode. 175 

All the electrochemical and Na+ capture experiments were performed under open-air conditions 176 

without removing dissolved oxygen from the electrolyte solution unless specified otherwise. 177 



2.6 Deionization Experiments 178 

The deionization performance of the symmetric cell was examined in a novel Rocking Chair 179 

Deionization (RCD) module. As shown in Fig. S2b with two tanks containing 30 mL NaCl aqueous 180 

electrolyte from which the solution was pumped through the cell at 30 mL min-1 flow rate in a 181 

recirculation mode. To investigate the treatment performance of various operating conditions in the 182 

system, different voltage windows, different electrolyte concentrations, and current densities were 183 

studied. The voltage windows were studied in 0.05 M NaCl in the range of ± 0.7 V, ± 1.0 V, and ± 1.2 184 

V at 0.01 A g-1. Then, in the latest voltage range and with the same electrolyte concentration, different 185 

current densities were applied (0.01, 0.02, and 0.04 A g-1). Finally, the concentration of the electrolyte 186 

was varied from 0.01 M to 0.03 M and 0.05 M NaCl at a flow rate of 30 mL min-1.  187 

The ion removal tests were generally initiated from the positive electrode (PNDIE-Na), in which 188 

disinsertion was achieved by applying constant current using the Biologic VMP3 multichannel. After 189 

that, the ions were captured by applying a negative constant current. During the test, the effluent ionic 190 

conductivity of each tank was measured with the flow-type conductivity meter. The accumulated ion 191 

removal capacity was then expressed as the deionized NaCl mass in one tank per half-weight of the 192 

PNDIE electrodes during the ion removal step. The captured Na+ was calculated from the concentration 193 

change in the effluent measured by the conductivity meter. Additionally, the amount of Na+ and Cl- 194 

ions removed during the electrochemical process was analyzed via IC.  195 

2.7 Performance Metrics  196 

Different figures of merit were defined to assess the performance of the desalination system: 197 

The salt adsorption capacity (SAC, in mg g-1), is expressed in terms of the amount of NaCl 198 

removed (mg NaCl) in one tank per mass of active material (g PNDIE) in one electrode when the 199 

performance reaches its equilibrium [46,48]. Then, it is calculated in Eq.1: 200 

𝑆𝐴𝐶 =
𝑚𝑁𝑎𝐶𝑙 𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑚𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  
  Equation 1 201 

The average salt adsorption rate (ASAR, in mg g-1 min-1), calculated in Eq. 2, indicates the kinetics 202 

of desalination and is defined as the accumulated mass of deionized sodium chloride ions per total 203 

electrode mass divided by the discharge operation time (tDCH, min) [21,49], and is calculated as: 204 

𝐴𝑆𝐴𝑅 =
𝑆𝐴𝐶

𝑡𝐷𝐶𝐻
   Equation 2 205 



The charge efficiency (, %, Eq. 3) quantifies the ratio of moles of salt removed from the feed (n) 206 

to amount of charge transferred between the electrodes (Q, C) during discharging [50]. F represents 207 

the Faraday constant (96485 C mol-1).  208 

𝛬 =
𝑛𝐹100

𝑄
   Equation 3 209 

The volumetric energy consumption (EV, in kWh m-3) and the molar energy consumption (EM, in 210 

kWh mol-1)  are defined in Eq. 4 and Eq. 5 as the energy needed for one half-cycle (Ec, in kWh) 211 

normalized, by the volume treated in half-cycle (V, m3), that corresponds to the volume of one tank  212 

(30 mL), and the moles of salt removed (n) [51].   213 

𝐸𝑉 =
𝐸𝑐

𝑉
   Equation 4 214 

𝐸𝑀 =
𝐸𝑐

𝑛
   Equation 5 215 

The throughput productivity (P, in L h-1 m-2) is defined in Eq. 6 as the volume of treated water 216 

(V, L) normalize by the time of half-cycle (tDCH, min) and the area of the electrode (A, m2) [51]. 217 

𝑃 =
𝑉

𝐴 𝑡𝐷𝐶𝐻
  Equation 6 218 

The coulombic efficiency (CE, in %) quantifies the ratio of electrical charge delivered during the 219 

discharge (QDCH) process to charge applied to the cell during charging (QCH) [50]. CE is defined in Eq. 220 

7: 221 

𝐶𝐸 =
𝑄𝐷𝐶𝐻

𝑄𝐶𝐻
   Equation 7 222 

 223 

3. Results and discussion 224 

3.1 Morphological characterization of the PNDIE electrode 225 

As it was previously mentioned, the redox polymer (PNDIE) was combined with reduced 226 

graphene oxide (rGO) and single-walled carbon nanotubes (SWCNTs) through the sonication, stirring, 227 

and vacuum-assisted filtration (see Experimental Section 2.2 for the electrode preparation) to obtain a 228 

self-standing, flexible carbon mat electrode, called buckypaper. The well-known π–π interactions 229 

between rGO and/or SWCNTs and aromatic structured PNDIE (schematically represented in Fig. S3) 230 

were exploited to fabricate the binder- and current collector-free electrodes. Fig. S4 shows the 231 

morphology of the PNDIE-supported buckypaper electrode by field-emission scanning electron 232 

microscopy analysis. PNDIE in the 3D randomly woven SWCNTs mat presents uniform nano-sized 233 

particulate structures, which could endow it with superior electrochemical performance due to the good 234 

ion/electron diffusion and mechanical flexibility. 235 



This buckypaper electrode architecture has several advantages including that there is no need for 236 

an external binder, which opens the possibility to prepare high mass loading electrodes (9.6 mg cm-2) 237 

and that this configuration exhibits superior rate capability, etc. [45,52]. Moreover, we emphasize in 238 

this work the suitability of adopting the buckypaper electrode architecture for the targeted application 239 

that demands efficient operability in challenging low electrolyte concentrations (below 0.05 M NaCl). 240 

The impact of using buckypaper instead of the conventional slurry-casted electrode (composed of the 241 

active material, conductive additive, and binder) will be further discussed when evaluating the 242 

electrochemical performance. 243 

3.2 Electrochemical characterization of PNDIE  244 

The electrochemical performance of PNDIE were studied in three different devices, i.e., i) three-245 

electrode flooded cell, ii) two-electrode symmetric coin cell, and iii) full symmetric flow cell. In the 246 

first two device configurations, the electrolyte was in a typical static mode, while the latter device 247 

operated in a flow mode.  248 

3.2.1 Electrochemistry of PNDIE in a three-electrode cell 249 

The CV curves of PNDIE electrode in 1.00 M, 0.10 M, and 0.05 M NaCl solutions at 0.5 mV s-1, 250 

1.0 mV s-1, and 2.0 mV s-1 (from 0.1 to -1.1 V vs. Ag/AgCl) in a three-electrode system are displayed 251 

in Fig. S5. As it can be observed in those figures as well as Fig. 1a, each CV curve exhibits two pairs 252 

of redox peaks, over -0.8 V and -0.3 V that correspond to the two-step electrochemical redox 253 

mechanism of PNDIE. That mechanism involves the reversible conversion of redox-active carbonyl 254 

groups in the imide functionality of PNDIE via enolation/carbonylation reactions followed by insertion 255 

and de-insertion of Na+ ions during reduction/oxidation reactions, respectively, (following Scheme 256 

1a) [53]. This electrochemical behavior is a clear indication of a high charge-storage capacity that is 257 

highly beneficial for electrochemical desalination applications. It is important to notice that the 258 

reduction and the oxidation peaks in the CV curves slowly shift towards the left and right, respectively, 259 

with the decrease of the electrolyte concentration indicating that the redox activity of the polyimide is 260 

weakened [37]. However, the area under the curve that represents the capacity was almost maintained 261 

with the decrease in the concentration, indicating a similar capacity of ion storing, and presumably a 262 

significant desalination capacity in these conditions. Additionally, from the potential peak position 263 

obtained at 0.5 and 2.0 mV s-1 scan rates and the NaCl concentration correlation (Fig. 1b), the linear 264 

trend confirms that the redox mechanism follows the Nernst behavior with the insertion and de-265 

insertion of Na+ ions [54,55]. 266 



The redox kinetics of PNDIE electrode were also investigated based on the results displayed in 267 

Fig. 1c using Eq. 8, where ip is the peak current (mA), v is the scan rate (mV s-1), and a and b are 268 

adjustable parameters. 269 

𝑖𝑝 = 𝑎𝑣𝑏    Equation 8 270 

The calculation of the b value provides relevant kinetics information. It is defined that when the 271 

value of b is close to 0.5, it normally suggests that the reactions are diffusion-limited, while a value of 272 

1.0 indicates a fast capacitor-like charge-storage mechanism [37]. Therefore, the most pronounced 273 

reduction peak around -0.5 V vs. Ag/AgCl was taken as fitting subject to plot the log ip vs log v (Fig. 274 

1c). The b-value ranges from 0.3 to 0.5 and to 0.8 with the increment of NaCl concentration from 0.05 275 

to 0.1 and to 1 M suggesting that PNDIE exhibits a pseudocapacitive characteristic when more ions 276 

are present in solution (ca. 1 M; as in typical battery electrolytes). On the other hand, diffusion process 277 

becomes dominant at low NaCl concentrations (e.g., 0.1 and 0.05 M; a real world brackish water 278 

desalination system works under low electrolyte concentration condition that is challenging for an 279 

organic faradaic material), thereby retarding the redox kinetics as demonstrated in the next paragraphs.  280 



 281 

Fig. 1. PNDIE electrochemistry in a standard three-electrode cell at different NaCl aqueous 282 

electrolyte concentrations. (a) Cyclic voltammetry curves at 0.5 mV s-1, (b) correlation between E1/2 283 

of the representative first redox couple and concentration of NaCl, and (c) power law analysis of the 284 

representative first reduction peak in the scan rate range of 0.5–2.0 mV s-1. (d) Discharge capacity vs. 285 

the current density at different electrolyte concentrations, (e) the representative GCD profiles at 0.1 A 286 

g-1 at different electrolyte concentrations, and (f) comparison of the cycling stability at 1.0 A g-1 in 287 

0.05 M NaCl of the buckypaper and the conventional slurry-casted electrode. 288 

 289 

The GCD cycling experiments performed at different current densities using several NaCl 290 

electrolyte concentrations are shown in Fig. S6. Briefly, the results are quite consistent with the CV 291 



studies showing that PNDIE reached higher specific capacity values at higher electrolyte 292 

concentrations and lower current densities.  293 

Rate capability is an important performance indicator that needs to be considered, especially when 294 

organic electrode materials are used since they suffered from slow reaction kinetics, particularly, at 295 

low electrolyte concentrations. As can be seen from Fig. 1d, higher current densities resulted in larger 296 

overpotential (Fig. S6a, b and c) rendering lower capacity values that are amplified at lower electrolyte 297 

concentrations. Additionally, as it was expected, PNDIE showed much better rate capability in the 298 

most concentrated solution (i.e., 1.0 M NaCl) compared to the diluted ones, with a capacity retention 299 

of 70 % even though the current rate increases more than 100 times (Fig. S6d). Moreover, when 300 

comparing the results at different electrolyte concentrations (Fig. 1e) only a small decrease of 29 % in 301 

the capacity (from 114.8 to 83.8 mAh g-1) was observed when the NaCl concentration reduced from 302 

1.0 to 0.05 M at 0.1 A g-1. This result allows us to be moderately optimistic about the potential 303 

desalination performance of PNDIE at brackish water concentrations. 304 

Practical water treatment can hardly afford a degassing process to avoid parasitic reactions, being 305 

open-air conditions the more common situation as long as reasonable electrochemical performance is 306 

obtained. Therefore, to check the electrochemical stability of PNDIE under an open-air environment, 307 

a cycling test at 1 A g-1 in 0.05 M NaCl solution was performed (Fig. S7). Fig. 1f shows that an 308 

exceptional specific capacity was maintained in the buckypaper electrode (scattered values in blue), 309 

achieving a stable capacity of 50 mAh g-1 after 1200 cycles. Fig. S7a shows a reduction of capacity 310 

from 59 to 55 mAh g-1 occurred just after 10 cycles, while only a small capacity decay of 15 % was 311 

observed in the subsequent 1200 cycles. Based on this, it was considered that the synthesized PNDIE 312 

buckypaper electrode demonstrated a robust performance in open-air conditions. Furthermore, a 313 

comparison between the new buckypaper PNDIE electrode configuration and the conventional slurry-314 

casted electrode was established in terms of cycling stability revealing that the buckypaper electrode 315 

retained higher capacity (ca. 85 vs 65%) and also attained better coulombic efficiency (ca. average CE 316 

of 99 vs 97%) than the conventional electrode under similar conditions (Fig. 1f). It is reported that 317 

dissolved oxygen could chemically oxidize the reduced polyimide leading poor coulombic efficiencies, 318 

but without negatively affecting the chemical stability of the polymer, and thus cyclability[37][56]. 319 

This was also the case in ours and aforementioned previous studies. Of note, it should be also 320 

highlighted that the buckypaper approach enabled the preparation of much higher mass-loading 321 

electrodes than the ones produced using a conventional doctor-blade methodology (electrode cracking 322 

and delamination were observed when testing the preparation of high mass-loading electrodes).  323 

 324 

3.2.2 Electrochemistry of PNDIE in a symmetric coin cell configuration.  325 



The electrochemical properties of a two-electrode coin cell composed by the oxidized and reduced 326 

form of the PNDIE were analyzed. The selection of this configuration, well accepted in the battery 327 

industry [57], is supported by the idea of checking the behavior of the symmetric configuration in a 328 

static hermetically sealed system.  329 

Initially, an analysis to evaluate the specific capacity of the PNDIE when setting different voltage 330 

windows was carried out using 0.05 M NaCl electrolyte solution. The results shown in Fig. 2a indicate 331 

that, as expected, larger voltage windows led to higher specific capacity values. Thus, a significant 332 

increase in the capacity was noticed when the voltage window increased beyond ± 0.75 V (Fig. 2b), 333 

which is necessary to accommodate the underlying faradaic reactions.  We also observed some water 334 

electrolysis reactions (thus, slightly reduced coulombic efficiency) when the charging/discharging 335 

voltage of the symmetric coin cells approached ± 1.25 V and beyond. Therefore, based on the idea of 336 

keeping high coulombic efficiency values, it was decided to choose the voltage range of ± 1.20 V, as 337 

it provides the best capacity values while containing parasitic reactions. After selecting the voltage 338 

range, the effect of the current density on the charge storage capacity was evaluated. Fig. 2c clearly 339 

shows that the specific capacity of the active material remained fairly constant around 110 mAh g-1 340 

regardless of the current density selected when testing the coin cell between 0.32 and 0.02 A g-1. After 341 

this analysis, the symmetric cell was subjected to study the cycling stability at 0.16 A g-1. The results 342 

displayed in Fig. 2d and Fig. S8 stressed again the high (electro)chemical and dimensional stability 343 

(Fig. S9 and S10) of the polymer active-material with almost 100 % coulombic efficiencies, a high 344 

discharge capacity of 98.3 mAh g-1, and specific capacity retention of 77 % after 1000 cycles (46 days). 345 

Such excellent cycling properties are considered critical for long-term use in practical water 346 

desalination systems [58]. 347 

The above results pose a clear indication of the superior electrochemical performance 348 

demonstrated by the PNDIE for charge storage, even under challenging low electrolyte concentration 349 

and dissolved oxygen conditions, in which most of the organic electrode materials fail. These results 350 

represent a great prospect for deionization applications. 351 



 352 
Fig. 2. PNDIE electrochemical performance evaluation in 0.05 M NaCl solution in a symmetric 353 

coin cell configuration. Determination of voltage range by GCD at 0.13 A g-1: (a) specific capacity 354 

vs. cycle number, and (b) the corresponding GCD profiles. (c) Rate performance, and (d) cycling 355 

stability at 0.16 A g-1. 356 

 357 

3.3 Electrochemical performance of PNDIE in a FDI symmetric flow cell. 358 

After observing the excellent electrochemical behavior of the PNDIE electrodes, both, in a three-359 

electrode and coin cell configuration, decisive experiments in a real reactor were developed to study 360 

the deionization performance. A novel circular flow cell was designed and fabricated by 3D printing 361 

looking for maximizing the deionization capacity of the PNDIE self-standing electrodes. The circular 362 

form was designed with the aim of homogeneously compressing the electrodes minimizing in this 363 

fashion the distance between them, and consequently, reducing the electric resistance.  364 

In this desalination system, the cell architecture consists of two cation-selective faradic electrodes 365 

and two parallel flow channels separated by an AEM (Scheme 1d and Fig. S11). In this configuration, 366 

one electrode takes in Na+ from the feed solution in one flow channel, while the other releases Na+ into 367 

the solution in the opposite channel. At the same time, Cl- migrates from the Na+ deficient channel to 368 

the Na+ enriched channel through the AEM, thus generating desalinated and concentrated effluents 369 

simultaneously [13]. Once the desalination process is over, the external current is reversed leading to 370 

the inversion of the process in each channel. Therefore, by using this configuration, it would be 371 



possible in a single pass process to achieve continuous deionization during both steps, charge and 372 

discharge, in contrast with the traditional CDI process.  373 

 3.3.1 Effect of voltage window  374 

The first set of desalination tests devoted to studying the effect of the voltage window of the full 375 

symmetric cell in a constant current mode (0.01 A g-1) was performed with 0.05 M NaCl electrolyte 376 

concentration. This is equivalent to a ≈3 g L-1, which is in the range of medium-low salt concentration 377 

of brackish waters. 378 

The GCD profiles of the cell voltage shown in Fig. 3a depicted the progressive increase of specific 379 

capacity (from 20 to 80 mAh g-1) when wider voltage windows were employed (from ± 0.7 to ± 1.2 V, 380 

respectively). Furthermore, the good symmetry of the GCD curves in the different voltage windows, 381 

suggests good reversibility of the electrode materials during the desalination process, an indication of 382 

achieving rapidly the dynamic steady state (DSS) [50,59]. As displayed in Fig. 3b, the increase of 383 

specific capacity has a good correlation with the variation of conductivity, and thus the difference in 384 

the salt concentration detected during the charging step. The results show how the initial conductivity 385 

of the effluent corresponding to the positive electrode (PNDIE-Na, which suffers the oxidation) 386 

compartment rapidly increased as a consequence of the deintercalation of Na+. On the other side of the 387 

cell, where the PNDIE is located, the conductivity decreased due to the polymer reduction reaction 388 

that leads to Na+ capture.  389 

Note that in this cell configuration, an anion-selective membrane was placed between the 390 

electrodes allowing chloride ions to cross from one compartment to the other to compensate for the 391 

charge unbalance. Moreover, the membrane provides the separation that prevents the intercalation of 392 

cations in the opposite electrode, which would not allow the visualization of the change in the 393 

conductivity. The analysis of the conductivity and its conversion to salt concentration difference (Δc) 394 

revealed a considerable increase in the deionization capacity associated with the widening of the 395 

potential window. This hypothesis was subsequently confirmed by the analysis of the samples by IC 396 

(Table S1). SAC values collected in Table 1 boosted from 18.0 to 42.1 mg g-1 and to 155.4 mg g-1 397 

when the window was enlarged from ± 0.7 V to ± 1.0 V and to ± 1.2 V, respectively. We believe that 398 

the substantial increase of 8-fold observed in SAC values is due to the change from a one single-399 

electron mechanism to a two-electron process. The same effect was previously seen in HCDI processes 400 

in which the SAC and the charge efficiency were enhanced by applying higher cell voltages [37], 401 

allowing the electrode active materials to approach their appropriate redox reaction potentials. This 402 

hypothesis is supported by the previous CV and GCD experiments (Fig. 1 and Fig. 2) in which the 403 

second redox process is observed at lower potentials, especially when the electrolyte solution is more 404 



diluted. This effect is expected to become even more important due to the higher contribution of the 405 

anionic membrane to the overall resistance of the cell that results in higher overpotential for the 406 

faradaic reactions. 407 

 408 

Fig. 3. Optimization of the PNDIE FDI cell’s operational voltage window. GCD profiles at 0.01 A 409 

g-1 performed in 0.05 M NaCl. Comparison of (a) specific capacity and (b) salt concentration difference 410 

in each voltage range. 411 

Table 1. Full symmetric FDI cell results (average of three cycles) obtained in 0.05 M NaCl 412 
solution at 0.01 A g-1 in different voltage windows.  413 

Voltage 

(V) 

Δc  

(mM) 

SAC  

(mgNaCl 

gPNDIE
-1) 

ASAR  

(mgNaCl 

gPNDIE
-1

 min-1) 


(%) 

EM  

(kWh mol-1) 

EV  

(kWh m-3) 

P  

(L m-2 h-1) 

± 0.7 0.94 18.0 0.15 39 20.9 0.02 16.1 

± 1.0 2.22 42.1 0.17 43 27.8 0.06 7.6 

± 1.2 8.17 155.4 0.33 83 21.0 0.17 4.0 

 414 

From the kinetics point of view, ASAR values displayed a substantial improvement of more than 415 

50 % (from 0.15 to 0.33 mg g-1 min-1) when the potential window was enhanced from ± 0.7 to ± 1.2 416 

V, despite the significant increment of the processing time. Regarding , in general, it reflects the 417 

disparity between the transferred electrical charge on one hand and salt deficiency or excess in the 418 

effluent stream on the other [51]. However, in this case, the PNIDE exhibits a special feature associated 419 

with the sodium intercalation mechanism in which, depending on the voltage window, one or two 420 

electrons can be transferred. As can be seen in Table 1, values increased from 39 to 83 % when 421 

increasing the voltage clearly showing the impact of shifting from one-electron to two-electron 422 

mechanism. The corresponding specific discharge capacity during this desalination process reached 423 

≈86 mAh g-1, which is in the range of values obtained in lab-scale studies, for instance, in the GCD 424 

tests in three electrode cell (Fig. 1e). This result indicates that the electrochemical capacity of PNDIE 425 



is fully utilized when it is assembled in a symmetric system in a ± 1.2 V voltage window being this 426 

also in line with the previous report [37]. 427 

Finally, operational outputs such as EM, EV and, P were calculated. EM values corroborate the 428 

effect of the ion coordination mechanism, showing that, when a higher voltage window is employed, 429 

the energy demand is compensated with a higher salt removal. On the other hand, it is expected that P 430 

will have a strong impact on capital cost while EV will have it on operating cost. That means that P and 431 

EV could be used as approximate surrogates for capital and operational costs, respectively [51]. Table 432 

1 demonstrated that higher voltage windows led to larger Δc, SAC and, ASAR values although 433 

extending the time of solution processing which deeply impacts P. Thus, larger potential windows are 434 

associated with longer cycles and lower P. Similarly, widening the cell voltage implies an increment 435 

of EV since the volume of the solution treated in the recirculation mode is the same for all the 436 

experiments. Nevertheless, the evaluation of EV reveals that the energy is being more efficiently used 437 

when expanding the operational voltage.      438 

3.3.2 Effect of the current 439 

The desalination performance at different current densities was tested using the largest potential 440 

window, ± 1.2 V (Fig. 4). As expected, the increase of the current density from 0.01 to 0.04 A g-1 led 441 

to a proportional reduction of the specific capacity (from 80 to 20 mAh g-1), and the consequent drop 442 

of the SAC from 155.4 to 102.9 mg g-1 (Table 2), although still keeping a high desalination capacity. 443 

These results are consistent with the GCD characterization performed in the coin cell and have been 444 

associated with both, an ineffective ion and/or electron transfer kinetics in the bulk of the electrode, 445 

and the electrode potential reduction due to the IR drop [46] at higher current densities.  446 

Despite the SAC reduction, as current density increases, the charging/discharging time of the 447 

process decreases positively leading to a substantial increment of the ASAR from 0.33 to 3.42 mg min-448 

1 g-1. An additional benefit of the high current density was the rise in productivity, which boosted from 449 

4 to 62 L h-1 m-2. Furthermore, the reduction of the cycle extension has a large influence on EM and EV, 450 

leading to a significant decline from 21.0 to 5.2 kWh mol-1 and 0.17 to 0.03 kWh m-3, respectively, 451 

when higher currents were used. 452 

 453 



 454 

Fig. 4. The average salt adsorption rate evaluation of the PNDIE FDI cell. (a) Galvanostatic charge 455 

and discharge profiles for the comparison of the specific capacity and (b) the salt concentration 456 

difference at each current density using 30 mL of 0.05 M NaCl solution.   457 

Table 2. Full symmetric cell results (average of three cycles) obtained in 0.05 M NaCl solution in 458 

± 1.2 V at different current densities.  459 

Current 

density 

(A g-1) 

Δc 

(mM) 

SAC  

(mgNaCl 

gPNDIE
-1) 

ASAR  

(mgNaCl gPNDIE
-1

 

min-1) 

EM  
(kWh mol-1) 

EV  

(kWh m-3) 

P 

(L h-1 m-2) 

0.01 8.17 155.4 0.33 21.0 0.17 4 

0.02 7.52 143.0 1.32 8.8 0.07 17 

0.04 5.41 102.9 3.42 5.2 0.03 62 

  460 

Therefore, the maximum SAC in one-half cycle was measured at ~78 mg gboth electrodes
-1 for the cell 461 

at the lowest current density of 0.01 A g-1 being the total salt removed from the feed water was ~155 462 

mg gboth electrodes
-1 in one full desalination cycle. These results highlight the benefits of a rocking chair 463 

symmetric cell equipped with two identical PNDIE electrodes that can continuously desalinate water 464 

in contrast to the asymmetric HCDI systems that require a discharge step leading to a non-continuous 465 

desalination process [60].  466 

3.3.3 Effect of the effluent concentration 467 

The system was tested using three different NaCl solution concentrations (0.05 M, 0.03 M, and 468 

0.01 M) setting a potential window of ± 1.2 V at 0.02 A g-1.  In this case, the higher the NaCl 469 

concentration the larger the desalination capacity, which is coherent with the CV and GCD studies. 470 

These results are also consistent with the specific capacity values of desalination experiments (Fig. 471 

S12). Thus, the reduction of the electrolyte concentration from 0.05 to 0.01 M, led to a capacity drop 472 

from 39.4 to 17.1 mAh g-1, and consequently, a contraction of the SAC from 155.4 to 30.7 mgNaCl 473 



gPNDIE
-1 (Table S2) and the ASAR from 1.32 to 0.60 mgNaCl gPNDIE

-1 min-1. As mentioned before this 474 

behavior was noticed in the CV curves, where the reduction and the oxidation peaks slowly shifts 475 

towards the left and right, respectively, indicating that the redox activity of the polyimide is weakened 476 

with the decrease of the electrolyte concentration [37]. The larger SAC and ASAR values observed at 477 

higher feed concentrations have been related in the literature with the reduction of resistance 478 

component associated with the ionic losses [50,61] and the faster ion transport kinetics, both, in 479 

electrolyte and bulk of the buckypaper electrode [59]. This trend has been previously seen with PNDIE 480 

in the HCDI cell, in which the SAC gradually increased with the NaCl concentration [37].  Despite 481 

this reduction, the SAC value obtained at the lowest feed concentration can be considered still very 482 

competitive regarding previous results reported in the literature.  483 

In order to have a tentative analysis of the costs of the system and assess the practical viability of 484 

these materials (Fig. S16) a comparison of the two operational variables, EV and P is described. 485 

Regarding the capital cost, it was observed that P increased with the reduction of the voltage window 486 

and the increment of the current density, mainly due to the shorter cycling times used for processing 487 

similar volumes. This is consistent with the studies performed by Hawks et al., and Lado et al. 488 

[9,18,51]. On the other hand, the operational costs (correlated with EV) boost when either the voltage 489 

window or the current density are increased. Despite this increment, EV values obtained working in the 490 

PNDIE system at the highest voltage window (± 1.2 V) and the fastest current density (0.04 A g-1) 491 

were found very competitive (0.03 kWh m-3 for Δc of 5.4 mM). This is so even when comparing these 492 

values with the ones obtained for other symmetric systems, such as a NiHCF cell, that consumed 0.17 493 

kWh m-3 for a similar Δc of 5 mM [60].  494 

An additional and similar cost estimation could also be performed using the performance results 495 

at different electrolyte concentrations (Table S2) to evaluate the energy consumption of a process in 496 

which brackish water with an average concentration of 3.0 g L-1 (≈ 50 mM) should be reduced to 0.5 497 

g L-1 (≈ 8 mM) in order to be discharged. By considering roughly constant SAC values between each 498 

one of the three different electrolyte concentration levels (50, 30 and 10 mM), and the energy 499 

consumption values associated to those inlet concentrations, one could estimate that 0.6-0.7 kWh m-3 500 

could be consumed in a multi-step process.  Previous publications estimated energy consumption for 501 

MCDI to nearly 0.4 kWh m-3 when reducing the feed concentration from 34 mM NaCl to 9 mM with 502 

an average P of 10 L h−1 m−2 [62] . Moreover, reported values for brackish water desalination plants 503 

operated by reverse osmosis (BWRO) reached 0.5-0.6 kWh m-3 for concentration reductions from 5.0 504 

g L-1 (86 mM) to 0.5 g L-1 (8 mM) [63]. However, a more widen range between 0.6-2.3 kWh m-3 has 505 

been reported by Pan et al., when analyzing BWRO plants of different capacities [64]. In the case of 506 



electrodialysis (ED) the values provided by Ortiz et al. ranged between 0.39-0.85 kWh m-3 for a 507 

reduction 4.5 g L (76 mM) [65]. Based on the values reported and our estimations, one could conclude 508 

that the energy consumption of the all-polymer cell is in the range of more established technologies 509 

such as MCDI, RO and ED. Nevertheless, it is important to stress here that the values reported are 510 

related to technologies tested at different scales where the range of water production values is quite 511 

diverse. Therefore, this comparison should be taken as a first approximation, although confirming that 512 

all-polymer faradaic deionization technology has a substantial potential for being used as a brackish 513 

water desalination technology.    514 

3.3.4 Cycling stability 515 

Cycling stability is also an important factor to be considered for evaluating the endurance of 516 

electrode materials for FDI. A long-term experiment performed using ± 1.0 V voltage window (Fig. 517 

5) showed that initially, a conditioning phase occurred during the first 20 cycles in which the capacity 518 

increased from 31 to ~73 mAh g-1, which could be related with a membrane activation process. After 519 

that phase, the behavior of the PNDIE system stabilized giving a capacity retention of 80 % after 100 520 

cycles. Calculation of the SAC over the cycling experiment indicated that values ranged between 24 521 

and 33 mg g-1 suffering initially a slight decrease after 20 cycles to finally recover its full capacity 522 

(SAC retention of 100 %) after 100 cycles (23 days). Subsequently, despite the stability of the discharge 523 

capacity over the next 20 cycles, SAC values decreased to 17 mg g-1 after 120 cycles. In order to 524 

supplement the excellent cycle stability of these practical electrodes, surface morphology 525 

characterization by FE-SEM and energy dispersive X-ray spectroscopy (EDS) mapping analyses ware 526 

carried out. Both the pristine and post-cycled electrode from the FDI cell reveal similar surface 527 

morphologies of randomly oven carbon nanotubes embedding polymer particles without much 528 

differences (Fig. S13). Additionally, the fraction C, O, N elements by EDS mapping analysis of the 529 

pristine (Fig. S14) and post-cycled PNDIE electrode (Fig. S15) almost remained unchanged. This 530 

suggests excellent (electro)chemical stability of PNDIE buckypaper electrodes under practical 531 

desalination conditions, despite longevity of the cycling experiment. 532 



 533 

Fig. 5. Cycling performance of the PNDIE FDI cell. CC of 0.02 A g-1 in 0.05 M NaCl in ± 1 V and 534 

the respective SAC obtained taking average values each 20 cycles. 535 

 536 

3.3.5 All polymer FDI vs. State-of-the-art 537 

Finally, the performance of the FDI cell constructed by the PNDIE electrodes was compared with 538 

the data found in the recent literature about other faradaic electrodes in terms of desalination capacity. 539 

As can be observed in Fig. 6a, the symmetric PNDIE flow cell reached a maximum SAC of 155.4 mg 540 

g-1 when testing at 0.05 M NaCl, that is, as far as we know, the highest SAC value reported in the 541 

literature for faradaic electrodes treating brackish water [10,37,58,66–69]. This comparative study was 542 

also extended by using the Ragone plot adapted to CDI metrics by Kim and Yoon [70], in which the 543 

desalination performance is evaluated taking into consideration both the capacity (SAC) and rate 544 

(ASAR) [70].  The CDI-Ragone plot clearly shows the outstanding performance of the symmetric 545 

PNDIE in comparison with reported CDI, HCDI, and FDI systems reaching not only high salt removal 546 

capacities but also excellent salt capture rates (Fig. 6b). Thus, the lowest and highest tested current 547 

intensities provided the best capacity (155.4 mg g-1) and the maximum rate (3.42 mgNaCl gPNDIE
-1

 min-548 

1), respectively [70]. The exceptional results obtained with the rocking chair flow cell in a wide range 549 

of electrolyte concentrations along with the robust performance observed in the cycling experiments 550 

highlight the potential of “All-Polymer” faradaic deionization cells based on PNDIE electrodes for 551 

desalination applications. 552 



 553 

Fig. 6. Comparing PNDIE FDI performance with the state-of-the-art electrochemical 554 

deionization literature reports. (a) SAC values obtained from literature at different NaCl 555 

concentrations (blue dots) including the results obtained in this work (red stars), and (b) Ragone plot. 556 

These plots for different electrochemical deionization techniques are computed by considering some 557 

of the best performing deionization cells in their class.  558 

 559 

4. Conclusion  560 

In this study, the ability of PNDIE to consistently capture and release sodium ions over cycling 561 

was exploited for brackish water desalination. First, an innovative methodology based on the 562 

preparation of binder- and metal current collector-free buckypaper electrodes using PNDIE, rGO, and 563 

SWCNTs was developed to produce practical PNDIE electrodes. Subsequently, the electrochemical 564 

performance of the PNDIE electrode was evaluated in a standard three-electrode half-cell and 565 

symmetric coin full-cell, revealing promising capacity, cycle stability, and rate capability under 566 

challenging low electrolyte concentration (0.05 M) and dissolved oxygen conditions.  567 

After these promising results, a new all-polymer FDI flow cell equipped with practical PNDIE 568 

electrodes (mass loading of 9.6 mg cm-2) was designed to produce a desalinated water/brine 569 

simultaneously thanks to the rocking chair mechanism. The systematical test of the cell under various 570 

operational conditions confirmed the mechanism of the PNDIE cell serving for the first time as a proof-571 

of-concept of this all-polymer symmetric FDI cell. Results indicated that the capacity of Na+ removal 572 

was improved by up to more than 7 times when the voltage window was augmented from  0.7 to  573 

1.2 V (from 18.0 to 155.4 mg g-1). This exceptional outcome is suggested to be due to a multi-electron 574 

redox process of PNDIE that rendered high specific capacity values reflected in the impressive SAC, 575 

particularly  1.2 V. In addition to this, it is important to emphasize that the PNDIE rocking-chair 576 

system, besides an ultrahigh desalination capacity, shows also a fast salt removal rate (3.42 mg g-1 min-577 

1), and outstanding cycling stability over than 100 cycles (23 days) with a full SAC retention. 578 

Furthermore, the comparison of these results regarding the state-of-the-art literature reveals the 579 



superior performance delivered by all-polymer FDI cell highlighting the relevance of the outcome 580 

achieved.  As a final conclusion we hypothesize that our approach provides a brief outlook of different 581 

experimental analysis that enables to optimize the conditions of the desalination process, paving the 582 

way toward the design of advanced and high-performance FDI systems. Overall, the symmetric FDI 583 

system composed by simple preparation buckypaper electrodes fabricated using safe and 584 

environmentally benign polymers may play a positive role in promoting economical and sustainable 585 

electrochemical desalination. 586 
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