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A B S T R A C T   

Capacitive deionization (CDI) is a water desalination technology in which ions are removed from water by 
creating a potential difference between two capacitive electrodes. Porous carbon has been extensively used as an 
electrode material in CDI. However, recent developments in the field of intercalation materials have led to their 
application in CDI due to their large ion storage capacity. One such intercalation material, nickel hex
acyanoferrate (NiHCF), was used in this study as the electrode material. A symmetrical cell was assembled with 
two identical NiHCF electrodes separated by an anion-exchange membrane. The effect of operational parameters 
such as current density, feed concentration and flow rate on the desalination characteristics of the cell was 
investigated. The highest salt adsorption capacity of ≈ 35 mg/g was measured at a current density of 2.5 A/m2 

in a 20 mM NaCl feed solution. Furthermore, a Nernst-Planck transport model was successfully used to predict 
the change in the outlet concentration and cell voltage of the symmetric CDI cell. Finally, performance of the 
symmetric NiHCF CDI cell was compared with an MCDI cell with porous carbon electrodes. The NiHCF cell, on 
average, consumed 2.5 times less energy than the carbon-based MCDI cell to achieve similar levels of salt re
moval from saline water in CDI.   

1. Introduction 

Capacitive deionization (CDI) is an electrochemical water desali
nation technique in which the anions and cations are removed from 
water and temporarily stored in capacitive electrodes by creating a 
potential difference between them [1–3]. Regardless of the similarities 
between the design of different desalination setups, the mechanism of 
ion storage in the capacitive electrodes marks the difference between 
CDI and other electrochemical technologies such as electrodialysis, ED, 
where desalination is driven by faradaic reactions occurring at the 
electrodes. Therefore, desalination via ED can function continuously, 
provided the reaction conditions are maintained. On the other hand, 
conventional CDI cells produce desalinated water in an intermittent 
manner and the electrode voltage changes with charge accumulation. 
Once saturated, the capacitive electrodes are regenerated by either 
short-circuiting or reversing the polarities. This regeneration step in
terrupts the desalinated water supply. However, a different cell archi
tecture such as flow electrodes and rocking chair can enable CDI to 
continuously produce desalinated water [4–6], similar to ED and 

reverse osmosis. Moreover, it has been demonstrated that a part of the 
electrical energy supplied to the electrodes during the ion adsorption 
step can be recovered, after adjusting for the resistive losses, during the 
desorption step [7,8]. The recovery of the energy released during the 
electrode regeneration can enhance the thermodynamic energy effi
ciency of CDI [9], making capacitive electrodes attractive for water 
desalination applications. 

Conventionally, porous carbon has been used as an electrode ma
terial in CDI [10–13], due to its low cost, high specific surface area and 
electronic conductivity. Ion storage in these electrodes proceeds via an 
electrical double layer (EDL) formation on the pore surface [14]. 
However, carbon electrodes in CDI suffer from co-ion expulsion i.e. the 
depletion of co-ions from the EDL during counter-ion adsorption [15]. 
This results in only a partial use of the applied current or the potential 
difference in storing counter-ions in the micropores of the carbon 
electrodes, as the remaining part is diverted towards the removal of co- 
ions from the micropores. As a consequence, the energy and thermo
dynamic efficiency of the process decreases. It can be solved by placing 
ion-exchange membranes, IEMs, in between the electrodes and the flow 

https://doi.org/10.1016/j.desal.2020.114647 
Received 28 May 2020; Received in revised form 15 July 2020; Accepted 20 July 2020    

⁎ Corresponding author at: Laboratory of Organic Chemistry, Wageningen University, the Netherlands. 
E-mail address: louis.desmet@wur.nl (L.C.P.M. de Smet). 

Desalination 496 (2020) 114647

0011-9164/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2020.114647
https://doi.org/10.1016/j.desal.2020.114647
mailto:louis.desmet@wur.nl
https://doi.org/10.1016/j.desal.2020.114647
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2020.114647&domain=pdf


channel, effectively blocking the release of the co-ions from the mi
cropores [16]. This is called membrane capacitive deionization, MCDI. 
Furthermore, the ion storage in the electrical double layers shows 
limited inherent selectivity towards different ions [17–19], restricting 
its use in selective ion-exchange membranes. 

Recently, intercalation materials, explored in the field of batteries, 
have found application in electrode materials as an alternative to the 
porous carbon in CDI [20,21]. The ion storage in these materials in
volves insertion of an ion, mostly cation, in interstitial sites [22]. This 
mechanism is advantageous, as it has the desirable characteristics of 
adsorption in carbon such as fast kinetics [23] and improves upon the 
ion storage capacity [24], while eliminating the co-ion repulsion. In 
addition, desalination systems based on intercalation materials provide 
more flexibility for selective removal of ions of choice [25–28] without 
any chemical modifications of the electrode. Finally, the intercalation 
electrodes are capable of storing the same amount of charge at a lower 
voltage, which can lower their energy consumption in comparison to 
their carbon-based counterparts, as argued in [6] and recently pre
dicted theoretically in [29]. Here, we focus on this energy aspect of the 
intercalation materials and compare them with carbon electrodes. 

Among all the intercalation materials, the so-called Prussian blue 
analogues (PBAs) have been most commonly used to fabricate elec
trodes for CDI cells [6,30–32]. These materials have attracted attention 
due to their non-toxic nature, open framework structure, customizable 
chemistry, and stability at high cycling rates [33]. The process of in
tercalation in these materials proceeds via the insertion of a cation in an 
interstitial lattice site and a simultaneous reduction of a redox-active 
species in the cubic lattice structure [33]. The deintercalation of the 
inserted ion, during regeneration, is accompanied by the oxidation of 
the same redox-active species, thus maintaining the electro-neutrality 
of the lattice. An ideal PBA unit cell has an empirical formula of A2M[Fe 
(CN)6] where A is an alkali metal (Na, K) and M can be Ni [34], Cu 
[35], V [23] or other transition metal elements [33,36]. This highlights 
the versatility of the chemical composition of PBAs. In addition, PBAs 
have demonstrated an ability to intercalate ions of multiple valences 
such as Na+, Ca2+, and Y3+ among others [34,37]. One such PBA, 
NiHCF, with Na2Ni[Fe[(CN6)] as empirical formula of its reduced form, 
is used in this study as an electrode material for water desalination. The 
lattice structure in this material is important since a highly crystalline 

structure would result in a higher charge storage capacity, which is 
inversely proportional to the defects in the crystal structure such as the 
absence of Fe(CN)6 from the lattice. The loss of storage capacity in 
NiHCF electrodes has been attributed to the irreversible oxidation of the 
redox-active materials instead of the process of (de)intercalation [38]. 

The use of intercalation materials such as NiHCF as an alternative to 
porous carbon in CDI relies upon (a) desalination performance metrics 
such as energy consumption and productivity, P, defined as the volume 
of desalinated stream produced over a cycle for a given electrode area 
and (b) desalination objectives such as an average reduction in con
centration with respect to inlet feed, cin, 〈Δc〉, and water recovery (WR) 
for a given inlet feed concentration. The desalination performance in
dicators such as the salt adsorption capacity, SAC, and the charge ef
ficiency in combination with the metrics can further help in assessment 
of electrode material performance in CDI. Many studies have reported a 
higher SAC for intercalation electrodes in comparison to that of carbon 
[6,31,39,40]. However until now, there has been no effort to compare 
the performance of intercalation electrodes with that of carbon elec
trodes, in terms of well-defined performance metrics, under equivalent 
separation conditions and cell design elements [20,41]. The current 
study bridges this gap by providing a direct comparison between an 
intercalation electrode based-symmetric cell and a porous carbon 
electrode-based MCDI cell with respect to specific performance metrics, 
indicators, and separation conditions as described elsewhere [41]. The 
cell used in this study is termed symmetric as the electrodes in the cell 
intercalate the same kind of ion i.e. cation [4]. A comparison, as pre
sented in this work, will help to put the performance of intercalation 
electrodes in perspective with that of porous carbon electrodes. In ad
dition, it will facilitate the comparison of CDI systems based on sym
metric intercalation electrodes with other desalination technologies as 
the comparisons currently presented in literature, with reverse osmosis 
and electrodialysis, take neither the intercalation materials nor the 
symmetric cell configuration in CDI into account [42,43]. 

In this study, we use two NiHCF electrodes, with identical chemical 
and ionic composition, in a symmetrical CDI cell configuration to de
salinate feed water containing NaCl. The electrodes are referred to as 
identical here if their ionic content is the same. An estimate of their 
state of charge/discharge is defined as the intercalation degree, ϑ, 
which ranges between 0 and 1, and is calculated by taking a ratio of the 
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Fig. 1. Schematics of the two CDI setups, one with PBA and the other with porous carbon electrodes (a) A two-compartment symmetric cell assembled with identical 
NiHCF electrodes separated by a pair of flow channels and an AEM. The active particles, grey spheres, are presented as an agglomerate connected to each other and to 
the current collector, black solid line adjacent to the electrodes, by the conductive carbon, represented by twisted black lines running across the width of the 
electrode. (b) A one-compartment MCDI cell with identical porous carbon electrodes. In this configuration, an AEM and CEM are placed in front of the carbon 
electrodes, separating them from the flow channel in the middle. 
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actual charge transferred to or from the electrode and the equilibrium 
charge storage capacity of the electrode. A ϑ ≈ 0 indicates a state of 
minimum Na+ content (charge) and ϑ ≈ 1 indicates the maximum Na+ 

content (discharge) inside the NiHCF particles. A schematic in Fig. 1 (a) 
shows the symmetric cell with NiHCF electrodes under operation in a 
desalination cell. The figure shows the moment during which a current 
applied via the external circuit results in a synchronized expulsion and 
introduction of electrons from the left and the right electrode, respec
tively. In this moment, Na+ deintercalates from the left electrode into 
the solution. It is mirrored in the right compartment where Na+ in
tercalates into the electrode. Both of these processes occur simulta
neously to preserve the electroneutrality. The electric field drives the 
Cl− in the direction opposite to that of Na+ from the spacer channel. 
Therefore, an anionic flux is directed through the anion-exchange 
membrane (AEM) towards the electrode on the left. The Na+ deinter
calating from the anode combines with the Cl− migrating through the 
membrane to give a concentrated stream in the anodic compartment 
and a fresh water stream in the cathodic compartment. This study also 
includes the influence of cin and applied current densities I on the 〈Δc〉, 
energy consumed per cubic meter of the desalinated water, and the 
SAC. In addition, a theoretical model for symmetric CDI cell with in
tercalation materials such as NiHCF, developed in [44], was used to 
describe the results obtained from experiments. The theoretical de
scription, reported here with the experimental results, gives insight into 
desalination by the symmetric NiHCF cell. Finally, a comparison be
tween symmetric CDI cell with NiHCF electrodes and an MCDI cell with 
porous carbon electrodes, as depicted in Fig. 1 (b), was performed. The 
MCDI cell resembled the symmetric cell with the PBA electrodes by 
having the same geometric surface area (cm2) and loading (g-active 
material/cm2), spacer porosity and thickness along with the graphite 
current collectors and the polymeric end-plates. In addition to an AEM, 
the MCDI cell had a cation-exchange membrane, CEM, for the cathode. 
The performance metrics and indicator mentioned in [41], such as the 
energy consumption, P, and 〈Δc〉, respectively, were evaluated under 
identical experimental conditions for the symmetric cell with NiHCF 
electrodes and for the MCDI cell with porous carbon electrodes to 
highlight the differences between them. A list of symbols used 
throughout the manuscript is provided in Table 1. 

2. Materials and methods 

2.1. NiHCF synthesis and characterization 

A co-precipitation method [45] was adopted to prepare the NiHCF 
powder. A 200 mL solution of 24 mM NiCl2 ⋅ 6H2O (Alfa Aesar) and 
12 mM Na4Fe[(CN)6]⋅10H2O (Sigma Aldrich) each was added drop- 
wise to a 200 mL reaction medium containing 99% milliQ water and 
1% 1 M HCl, by volume, under vigorous stirring. The reaction mixture 

was stirred at 1000 RPM for ≈ 12 h. The precipitate formed was wa
shed three times with MilliQ water using a vacuum filtration unit and 
dried overnight in a vacuum oven at 40 ∘C. The chemical composition of 
the powder was determined by dissolving a small amount of NiHCF 
precipitate in a ≈ 70% (by volume) solution of HNO3, and using in
ductive coupled plasma optical emission spectrometry (ICP-OES) to 
analyse the resulting solution. The surface morphology of the NiHCF 
was observed using a scanning electron microscope (SEM). The parti
cles were coated with gold and imaged under the microscope for two 
different magnifications. The Brunauer-Emmett-Teller, BET, surface 
area of the NiHCF powder and the YP 80F carbon was measured by 
Tristar 3000 surface area analyser (Micromeritics). The crystallinity of 
the NiHCF particles was assessed by powder X-ray diffraction (XRD) 
analysis, performed using a copper source for diffraction angles in the 
range of 10∘  <  2θ  <  80∘. 

2.2. Electrode preparation and characterization 

The dried NiHCF precipitate, obtained from the co-precipitation 
reaction mentioned in Section 2.1, was used as an active material in 
preparing free-standing electrodes for desalination experiments. These 
electrodes comprised of conductive carbon black (Cabot), to enhance 
the electronic conductivity of the electrodes, and poly-tetra
fluroethylene (PTFE) (Sigma Aldrich), to provide them shape and bind 
the components together. The NiHCF precipitate and the conductive 
carbon were milled together. The fine NiHCF‑carbon blend was mixed 
with the 60% (by weight) PTFE dispersion and ethanol as a solvent. The 
slurry formed contained the NiHCF powder, carbon black and the 
binder in a ratio of 8:1:1 by weight. The slurry was kneaded until the 
majority of the solvent evaporated. The electrode mass left behind, in 
form of a wet dough, was cold rolled into 200 μm sheet electrodes with 
stainless steel rollers in a rolling machine (MTI corp.) at room tem
perature. Finally, the electrodes were cut into rectangles of 
10 cm × 2 cm, dried in an oven at 60 ∘C for 2 h to eliminate any 
residual ethanol from the fabrication procedure and weighed. The 
weight of the electrodes was kept between 0.42 and 0.45 g. 

Electrodes were electrochemically characterized by an ex-situ 
Galvanostatic Intermittant Titration Technique, GITT. A three-electrode 
cell setup was employed in this technique containing the NiHCF elec
trode as the the working electrode (WE), a platinum-coated titanium 
mesh as the counter electrode (CE) and a Ag/AgCl electrode as the 
reference electrode (RE). A 1 M Na2SO4 solution, bubbled with ni
trogen, was used as an electrolyte. The pH of the electrolyte was 
monitored at specific intervals and kept acidic (pH = 3). Current was 
applied in pulses via a potentiostat (IviumStat.h standard, IVIUM 
Technologies), and the corresponding voltage response was recorded. 
These current pulses were interrupted by an equilibration time, during 
which the circuit was left open and the open circuit voltage (OCV) was 
measured. The number of pulses applied to the cell corresponds to the 
charge capacity of the WE. Each pulse carried a charge of 5C (at a 
current of ≈ 60 mA/g-NiHCF). The charge storage capacity of the 
electrodes was determined by the product of the number of (de)inter
calation steps and the charge transferred to the electrodes in these 
steps. 

The carbon electrodes used in the MCDI cell were prepared in a 
similar manner as the NiHCF electrodes. In place of NiHCF, fine YP 80F 
carbon powder was used. The ratio of YP 80F and PTFE in the resulting 
electrodes was 0.95:0.05. The thickness of carbon electrodes was kept 
at ≈ 700 μm to keep their area and weight equal to that of the 200 μm 
thick NiHCF electrodes. The electrochemical characterization of the YP 
80F carbon electrodes has been reported in detail elsewhere [46]. 

2.3. Cell assembly and experiments 

The NiHCF electrodes were pre-treated prior to the assembly of the 
desalination cell. One of the two NiHCF electrodes used in the 

Table 1 
List of symbols.      

Nomenclature  

Applied current density (A/m2) I Intercalation degree ϑ 
Inlet concentration (mM) cin Spacer/electrode porosity ρs/ρe 

Change in concentration (mM) Δc Spacer/electrode tortuosity εs/εe 

Average concentration change 
(mM) 

〈Δc〉 Dimensionless potential ϕ 

Maximum cation concentration 
(M) 

cmax Dimensionless potential in 
electrode 

ϕec 

Reference concentration (mM) cref Inter-ionic repulsion factor g 
Concentration in active particle 

(mM) 
c+ Fluid velocity in flow 

direction (m/s) 
vy 

Interfacial area (cm2) A Ion valency i zi 

Active particle volume fraction εa Intercalation flux (mol/m3s) aJint 

Volumetric flow rate (mL/min) Q Productivity (L/h/m2) P 
Half cycle time (s) ΔtHCT   
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desalination cell, as shown in Fig. 1 (a), was put in a three-electrode cell 
configuration and charged to 0.9 V to deintercalate the cations, Na+ in 
this study, from the interstitial sites in it. The other electrode was as
sembled in an identical cell and discharged to −0.2 V to intercalate 
cations in the interstitial sites of the active particles bringing the elec
trode to a state of maximum discharge. These charged and discharged 
electrodes were then assembled in the desalination cell of Fig. 1 (a) 
together with spacer channels, an AEM, graphite current collectors and 
PVC end plates to sandwich the arrangement together. After the as
sembly, the cell was short-circuited for 1 h. This step before starting the 
desalination experiment was performed to equalize the ion content in 
the two, fully intercalated and deintercalated, electrodes. This ensures 
that the desalination starts with two identical electrodes, resulting in 
symmetrical and mirrored operation in the two cell chambers. 

The MCDI desalination cell with carbon electrodes was assembled 
according to the schematic presented in Fig. 1 (b). The cell design 
elements including the electrode weight of 0.45 g, projected area of 
20 cm2 and spacer thickness of 500 μm were kept identical to the 
symmetric CDI cell with NiHCF electrodes. The spacer channel was 
separated from the anode and cathode by the AEM and the CEM (CMX 
Neosepta), respectively. The carbon electrodes were soaked in the feed 
water for 0.5 h before the assembly. 

Two sets of experiments were performed to investigate the perfor
mance of NiHCF electrodes and to allow comparison with literature. In 
the first set, constant current was applied to the symmetric cell with 
NiHCF electrodes in the cell voltage window of ± 1 V to desalinate feed 
with cin of 5, 20, and 50 mM NaCl. For all these concentrations, I was 
varied from 2.5 to 15 A/m2. The current was normalized with the 
projected electrode area of 20 cm2. The change in effluent concentra
tion was monitored using a probe, connected to a conductivity meter 
(Orion Versa star, Thermo Scientific), at the two outlets of the desali
nation cell. The SAC obtained during the a half cycle was determined as 

QM
m

c c dt,
t in out
HCT (1) 

where cout indicates effluent concentration, M is the molar mass of 
NaCl, Q is the feed flow rate through each spacer channel, ΔtHCT is the 
half cycle time for the adsorption/desorption steps and m is the weight 
of both electrodes in the desalination cell. The symmetric cell with the 
NiHCF electrodes removes salt from both compartments over the entire 
duration of the desalination cycle. Therefore, the total salt removed in 
one full cycle is different from the SAC and is obtained by the addition 
of the SAC obtained during the adsorption half cycles of each electrode. 

In the second set of experiment, the half cycle time, ΔtHCT, of the 
adsorption and desorption steps was fixed. The NiHCF cell was operated 
under both constant current and constant voltage modes. The cin of the 
feed was kept constant at 20 mM NaCl. During the operation, I was 
varied in the range of 10 to 30 A/m2, and the Q was varied in the range 
of 4–12 mL/min. For operation in constant voltage mode, the cell 
voltage was varied from 0.4 to 1.2 V. For example, in one cycle, +0.4 V 
was applied in the first half and −0.4 V was applied in the second half 
of the cycle. This procedure was repeated for the cell voltages 0.6, 0.8, 
1, and 1.2 V. For all these experiments, the cin and Q was kept constant 
at 20 mM and 7.8 mL/min, respectively. 

Finally, for direct performance comparison, the symmetric cell with 
NiHCF electrodes and the MCDI cell with carbon electrodes were op
erated under the identical constant current conditions for the same cin, 
ΔtHCT and Q. The 〈Δc〉 was calculated as 

=c N
V

,d

d (2) 

where Nd are the moles of salt removed from the feed in one cycle and 
Vd is the volume of feed desalinated in one cycle. The average salt 
adsorption rate (ASAR) over a desalination cycle was calculated in two 
ways, as described in [41], in two units: 

=
t

ASAR(mg/g/min) SAC ,
cycle (3)  

and 

=µ N
A t

ASAR mol/cm /min ,d2

cycle (4) 

where A is the projected area of the desalination cell and Δtcycle is the 
cycle time. The use of two definitions of the ASAR help to evaluate and 
compare the design requirements of a desalination system by high
lighting the influence of electrode mass and area used to achieve the 
removal rate. The volumetric energy consumption was determined as 

V
IVdt1

d tcycle (5) 

where IV > 0. Productivity, P, defined as the volume of the diluate 
produced per unit time and projected face area of the desalination cell 
was calculated as 

=P V
A t

.d

cycle (6)  

In this work, the P of the symmetric cell with NiHCF electrodes is 
twice as high as that for the MCDI cell with carbon electrodes at the 
same Q as the desalinated water is produced in the entire duration of 
the desalination cycle for NiHCF cell. Furthermore, the water recovery 
(WR), defined as the ratio of the volume of desalinated water produced 
during one cycle and the total volume of water treated in one cycle[41], 
was fixed at 50% for both the systems. 

2.4. Theory 

The theoretical understanding of the desalination performance of 
porous carbon electrodes in MCDI has been extensively reported in 
literature [47–49]. Recently, the theoretical framework has been ex
tended to intercalation electrodes [44]. This theory is used in the cur
rent work to understand the desalination performance of present 
system. In short, we model the transport of ions in the spacers and the 
electrodes and the intercalation dynamics in the active particles. First, 
the transport of ions in the spacer channel is described by a mass bal
ance including an advective term for the inflow in the y-direction: 

= +c
t

D c
x

z
x

C n
x

v c
y

.s
s

s
i i i y

2

2 (7)  

The ion flux in x-direction is described by the Nernst-Planck equa
tion. The transport of ions in the pores of the electrodes is modeled in a 
similar manner: 

= + +c
t

D c
x

z
x

c
x

aJ ,e
e

e
ii

2

2 int
(8) 

where aJint is the intercalation flux from the pores into the active 
particles normalized by the surface area of the active particles per unit 
volume of the electrode, a. Then the intercalation degree, ϑ, is governed 
by 

=c
t

aJ ,vmax int (9) 

where cmax is the maximum theoretical concentration of the cations in 
the active particles. Finally, we assume an equilibrium between the 
cations in the active particle and the electrolyte where the potential 
difference is given by the Frumkin isotherm 

= +
+

µ c
c

gln
1

ln ( 0.5),cec
†

ref (10) 

where ϕec is the dimensionless potential in the conductive carbon in the 
electrode and g is a cation-dependent constant, signifying the inter- 
cation repulsion in the active particles. The model predicts the effluent 
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concentration from both spacer channels and the evolution of the cell 
voltage, V, in time. The cell voltage is calculated as the difference be
tween the ϕec at the anode and the cathode of the desalination cell. The 
parameters used in the model are given in Table 2. 

3. Results and discussion 

3.1. Characterization of NiHCF powder and electrodes 

The surface morphology of the NiHCF active particles after milling, 
observed under SEM, revealed a grainy structure of the active particles, 
as shown in Fig. S1 (a), that may have been formed due to inter-particle 
agglomeration. Imaging at different magnifications revealed particle 
sizes in the range of 0.5 to 5 μm. The porosity of these agglomerates 
affects the kinetics of ion transfer from the bulk to the active particles 
[44]. The SEM images revealed a combination of smooth and rough 
surfaces with micron-sized cracks. No evidence of active particle ag
glomeration and formation of island-like structures was observed. 

An elemental analysis of the NiHCF active particles with ICP re
vealed the presence of Ni, Fe and Na in the ratio of 1.9:1.2:1. A defi
ciency in the amount of Na per formula unit, in comparison to the 
theoretical value can be attributed to the fast precipitation of NiHCF 
during synthesis [23]. This results in the formation of defective lattices 
with inclusion of water in them which can compete with sodium for 
insertion, as reported before [6,36]. The crystalline nature of the par
ticles was confirmed by their X-ray diffractogram, which is comprised 
of sharp peaks at positions consistent with those of materials in the 
Fm3m space groups, as shown in Fig. S1 (b). In addition, the spectrum 
obtained was consistent with literature [45]. Finally, a N2 adsorption 
analysis performed on the NiHCF powder revealed a BET surface area of 
≈ 14 m2/g, which is two orders of magnitude lower than the surface 
area of ≈ 2300 m2/g, measured for the YP 80F carbon used in this 
study, which is also comparable to values reported in literature [46]. 
This shows that the mechanism of ion storage in the electrodes used is 
intercalation into the interstitial lattice sites of NiHCF electrodes. 

3.2. Electrochemical characterization 

The GIT technique, described in Section 2.2, was utilized to de
termine the total charge storage capacity of the NiHCF electrodes. The 
results of the electrochemical characterization of the NiHCF electrodes, 
as described in Section 3.2, are presented in Fig. S2. A negative current 
applied across the electrodes drives the Na+ from the feed channel, 
through the macropores in the WE and into the interstitial sites of the 
NiHCF particles. Simultaneously, a Fe3+ in the lattice reduces to Fe2+ 

by transfer of an e− from the current collector to the site of active 
particle via the conductive carbon. Such redox reactions accompanying 
ion intercalation are commonly observed for PBAs [36,50,51]. The 
equilibrium voltage (open circuit voltage (OCV)) of the NiHCF elec
trode (WE) relative to a Ag+/AgCl electrode decreases as intercalation 

proceeds in time, making the electrode less favorable to the incoming 
Na ions. A reversal in the direction of the I results in the deintercalation 
of the adsorbed Na+ and an increase in the OCV. During (de)inter
calation, the NiHCF electrode acts as an anode/cathode, which makes it 
prone to pH-dependent faradaic reactions. These reactions degrade the 
electrode during deintercalation by oxidizing the nickel in the NiHCF 
into one of its oxides [38]. The pH of the electrolyte was kept around 3 
to inhibit parasitic faradaic reactions. On average, a charge storage 
capacity of ≈ 55 mAh/g was recorded for the NiHCF electrode in this 
work, which is close to values reported in literature [6,30,45]. A lack of 
sodium in the synthesized PBA lattice, described in Section 3.1 is re
flected in the capacity of the electrode obtained from the GITT, as it is 
lower than the theoretical charge storage capacity of ≈ 80 mAh/g, 
calculated for single cation intercalation per unit cell. 

3.3. Desalination results 

The first set of desalination tests, as mentioned in Section 2.3, were 
performed at three different cin values: 20 mM (defined as the optimum 
CDI concentration [41]), 5 mM, and 50 mM for four I values: 2.5, 5, 10, 
and 15 A/m2. The I changes direction when the cell voltage reaches a 
cutoff value of either −1 or 1 V. A sample data set, showing the con
centration of the diluate, is given in Fig. 2 (a) & (b) for a feed of 20 mM 
treated in constant current mode at I = 10 A/m2. 

Table 2 
Input values for the parameters in the model used to predict the desalination 
behavior of a symmetric cell with NiHCF electrodes, adopted from [44].    

Parameter Value  

Electrode thickness (μm) 200 
Spacer thickness (μm) 500 
Electrode porosity, εe 0.5 
Spacer porosity, εs 0.7 
NiHCF volume fraction in electrode, εv 0.55 
Maximum cation concentration, cmax (M) 4.4 
Interfacial area, A (cm2) 20 
Inter-ionic repulsion factor, g 4 
Flowrate, Q (mL/min) 6.4 – 11.8 
Diffusion coefficient in membrane, Dm (m/s) 5.5 × 10−9 

Initial intercalation degree, ϑinitial 0.5 
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Fig. 2. Results of the desalination experiments (black dots) with superimposed 
model predictions (solid red line). The experimental data was obtained at the 
following conditions: cin = 20 mM, I = 10 A/m2 (a) Change in effluent con
centration from one channel (Δc) with time for two desalination cycles (b) The 
cell voltage response between −1 and 1 V for two desalination cycles. 
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The salt concentration at the outlet from the cell changes in re
sponse to the I. This is confirmed in Fig. 2 (a) which gives Δc at the 
outlet for the diluate. At this I and Q, the 〈Δc〉 obtained was 2 mM, 
which increased and decreased with the I. Such dependence of Δc on I 
has been shown before for carbon electrodes in MCDI [52]. The Δc 
predictions from the ion transport model, with the parameter values 
mentioned in Table 2, are plotted as continuous red line. Clearly, these 
predictions were in agreement with the values obtained experimentally. 

Fig. 2 (b) gives the corresponding change in the cell voltage during 
the constant current desalination at 10 A/m2. The model prediction for 
the cell voltage are shown as a continuous red line. The voltage re
sponse of the cell was predicted in the model by an ion adsorption 
isotherm for monovalent ions given in Eq. (10). The trend in the cell 
voltage was qualitatively predicted and only lacked agreement with the 
experimental data at voltages approaching 1 and −1 V. 

Fig. 3 (a) and (b) provide the SAC and the energy consumption data 
obtained for four different current densities: 2.5, 5, 10, and 15 A/m2 at 
three different feed water concentrations: 5, 20, and 50 mM at a con
stant flowrate of 6.4 mL/min. The maximum SAC in one half cycle was 
measured at ≈ 35 mg/gbothelectrodes for the cell at the lowest I of 2.5 A/ 
m2. In one full desalination cycle, the total salt removed from the feed 
water was ≈ 70 mg/gbothelectrodes. This highlights the advantage of a 

symmetric cell with two identical NiHCF electrodes that can con
tinuously desalinate water without interrupting the process for re
generation. The SAC value for the intercalation half cycle decreased to 
27 mg/gbothelectrodes when the I was increased to 15 A/m2, as shown in  
Fig. 3 (a). At the same time, the 〈Δc〉 increased, as is shown in Fig. S3 
(b). The decrease in SAC has also been observed for other intercalation 
materials during desalination [39], as the cut-off voltage is reached 
faster at higher I, resulting in a reduced half cycle time, as shown in Fig. 
S3 (a). During desalination, the concentration in the electrolyte-filled 
pores in the electrode may drop very low (< 1 mM) in the intercalation 
compartment [44]. So, at cin = 5 mM, the highest I of 15 A/m2 gen
erates a high voltage drop in the cell, resulting in insignificant salt re
moval. Therefore, the salt removal for this condition was not included 
in Fig. 3. The model predictions, superimposed on the experimental 
data in Fig. 3, provide a qualitative estimate of the SAC obtained from 
the experiments. The overestimation in values can be attributed to the 
imperfect concentration prediction, as illustrated in Fig. 2 (a). The 
model estimates identical SAC values for I of 2.5 and 5 A/m2. The SAC 
reduces at higher I, as obtained in the experiments as well. The theo
retical results were omitted for the case of cin = 5 mM and I = 15 A/ 
m2, as the model predicted a very high voltage drop over the cell and as 
a result, a low ΔtHCT and SAC. 

Fig. 3 (b) represents the energy consumption for the desalination 
tests presented in Fig. 3 (a). The concentration increase reduces the 
ionic resistance in the cell and as a result, the energy consumption. In 
addition, a decrease in the half cycle times, ΔtHCT, with increasing I 
reduces the amount of treated water in one half cycle, increasing the 
volumetric energy consumption. The model predictions come close to 
the experimentally measured energy values for low I values, but lack a 
complete agreement at higher I. Therefore, a better understanding of an 
increase in the resistance of the system at high I and low cin will be 
necessary in the future to accurately predict the energy consumption. 

The results from the second set of experiments with symmetric 
NiHCF cell, for fixed ΔtHCT, are given in Figs. 4 (a) and (b). The de
pendence of the volumetric energy consumption on P is shown in panel 
(a) for two 〈Δc〉 values. The trend for each 〈Δc〉 shows an increase in 
the energy consumption with increasing P. Such dependence has also 
been reported before for carbon electrodes as well [41]. When the 〈Δc〉 
was doubled from ≈ 1 to 2 mM, the energy consumption also doubled 
in the range of 50 ≤ P ≤ 125. To maintain a 〈Δc〉, I also increases with 
increasing P. The dependence of the energy consumption on I is plotted 
in Fig. S4. The predicted energy consumption by the model, given as a 
solid red line in Fig. 4 (a), matches with those obtained from the ex
periments. This follows from the agreement between the voltage curves 
obtained from the model and experiments, shown in Fig. 2 (b). Since 
the fixed ΔtHCT for the second set of experiments was only a fraction of 
the time it usually takes to saturate or empty the NiHCF electrodes, the 
model predictions closely match the energy values. This remains the 
case for all P at which the cell delivers 〈Δc〉 of ≈ 1 mM, and for a 
majority of P for 〈Δc〉 of ≈ 2 mM. 

The performance of the CDI cell under constant voltage operation 
for a fixed ΔtHCT and P is given in Fig. 4 (b). The Q for these experiments 
was kept constant at 7.8 mL/min. The 〈Δc〉 increased with an increase 
in the applied voltage from 0.4 to 1.2 V. The maximum Δc, i.e. the 
difference between the lowest concentration recorded during adsorp
tion and cin, was ≈ 6 mM for the applied cell voltage of 1.2 V. This 
corresponds to a 〈Δc〉 of ≈ 5.5 mM for a fixed ΔtHCT of 3 mins. The 
energy consumption increased with the applied voltage in a similar 
manner as shown in Fig. 3 (b). Since the energy was normalized by the 
ΔtHCT, the actual duration of the half cycle had no influence on the 
energy consumption calculations. For the 〈Δc〉 of 5 mM, the NiHCF cell 
consumed ≈ 170 Wh/m3 of energy at a P of 220 L/h/m2. For com
parison, data given in Fig. 5 of [41] shows that an MCDI cell with 
carbon electrodes consumes ≈ 140 Wh/m3 (without recovery), and ≈ 
60 Wh/m3 (with recovery), to achieve a 〈Δc〉 of 5 mM at a P of 70 L/h/ 
m2, for a system with cin = 20 mM and WR of 50%. Such comparisons 
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Fig. 3. Desalination results for symmetrical CDI cell with identical NiHCF 
electrodes. The experimental data is given for cin = 5 (black squares), 20 (red 
diamonds), and 50 mM (blue circles). The corresponding model predictions for 
cin = 20 and 50 mM are shown by solid red and blue lines (a) Single-channel 
SAC for different cin as a function of I (b) Energy consumed in Wh/m3 during 
(de)intercalation half cycles for different cin as a function of I. 
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are crucial to compare the performance of symmetric NiHCF cell with 
the data reported in CDI literature. In addition to the energy con
sumption, the rate of salt adsorption, ASAR, is also provided in Fig. 4 
(c). The rate doubles from 1.6 mg/g/min, obtained at 0.4 V, to 3.2 mg/ 
g/min, obtained at 1.2 V. The values of ASAR obtained here for the 
NiHCF cell are higher than the maximum ASAR of ≈ 1.8 and 2.5 mg/g/ 
min, reported in literature for MCDI with carbon electrodes [53,54]. 

Finally, the results from the experiments performed to directly 
quantify the differences between NiHCF and carbon-based symmetric 
and MCDI cells is given in Fig. 5 (a) & (b). It must be pointed out that 
the Q was the same for the NiHCF and carbon cells. A sample data set 
containing the concentration and IV profiles from the NiHCF and 
carbon electrode cells, obtained during the fixed ΔtHCT comparison 
experiments, is given in Fig. S5. The desalination performance was 
evaluated on the basis of volumetric energy consumption as a function 
of 〈Δc〉, given in Fig. 5 (a), and the ASAR as a function of I, given in  
Fig. 5 (b). From panel (a), it can be concluded that for 〈Δc〉 ≤ 2.5 mM 
and the same electrode weight, spacer thickness, and ΔtHCT, the MCDI 

cell with carbon electrodes consumed, on average, 3 times more energy 
than symmetric cell with NiHCF electrodes. As a specific example, the 
NiHCF cell consumes ≈ 22 Wh/m3 at a P of 220 L/h/m2 to deliver a 
〈Δc〉 of 2.5 mM. The MCDI cell with carbon electrodes on the other 
hand consumes ≈ 65 Wh/m3 to deliver the same 〈Δc〉 at a reduced P of 
110 L/h/m2. It must be pointed out that the symmetric NiHCF cell 
delivered twice as high P as the carbon-based MCDI cell at the same Q. 
For 〈Δc〉 > 2.5 mM, the MCDI cell still consumed > 2 times the energy 
consumed by the NiHCF cell. The relative increase in the energy con
sumption of the NiHCF cell, in comparison to the carbon-based MCDI 
cell, can be attributed to the transport limitations at higher adsorption 
or discharging rates, as has been reported before for other intercalation 
materials [39]. However, even at the highest I and 〈Δc〉 tested and 
achieved here, respectively, the MCDI cell with carbon electrodes 
consumed twice as much energy as the symmetric cell with NiHCF 
electrodes. The conclusion remains the same when the energy con
sumption is calculated in Wh/mol-NaCl, as shown in Fig. S6 of the ESI. 
This finding is in line with the conclusion of a thermodynamic com
parison of energy consumption between intercalation and carbon 
electrodes, recently performed in [29]. Furthermore, this finding also 
serves as an experimental proof for claims made in [55] about inter
calation based CDI cell being more energy efficient than a carbon based 

Fig. 4. Performance of the symmetric CDI cell with NiHCF electrodes during 
fixed ΔtHCT desalination tests in constant current and constant voltage modes 
(a) Variation of energy consumption of the cell under constant current opera
tion as a function of P for 〈Δc〉 of ≈ 1 and 2 mM. The solid red line represents 
the predictions from the model for the identical operation conditions. (b) 
Energy consumption of the symmetric cell under constant voltage operation as 
a function of 〈Δc〉 at a fixed P of 220 L/h/m2. The inset (c) gives the ASAR as a 
function of applied cell voltage in mg/g/min (left y-axis in black) and μmol/ 
cm2/min (right y-axis in red). 
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Fig. 5. Comparison of the symmetric CDI cell with NiHCF electrodes (circles) 
and MCDI cell with carbon electrode (diamonds) during fixed ΔtHCT desalina
tion tests (a) Variation of energy consumption of the symmetric and MCDI cell 
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MCDI cell. Charge efficiency, Λ, another important parameter defined 
as the ratio of charge adsorbed by the electrode to the external charge 
input to the electrode, provides an interesting insight in this compar
ison. For low I, therefore low Δc, the symmetric NiHCF cell exhibited a 
high Λ of 96%. However, with increasing I, the Λ reduced and settled at 
≈ 75%. This was observed for the highest I of 30 A/m2. An increased 
resistance in the cell at high I may be behind the drop in Λ. This ex
plains the relative increase in the energy consumption of the symmetric 
NiHCF cell at high Δc over the MCDI cell, which exhibited a Λ of 92% at 
the lowest I and settled at a Λ of 86% for the highest I of 27.5 A/m2. The 
Λ values of both the systems, for all I, is provided in Table S1 of the ESI. 
Furthermore, the model predictions for the NiHCF cell, given by solid 
black line in Fig. 5 (b) match with the values obtained from experi
ments, especially for the 〈Δc〉 ≤ 2.5 mM. At higher 〈Δc〉 values, the 
model underestimates the energy consumption, as has been observed 
earlier from the data in Figs. 3 and 4. 

In addition to energy consumption, the ASAR values obtained with 
the NiHCF and carbon MCDI cells as a function of I are presented in  
Fig. 5 (b). The ASAR values, calculated for one full cycle of desalination 
for both cells, show that the NiHCF cell removed ions at a rate twice as 
high as that obtained for MCDI cell with carbon electrode. This further 
highlights the advantage of a two-chamber symmetric cell over a single- 
chamber MCDI cell: the NiHCF cell desalinated water in the entire cycle 
and delivered higher ASAR and P at the same Q. Comparison of ASAR 
values obtained during the constant current and constant voltage op
eration of the NiHCF cell shows that higher ASAR was achieved in the 
constant voltage mode in comparison to the constant current mode. 
This can be seen from Figs. 4 (b) and 5 (b). However, the energy con
sumption of the cell, plotted as a function of ASAR for constant current 
and voltage mode of operation in Fig. S7, was also found to be higher 
during the constant voltage operation. It is clear from the data in the 
figure that the constant voltage mode of operation renders higher rates 
of adsorption at the expense of the energy consumption. 

4. Conclusion 

In this study we demonstrated the intrinsically high energy effi
ciency of symmetric CDI cells with nickel hexacyanoferrate (NiHCF) 
electrodes compared to carbon-based MCDI cells by typically obtaining 
a 2.5-fold reduced energy consumption. In addition, the average salt 
adsorption rate (ASAR) of the NiHCF cell was typically 2-fold higher 
than that of a carbon-based MCDI cell for identical separation condi
tions. The set-up contained identical NiHCF electrodes which reversibly 
intercalate Na ions. This allowed for continuous desalination, and a 
removal of 70 mg NaCl/gbothelectrodes in one full cycle at an applied 
current of 2.5 A/m2. An even higher ASAR was obtained in constant 
voltage mode in comparison to constant current mode, but at the ex
pense of a higher energy consumption. A Nernst-Planck transport 
model, with Frumkin adsorption isotherm, was successfully used to 
accurately predict the SAC, via the effluent concentration. In addition, it 
provides a qualitative description of the energy input, via the cell vol
tage prediction, especially for the lower current densities tested here. A 
better theoretical understanding of the resistance in the NiHCF cell will 
be required to improve the energy input predictions also at higher 
current densities. 
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