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Divalent Ion Selectivity in Capacitive Deionization 
with Vanadium Hexacyanoferrate: Experiments and 
Quantum-Chemical Computations
Kaustub Singh, Guanna Li, Juhan Lee, Han Zuilhof, Beata L. Mehdi, Rafael L. Zornitta, 
and Louis C. P. M. de Smet*

Selective removal of ions from water via capacitive deionization (CDI) is 
relevant for environmental and industrial applications like water purification, 
softening, and resource recovery. Prussian blue analogs (PBAs) are proposed 
as an electrode material for selectively removing cations from water, based 
on their size. So far, PBAs used in CDI are selective toward monovalent ions. 
Here, vanadium hexacyanoferrate (VHCF), a PBA, is introduced as a new 
electrode material in a hybrid CDI setup to selectively remove divalent cations 
from water. These electrodes prefer divalent Ca2+ over monovalent Na+, with 
a separation factor, βCa/Na ≈3.5. This finding contrasts with the observed 
monovalent ion selectivity by PBA electrodes. This opposite behavior is 
understood by density functional theory simulations. Furthermore, coating 
the VHCF electrodes with a conducting polymer (poly-pyrrole, doped with 
poly-styrenesulphonate) prevents the contamination of the treated water 
following the degradation of the electrode. This facile and modular coating 
method can be effortlessly extended to other PBA electrodes, limiting the 
extent of treated water contamination during repeated cycling. This study 
paves the way for tunable selectivity while extending the library of electrodes 
that can be successfully used in (selective) CDI.
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the influence of an applied electric current 
or voltage.[1,2] Once removed, these ions 
are stored inside or at the surface of the 
capacitive electrodes. These electrodes can 
be fabricated out of the same materials 
with the same ion storage mechanism, like 
in conventional CDI, or from materials 
with different ion storage mechanism, as 
demonstrated in hybrid CDI (HCDI).[3,4] 
The choice of materials for electrode fab-
rication plays a crucial role in the perfor-
mance of a CDI setup. Conventionally, 
carbon has been the material of choice for 
electrodes. The ions are removed from the 
water and stored in the micro/mesopores 
of the carbon.[5,6] Carbon has been the 
material of choice because of its low cost, 
easy availability, high conductivity, ampho-
teric behavior, and high surface area.[7,8] 
These attributes make it suitable for water 
desalination applications.[5,9,10] Carbon 
electrodes are, however, of limited utility 
for two reasons: First, they suffer from 
an unproductive reaction caused by the 

expulsion of ions with the same charge as that of the electrode, 
referred to as co-ion repulsion or ion swapping.[11,12] Second, 
they display an insufficient selectivity toward different ions.[13] 
Such selective removal of ions from water is, however, crucial 
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1. Introduction

Capacitive deionization (CDI) is a water desalination technology 
in which two porous electrodes remove ions from water under 
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for industrial applications like resource recovery, production of 
fine chemicals, and water softening.[14]

A solution to a few of the above-mentioned issues of bare 
carbon is the use of ion-exchange membranes placed adjacent 
to it inside the desalination cell. This configuration is referred 
to as membrane capacitive deionization (MCDI).[15,16] The use 
of membranes in CDI cells has increased their ion removal 
and energy efficiency[17] and enabled versatile new cell architec-
tures.[14] However, the high cost of the membranes poses a prac-
ticality issue. Another alternative to carbon lies with electrodes 
based on intercalation materials for CDI.[1,18,19] The crucial 
difference between intercalation materials and carbon is the 
storage mechanism of ions. Unlike storage on the pore surface 
as seen in carbon, ions in intercalation materials are inserted 
either into an interstitial lattice sites[20,21] or in between the 
layers of the material[22,23] under an applied electric current or 
voltage. This ion storage mechanism prevents the co-ion repul-
sion encountered in carbon-based electrodes, eradicating the 
necessity of membranes in high-efficiency CDI cells.[1] In addi-
tion, these materials retain the positive attributes of carbon, 
such as easy electrode preparation and improve upon the salt 
absorption capacity[24] and energy efficiency.[25,26] Furthermore, 
intercalation materials have also demonstrated inherent selec-
tivity toward various ions,[14,27,28] unlike carbon which requires 
either membranes or surface modifications to gain high selec-
tivity. The current study explores this inherent selectivity, 
exhibited by one of the Prussian blue analogs (PBAs), a class of 
intercalation materials.[29]

Prussian blue (PB), one of the oldest synthesized pigments, 
has the chemical formula A2M[Fe(CN)6] in reduced form, 
where A is an alkali metal (Na, K). For PB, the element M is 
Fe, whereas for PBAs, M can be Ni,[30] Cu,[31] and V,[32] among 
other transition metal elements.[33,34] The use of PBAs in CDI 
is interesting because of their open crystal structure, custom-
izable chemical composition, and inherent selectivity toward 
cations.[14,19,35] Furthermore, these electrodes have also been 
reported to be stable for up to 80 cycles under brackish water 
desalination conditions.[36,37] The ions removed from the water 
are stored in the interstitial lattice sites of the PBAs. This inser-
tion is accompanied by a change in the oxidation state of a 
redox-active constituent of the PBA lattice.[38] Different cations 
intercalate into the lattice at different (reduction) potentials 
within the stability window of water.[14] This intercalation poten-
tial serves as a useful indication of whether the intercalation 
of a cation will be easy or difficult relative to another cation. 
Studies have shown that in a mixture of alkali metal ions, PB 
and its analogs demonstrate the strongest affinity toward Cs+. 
This affinity reduces in the case of the alkali metals above 
Cs+ in the group.[39,40] This trend of reducing the affinity of 
the PBA toward cations follows their insertion potential.[31,41] 
Taking advantage of this property, recent studies in CDI have 
also successfully demonstrated the use of PBA electrodes in 
the selective separation of monovalent over divalent ions.[19,35,42] 
However, systems for the selective removal of divalent ions 
based on PBA electrodes, important for applications such as 
water softening, surely require further development. Another 
area that requires improvement is the stability of PBA elec-
trodes during repeated cycling.[43] It has been hypothesized that 
the electrodes dissolve due to the exchange of CN− in the PBA 

lattice with OH− from the aqueous solution.[21] This dissolution 
results in the release of undesired species into the treated solu-
tion, demanding an extra post-treatment step. To enable a wider 
utilization of PBA-based CDI technologies, this shortcoming 
must be addressed.

In this study, we introduce vanadium hexacyanoferrocyanate 
(VHCF) as electrode material in CDI, explain its ion selectivity 
by quantum chemical calculations, and develop a coating for 
the electrode to prevent treated water contamination. In brief, 
VHCF was synthesized, characterized, and used as an active 
electrode material for selective ion separation from a mixture 
of mono- and divalent ions, via HCDI. A schematic of the cell 
used for desalination is given in Figure 1. This cell configura-
tion contains a cathode, made of VHCF particles embedded in 
a conducting carbon additive, a spacer channel for feed flow, 
and an oversized activated carbon anode,[44] isolated by an 
anion-exchange membrane (AEM) from the feed. The VHCF 
particles were characterized in detail using a variety of surface-
sensitive, temperature-sensitive, and electrochemical methods. 
Selectivity experiments were performed on binary and ternary 
solutions of mono- and divalent cations. The stability of the 
VHCF electrodes was tested in single-salt solutions. Density 
functional theory (DFT) calculations on the crystal structures 
were performed within the VASP program[45] to elucidate the 
intercalation preference of the VHCF lattice toward different 
cations, and to compare it with that of nickel hexacyanofer-
rate (NiHCF), another widely used PBA in (selective) CDI.[1,14] 
Finally, the surface of VHCF electrodes was modified to prevent 
the release of ionic components of the electrode in the treated 
stream after electrode degradation. We show that this can be 
successfully achieved by coating the VHCF electrode with a 
protective layer of a conducting polymer polypyrrole-doped with 
poly(styrenesulfonate) (PPy/PSS), thereby reducing the direct 
contact of feed and the electrode. This study demonstrates the 
first-time use of a PPy/PSS layer to prevent contamination of 
treated water, for a divalent cation-selective PBA electrode, also 
shown in this study for the first time.

2. Experimental Section

2.1. VHCF Particles: Preparation and Characterization

The synthesis of VHCF-active particles was performed 
according to a modified coprecipitation adopted from litera-
ture.[32] A 40 × 10−3 m solution of VCl3 (Alfa Aesar) was prepared 
in 200 mL of water containing 1% (v/v) HNO3 (Sigma Aldrich). 
Simultaneously, a 20 × 10−3 m solution of Na4[Fe(CN)6]·10H2O 
(Sigma Aldrich) was prepared in 200  mL of water containing 
1% (v/v) HCl (Sigma Aldrich). These acidified precursors were 
dropwise added to a 200  mL of 10% (v/v) HCl solution. The 
reactor was immersed in an oil bath, maintained at 70  °C, 
and the mixture inside was stirred at 600 RPM for ≈12 h. 
The precipitate formed was washed with a vacuum filtration 
unit, and the residue was dried overnight in a vacuum oven 
at 80  °C. The morphology of the VHCF particles was exam-
ined by a JEOL JSM 7001F field emission scanning electron 
microscope (SEM) at an acceleration voltage of 10–15 kV. The 
chemical composition of the VHCF particles was determined 
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by energy-dispersive X-ray spectroscopy (EDS) with an INCA 
X-act EDS detector (Oxford Instruments). The spectra of ten 
spots on the different particles were measured using an accel-
erating voltage range of 15 kV and averaged. The crystallinity of 
the VHCF particles was assessed by powder X-ray diffraction 
(XRD), performed using a copper source for diffraction angles 
in the range of 10° < 2θ < 70°. Infrared (IR) spectroscopy was 
performed on the VHCF powder by a Bruker Tensor 27 spec-
trometer with platinum attenuated total reflection accessory. 
The X-ray photoelectron spectroscopy  (XPS) spectrum of the 
VHCF particles was obtained by a JPS-9200 photoelectron 
spectrometer (JEOL, Japan) under ultrahigh vacuum, using 
a monochromatic Al Kα source at 12 kV and 20 mA and was 
processed by CASA XPS software (version 2.3.16) with Shirley 
background fitting correction. The water content in the VHCF 
powder was estimated by thermo-gravimetric analysis (TGA), 
performed under N2 environment at the rate of 5  °C min−1 
from 25 to 700 °C.

2.2. Electrode Fabrication

The dried VHCF powder was milled with the activated carbon 
(YP-80F) (Kuraray corp.) in a ball mill for 20 min. The resulting 
fine powder was mixed with poly(tetrafluoroethylene) (PTFE) 
(60% dispersion, Sigma Aldrich) in ethanol as a solvent and 
kneaded into a dough. The final composition of the dough added 

was 8.5:1:0.5 for VHCF, AC, and PTFE, respectively. The par-
tially dried dough was cold-rolled into 10 cm × 10 cm × 200 µm,  
freestanding sheets. The electrodes were dried at 120  °C over-
night, under vacuum. Following the drying, the electrodes were 
stored in a desiccator.

2.3. PPy/PSS Layer Electrodeposition

The PPy/PSS layer was electrochemically deposited on the sur-
face of the VHCF electrode to achieve a homogeneous layer. 
First, 150  mL of a solution containing 0.1  m PPy(Polymer, 
Sigma Aldrich) and 0.5 m PSS (sodium salt, Sigma Aldrich) was 
prepared. The VHCF freestanding electrodes were pressed and 
deposited on a graphite current collector in a rolling machine 
(MTI Corp) at room temperature. This VHCF-graphite com-
posite electrode was then dipped in a PPy/PSS solution as a 
working electrode (WE). An oversized activated carbon was 
used as a counter electrode (CE) along with an Ag/AgCl elec-
trode in 3 m KCl as the reference (RE). The PPy/PSS layer elec-
trodeposition was carried out in a constant-current operation 
during which, a current of ≈150 mA g−1 was applied to the WE 
for 40 min. After the electrodeposition, the VHCF and the cur-
rent collector became completely black. The rear of the current 
collector was carefully polished to remove any excess of physi-
cally bound PPy/PSS. The composite electrode was labeled as 
VHCF-PPy/PSS.

Figure 1.  Schematic of a hybrid CDI cell with VHCF and an oversized carbon electrode, separated from the spacer by an anion-exchange membrane. 
A simplified version of the freestanding cathode shown here depicts its components as agglomerated VHCF particles (green spheres) interconnected 
by the conductive carbon additive (black irregular lines) to facilitate intraparticle electron transfer as well as that between the particles and the current 
collector. The schematic shows the moment of operation when cations (selectively) intercalate into the VHCF cathode and anions are adsorbed in 
the pores of the carbon anode, resulting in a desalinated feed at the outlet of the spacer channel. The inset depicts the unit cell structure of VHCF, 
modeled in the DFT calculations.
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2.4. Electrochemical Characterization and (Ion-Selective) 
Desalination

The electrochemical characterization of the electrodes was 
obtained from cyclic voltammetry (CV) experiments, carried out 
in a three-electrode cell with VHCF as WE, an activated carbon 
separated by an anion exchange membrane (AEM) as a CE, 
and an Ag/AgCl electrode as RE mounted close to the WE. The 
electrolytes were two different, 1 m solutions of NaCl and CaCl2 
each, with pH values of ≈2 and 7. In addition, a dilute HCl solu-
tion of pH = 2, containing no other cation, was also used as an 
electrolyte for CV. The electrode potential was varied from −0.2 
to 1.05 V at the scan rate of 1 mV s−1 by a potentiostat (n.stat, 
IVIUM Technologies).

The selectivity experiments were performed in a hybrid 
CDI cell, as depicted in Figure 1, containing either the bare 
VHCF electrode or the PSS/PPy-coated VHCF electrode as 
cathode (0.1–0.2 g), and a YP-80F carbon electrode (10 cm × 
10 cm × 500 µm, 0.6–0.8 g) as anode, separated by a porous 
spacer channel of thickness 500  µm. The weights of the 
cathode and anode were matched according to the adsorp-
tion capacities reported for PBAs (35–45  mg g−1)[18,26,46] and 
AC (10–15  mg g−1).[47,48] An AEM was used to isolate the 
anode from the spacer channel, in order to prevent the influ-
ence of the carbon electrode on VHCF electrodes. Feed solu-
tions with different kinds and concentrations of cations were 
treated by the cell to investigate the affinity of VHCF elec-
trodes. The compositions of these feeds, namely, F1, F2, F3, 
and F4, and their corresponding pH are given in Table 1. The 
pH of the MilliQ water used to prepare the solutions was 
≈6.5.

A batch of 50  mL of ion mixture was desalinated under a 
recycle condition by the VHCF hybrid cell. The ion removal was 
performed first under a constant-voltage operation. For absorp-
tion, a cell voltage of −1 V was applied for 0.5 h. The sample was 
taken after 0.5 h from the diluate reservoir to measure the ion 
concentration via ion chromatography (Eco IC, Metrohm). The 
VHCF electrode was regenerated by applying a cell voltage of 
+1 V for 0.5 h in a regeneration electrolyte containing the same 
cations as the ones in the diluate used during absorption. The 
end of these operations completed one full cycle. The chambers 
were flushed with MilliQ water in between the adsorption and 
desorption steps to prevent contamination of the diluate. Seven 
cycles were performed to continuously reduce the concentra-
tion in the diluate.

To understand how the VHCF electrodes performed upon 
continuous cycling, a hybrid cell containing a VHCF cathode 
and a carbon anode was cycled continuously in 20  × 10−3 m 

single-salt solutions of NaCl and CaCl2, respectively. The res-
ervoir volume was 5 L. The cell was run for 40 cycles in a con-
stant-voltage mode with steps of 0.5 h of operation, each at 1 
and −1 V and the conductivity was recorded at the outlet. The 
electrodes were analyzed via post-mortem XRD.

2.5. Quantum Chemistry

All spin-polarized DFT calculations were performed using the 
Vienna Ab initio Simulation Package (VASP, version 5.4).[45,49] 
The Perdew–Burke–Ernzerhof (PBE) functional based on the 
generalized gradient approximation (GGA) was chosen to 
account for the exchange-correlation energy.[50] A plane-wave 
basis set in combination with the projected augmented wave 
(PAW) method  was used to describe the valence electrons 
and the valence-core interactions, respectively.[51] The kinetic 
energy cut-off of the plane wave basis set was set to 400  eV. 
Gaussian smearing of the population of partial occupan-
cies with a width of 0.05  eV was used during iterative diag-
onalization of the Kohn-Sham Hamiltonian. The threshold 
for energy convergence for each iteration was set to 10−5  eV. 
Geometries were assumed to be converged when forces on 
each atom were less than 0.05 eV Å−1. Both atomic positions 
and lattice constants were fully optimized during the bulk cal-
culation. The calculated lattice constants were 10.20 Å for the 
cubic NiHCF (a  = b  = c; α  = β  = γ  = 90°) and 7.24 Å for the 
rhombohedral VHCF (a  = b  = c; α  = β  = γ  ≠ 90°) (detailed 
structural information available as .cif ). The Brillouin zone 
integration and  k-point sampling were done with a Monk-
horst–Pack scheme  of a 4  × 4  × 4 and 2  × 4  × 4 grid points 
for the unit cells and the 2  × 1  × 1 supercells of NiHCF and 
VHCF, respectively.[52,53] The DFT+U method was applied to 
deal with the on-site self-interaction error among the d elec-
trons, and the Ueff values of Fe, Ni, and V were set as 1, 3, and 
3 eV, respectively. The Van der Waals (vdW) interactions were 
included by using Grimme's DFT-D3(BJ) method, as imple-
mented in VASP.[54] The calculations were done with inter-
calated cations with no hydration shell and with cations with 
six water molecules around them to understand the effect of  
solvent on the selectivity.[55]

3. Results and Discussion

3.1. VHCF Powder Characterization

The proposed synthesis route was chosen so that the vana-
dium precursor remains as V(IV) during the reaction with 
the [Fe2+(CN)6][4]− group in the acidified reaction mixture. 
The addition of HNO3 in the vanadium precursor solution 
results in the oxidation of V(III) to V(IV), which is charac-
terized by a final blue color of the precursor solution, as 
depicted in Figure S1 (Supporting Information). The addi-
tion of V(IV) and [Fe2+(CN)6][4]− precursors into an acidified 
aqueous reaction mixture, instead of adding one reactant to 
the other, kept the molar ratio of the reactants constant in 
the reaction mixture during the addition process. The acid-
ification of the reaction mixture has been shown to retard 

Table 1.  Concentration of cations and the pH of the feed solutions 
treated by a hybrid CDI cell to investigate the affinity of VHCF electrodes 
toward different ions.

Feed Li+ (mm) Na+ (mm) Ca2+ (mm) Mg2+ (mm) pH

F1 – 10 10 – 6.1–6.2

F2 – 10 – 10 6.6–6.8

F3 – 10 10 10 7.3–7.4

F4 10 – 10 – 6.7–6.8
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the rate of coprecipitation between the precursors.[30,32] 
The delayed formation of the first crystals during the reac-
tion, after the dropwise addition, gave an indication of the 
retarded rate of coprecipitation, which helps in formation 
of lattices with higher crystallinity.[32] The acidified reaction 
mixture coupled with the easy availability of V(IV) results 
in a facile growth of VHCF particles. SEM images of the 
synthesized VHCF particles are given in Figure  2a,b and 
Figure S2 (Supporting Information), showing an agglomera-

tion of particles, as seen for other PBAs such as NiHCF.[26] 
The size of these agglomerates range between 0.5 and 5 µm. 
Figure  2b shows the particles at 22  000× magnification, 
revealing that the agglomerates of ≈500 nm diameter have a 
flake-like morphology.

The XRD pattern of the VHCF powder was compared to 
that of the NiHCF powder to highlight the analogous nature of 
the two PBAs. The VHCF synthesis resulted in a well-defined 
and crystalline lattice, as seen in the XRD pattern of the VHCF 

Figure 2.  Characterization of the VHCF powder synthesized via a bulk coprecipitation reaction. Data for NiHCF, prepared via a similar coprecipitation 
method detailed elsewhere,[26] are also provided along with VHCF for comparison. a,b) SEM images of VHCF powder obtained at 4500× and 22 000× 
magnifications. c) Measured (solid lines) XRD patterns of as-prepared VHCF (black) powder and NiHCF (red) powder and the predicted (dashed lines) 
XRD peaks from the DFTcrystal models with labeled characteristic planes. d) A wide XPS spectrum indicating the elements and their ratios in the VHCF 
powder. e) IR spectra of the VHCF (black) powder compared with that of NiHCF (red) powder with labeled characteristic stretching. f) TGA spectra of 
the VHCF (black) powder compared with that of the NiHCF (red) powder.
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powder in Figure  2c. A comparison of VHCF diffractogram 
(black) to that of NiHCF (red) confirms that the VHCF struc-
ture is that of a PBA. The peaks in the NiHCF diffractogram 
are characteristic of a cubic lattice,[30,56] while the structure of 
VHCF can be ascertained to fit either a cubic or rhombohedral 
lattice, considering the high degree of overlap between them. 
The exact structure of VHCF may vary between these two lat-
tice types, as is usually seen for PBAs.[57] Nevertheless, the XRD 
patterns presented in Figure  2c agree well with the diffracto-
grams reported elsewhere for an electrochemically-deposited 
VHCF thin film,[58] and with the patterns predicted by the DFT 
calculations for the model crystals of both NiHCF and VHCF. 
The agreement between the experimental and the calculated 
diffraction pattern of VHCF is especially remarkable as it con-
firms our placement of O atom, present in the VO bond, in 
the lattice toward the interstitial site, as illustrated in Figure 1. 
Interestingly, the peak positions appear to be shifted to higher 
angles for VHCF when compared to NiHCF. A closer look at 
the reflections of (200), (400), and (420) planes of VHCF and 
NiHCF particles, as shown in Figure S3 (Supporting Informa-
tion), confirms this observation. This results in a d100 lattice 
spacing, calculated using the (h00) peaks shown in Figure 2c, of 
10.15 Å for VHCF, compared to 10.2 Å for NiHCF. This value is 
within the range of values reported in the literature for VHCF 
(10.1 Å[59] and 10.19 Å[60]).

An XPS wide scan, presented in Figure  2d, confirmed the 
presence of iron, vanadium, carbon, and nitrogen in the VHCF 
lattice. As expected, the most abundant elements in the powder 
were carbon and nitrogen, followed by oxygen, vanadium, and 
iron. The presence of vanadium at a peak position of 516.6 eV 
in the XPS spectrum implies the presence of V(IV).[58] The 
presence of oxygen in the structure may come from water 
molecules residing either in the interstitial sites in the center 
of the lattice, as confirmed by the TGA measurement of the 
VHCF powder (Figure 2f), or bound to the transition metal.[61] 
The presence of vanadium as vanadyl, VO2+, in the lattice also 
contributes to the total oxygen content. The V/Fe ratio of 1.7 
indicates a presence of the higher number of Fe(CN)6 vacan-
cies in the lattices or the presence of interstitial vanadyl ions, as 
hypothesized earlier in a work that reported a V/Fe ratio of 1.5 
for a thin film electrode.[58]

A similar trend in the elemental content of the VHCF 
powder was obtained by EDS measurements (Figure S2, 
Supporting Information). Carbon and nitrogen were the 
most abundant elements, the V/Fe ratio was 1.61, compa-
rable to the ratio obtained from XPS, indicating the similar  
elemental composition in the bulk and on the surface of 
the particles, and sodium, only detected by EDS, was the 
least-abundant element. The amount of iron was one-sixth 
of both carbon and nitrogen, which can be attributed to 
the Fe(CN)6 moieties in the lattice. A Fourier transform 
infrared (FTIR) spectrum, presented in Figure  2e, high-
lights the molecular vibrations in the VHCF lattice. The 
transmission peaks around 2090, 2165, and 440–520 cm−1  
correspond to the characteristic stretching vibration  
of Fe(II)CN, Fe(III) CN, and MC bonds, 
respectively, as reported elsewhere.[61–64] These peaks also 
prove the presence of both Fe(II) and Fe(III) in the as-pre-
pared VHCF particles, as reported earlier.[65] This feature of 

the VHCF particles is also seen in narrow XPS scan of Fe, 
as shown in Figure S4. The VO stretching was observed 
at 978 cm−1, in line with literature for vanadyl ions.[32,59] The 
broad peak around 3300 cm−1 and the sharp peak around 
1600 cm−1 can be attributed to the zeolitic and coordinated 
water present in the VHCF lattice, respectively.[32] The FTIR 
spectrum of the prepared VHCF powder is comparable 
to that of the NiHCF, with the only exception of MC 
stretching, confirming the analogous nature of VHCF and 
NiHCF PBAs. Finally, the result of the thermogravimetric 
analysis (TGA) of the VHCF powder is provided and com-
pared with that of NiHCF powder in Figure 2f. Weight loss 
was observed in three regimes. The first regime starts from 
100  °C, indicating a weight loss of 22% related to the loss 
of structural water, as indicated by the IR transmission 
peaks and the presence of extra oxygen in the XPS analysis 
of the VHCF powder. This is lower than the amount seen 
in NiHCF (≈30%). The second and third regimes are associ-
ated with the evolution of HCN (180–280 °C) and decompo-
sition of the electrode (>300  °C), similar to the reports in 
literature.[65]

3.2. Electrochemical Characterization of Electrodes

The VHCF electrodes were electrochemically characterized by 
CV. Such characterization is crucial as it provides insight into 
the redox activity of the electrode, associated here with cation 
intercalation, and it indicates the affinity of the electrode toward 
different ions.[28]

The voltammograms of VHCF electrodes, carried out in 
single-salt solutions of NaCl and CaCl2 at two different pH 
of 2 and 7, are shown in Figure 3a,b. The voltammogram of 
MgCl2 at pH = 2 is given in Figure S5 (Supporting Informa-
tion). For a neutral feed solution with pH = 7, the VHCF elec-
trodes exhibited a higher capacity in CaCl2 in comparison to 
NaCl, evident from the area enclosed by the respective vol-
tammograms in panel (a) (25.4  ± 0.3 C gVHCF

−1 in NaCl vs  
42.8 C gVHCF

−1 in CaCl2 solution). Interestingly, at pH = 2 the 
areas enclosed by the voltammograms of NaCl and CaCl2, as 
shown in panel (b), increase to 38.2 ± 1.3 and 52.2 ± 1.7 C gVHCF

−1,  
respectively. Interestingly, the reduction in pH increased 
the redox activity of the VHCF electrode resulting in more 
pronounced and distinct oxidation and reduction peaks 
related to (de)intercalation of Na+ and Ca2+ in the lattice. 
This is, to the best of our knowledge, the first proof of the 
intercalation of any divalent ion in VHCF lattice at neutral 
and low pH. It also demonstrates a reliable operation of the 
electrodes at low pH, commonly encountered during recy-
cling of metals in real-life applications. Furthermore, the 
voltammograms shown in Figure 3b give the first indication 
toward the relative preference of VHCF electrode toward 
divalent Ca2+ at Ered  ≈ 0.55  V, against monovalent Na+ ions, 
with Ered  ≈ 0.4  V versus Ag/AgCl. A higher intercalation 
potential for the divalent ions indicates easier intercalation: 
after the deintercalation process, the ions with more posi-
tive reaction potential will be intercalated first. This voltam-
mogram hints at the higher affinity of the VHCF electrodes  
toward divalent ions. The redox peaks which appear at  

Adv. Funct. Mater. 2021, 2105203
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pH = 2 cannot be due to extra H+ (de)intercalation, as they 
remain absent from the voltammogram obtained in a dilute 
HCl solution that contains neither Na+ nor Ca2+. This implies 
that in the salt-containing solutions, Na+ and Ca2+ remain the 
prominent adsorbing ions. The voltammograms presented in 
Figure 3a,b for NaCl differ from those previously reported in 
the literature for VHCF; for instance, the peak positions and 
the number of oxidation and reduction peaks.[32,58,59] These 
differences can be attributed to either the type of electrode: 
thin film (order of 10 nm—seen in literature[58]) versus sheet 
electrodes (200–300 µm—used in this study) or the CV condi-
tions—acidic electrolytes (acid concentration >  3 m in litera-
ture) versus neutral to mild acidic (pH = 2–7 electrolyte used 
here). Since, as mentioned earlier, this is the first time that 
divalent cations have been inserted into the lattice of VHCF, 
no such comparison can be made with literature for Ca ions.

Other than the CV peaks, the proof of insertion of both 
mono- and divalent cations into the lattice is provided by the 

post-mortem XRD of VHCF electrodes cycled in CaCl2 and 
NaCl, as shown in Figure  3c,d, respectively. A closer look at 
the diffraction pattern of Ca2+ indicates a positive shift in the 
position of the (400) peak during intercalation (reduction of 
Fe3+ to Fe2+) of Ca2+ from 35.53° for the pristine electrodes 
to 35.58° for the reduced electrodes, indicating a contraction 
of the lattice. The exact direction of contraction and expan-
sion will depend on the lattice symmetry. During deintercala-
tion (oxidization of Fe2+ to Fe3+) of Ca2+, the (400) peak shifts 
rather clearly to a lower angle of 35.48°, indicating an expan-
sion of the lattice. A total change of 0.1° was obtained between 
VHCF electrodes, fully intercalated and deintercalated in CaCl2 
electrolyte. Remarkably, a similar contraction and expansion of 
the lattice during (de)intercalation, as presented here for VHCF 
electrodes, has been reported for Na+ in NiHCF electrodes with 
a comparable difference in lattice spacing between the oxidized 
and the reduced electrode.[56] Similarly, for intercalation and 
loss of Na+, the (400) peaks show a strong positive shift from 

Figure 3.  Electrochemical characterization of VHCF electrodes in a three-electrode cell by cyclic voltammetry in single-salt solutions of NaCl and CaCl2 
at a) pH = 7 and b) pH = 2, obtained at a scan rate of 1 mV s−1. The voltammogram obtained in diluted HCl solution (pH = 2) is given by the red curve 
in panel. b) The post-mortem XRD patterns comparing the (400) plane peak of the VHCF lattice in pristine electrode with the oxidized, and reduced 
electrodes cycled in c) CaCl2 and d) NaCl solution under neutral pH conditions.
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35.53° to 35.78° following the intercalation (reduction of Fe3+ to 
Fe2+) of Na+ into the lattice and deintercalation of Na+ (oxidiza-
tion of Fe2+ to Fe3+) brings the (400) peak back to the original 
position, as obtained for the pristine electrode. These observa-
tions support the inference that the VHCF electrodes, as pre-
pared in this study, are capable of storing ions in their intersti-
tial sites via intercalation, like other PBAs, from a feed solution. 
The counter-intuitive expansion and contraction of the lattice 
following its deintercalation and intercalation, respectively, is 
characteristic of the PBAs and has been reported and explained 
in literature before.[66,67] For VHCF, the lattice contracts more 
during insertion of Na+ in comparison to Ca2+. This would indi-
cate a higher strain for the (de)intercalation of Na+ than that 
of Ca2+, making it less attractive for the VHCF electrode. This 
observation is similar to the higher lattice strain associated with 
Na+ (de)intercalation, in comparison to K+, in a copper hexacy-
anoferrate (CuHCF) lattice which prefers K+ over Na+.[68]

3.3. Selective Ion Separation

The CV and post-mortem XRD analyses, although insightful, 
only provide an indication of the different affinity of the 

VHCF electrodes toward mono- and divalent ions. A more 
direct understanding of the selective ion separation was 
obtained by treating multivalent ion feeds F1–F3 with a hybrid 
CDI cell containing VHCF sheet electrodes as a cathode and 
activated carbon as anode, as shown in Figure 1. The concen-
trations of the feeds F1–F4 are given in Table  1. The feeds 
were either binary or ternary mixtures of monovalent alkali 
metal and divalent alkali earth metal ions. The concentration 
profiles of the dilute reservoirs containing Li, Na, Ca, and 
Mg ions are shown in Figure S6 (Supporting Information), 
and the concentration differences calculated during multiple 
adsorption steps for each cation are presented in Figure  4. 
It is clear from the four panels that among the ions tested 
here, VHCF electrodes prefer divalent ions over monovalent 
ions. This implies that the larger (hydrated) divalent Ca and 
Mg ions were preferentially absorbed over smaller (hydrated) 
monovalent Li and Na ions. This preference, or selectivity, can 
be quantified in terms of a separation factor,[35,41,69] β, calcu-
lated as

c c

c c

c

c
β = −

−










1/2

1,initial 1,final

2,initial 2,final

2,initial

1,initial
	 (1)

Figure 4.  Change in cation concentration in the diluate relative to inlet concentration for feeds a) F1, b) F2, c) F3, and d) F4 after each adsorption cycle. 
The pH of the feed solutions is given in Table 1.
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where 1 is the target ion, 2 is the competitive ion, c1,initial, c1,final, 
c2,initial, and c2,final are the concentrations of the ions 1 and 2, 
respectively, in the beginning and at the end of the intercala-
tion step. The data presented in Figure 4a gives a βCa/Na of ≈3.5, 
calculated for each pair of concentration differences and then 
averaged over the six absorption steps. This manifests as a dif-
ference in concentration profiles, as Figure S6a (Supporting 
Information) shows, where in seven adsorption steps, less than 
30% of the starting amount of Na+ was removed while more 
than 50% of Ca2+ was removed, clearly highlighting the prefer-
ence of the VHCF ions. In Figure  4a, this is corroborated by 
the higher average ∆c values for Ca2+ than Na+. The average 
βCa/Na value obtained here compares remarkably well with CDI 
selectivity in the range of 2.5 < βCa/Na < 5.5 was obtained with 
modified carbon electrodes.[14] In MCDI, where membranes are 
responsible for the selectivity, the values again ranged between 
3 < βCa/Na < 6.[14] It must be pointed out that the βCa/Na ≈ 6 was 
the highest and not the average value, performed with flow 
electrodes.[70]

The trend was maintained for the feed F2, as the divalent 
Mg2+ was removed more than the monovalent Na ions, as 
shown from the higher average ∆c values for Mg2+ than Na+. 
However, the average βMg/Na of 1.5 is lower than the βCa/Na. This 
may be attributed to the higher dehydration energy of Mg2+ 
(2000 kJ mol−1) than Ca2+ (1600 kJ mol−1),[71] which makes the 
intercalation of Mg2+ more difficult than that of Ca2+.

This also becomes clear from Figure  4c where all three 
ions were present in one mixture. Clearly, divalent ions (Ca 
and Mg) together were adsorbed more than the monovalent 
Na+. This contrasts with the affinity demonstrated by NiHCF, 
which shows high selectivity toward monovalent ions,[35] 
even though it has similar physical properties as VHCF, as 

described in Section 3.1. It is suggested that between the ions 
of the same valence, the selective separation is based on the 
dehydration energy of the ions. However, when ions of two dif-
ferent valences are present, the VHCF electrodes prefer diva-
lent over monovalent ions. This is further supported by the 
result in Figure 4d where a further increase in the dehydration 
energy of the monovalent ion (from Na+ to Li+) results in its 
increased rejection, apparent in the higher difference between 
the ∆c values of Li+ and Ca2+ and the increased βCa/Li  ≈ 4.5. 
This becomes more clear in the concentration profile, given in 
Figure S6d (Supporting Information), where in seven intercala-
tion steps, less than 20% of Li+ was adsorbed while more than 
50% of Ca2+ was adsorbed by the VHCF electrode.

The DFT calculations paint a similar picture on ion-selec-
tivity with VHCF electrodes to the experiments (Figure  5). 
For comparison, calculations on the intercalation in NiHCF 
electrodes were also studied. It is clear from Figure  5a that 
the intercalation of monovalent Na+ into a NiHCF unit cell is 
thermodynamically more favorable than the divalent Ca2+. The 
absorption energy for Na+ (∆ENa) stabilized in the interstitial site 
of NiHCF was calculated to be −4.17 eV, while it was −3.72 eV 
for Ca2+ (∆ECa), indicating a stronger interaction between Na+ 
and NiHCF and the preference of the NiHCF toward Na+ over 
Ca2+. This observation is consistent with what has already been 
reported for experiments in literature about NiHCF electrodes 
in CDI.[35] In contrast, the intercalation of Ca2+ into a VHCF 
unit cell results in calculated absorption energy of −7.08  eV, 
indicating a stronger affinity of VHCF toward Ca2+ compared 
to the intercalation of Na+ into the same lattice, of which the 
absorption energy was found to be −4.02  eV, as shown in 
Figure  5b. This result shows the opposite preference of the 
VHCF lattice toward divalent Ca2+ in comparison to the NiHCF 

Figure 5.  Results of DFT simulations performed to calculate the change in the energy of a unit cell and a 2 × 1 × 1 supercell, that is a combination of 
two unit cells, of a) NiHCF and b) VHCF following absorption/intercalation of Na+ and Ca2+ into the interstitial site.
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lattice. Comparison of the absorption energies of Ca2+ into the 
lattices of NiHCF and VHCF reveals that the ∆ECa is larger for 
VHCF (−7.08 eV) than that for NiHCF (−3.72 eV). This implies 
that the Ca2+ is accommodated better in VHCF than NiHCF 
and will, therefore, be more likely to be preferred by the VHCF 
lattice.

This preference holds for both: a single unit cell where the 
(VO)2+ and the Fe3+ present in the lattice can, upon reduc-
tion, accommodate a divalent ion, according to the electro-
chemical reaction described by the expression of Ca2+ + 2e− + 
Na(VO)2+Fe3+(CN)6 ⇆ CaNa(VO)+Fe2+(CN)6. However, upon 
reduction, a 2  × 1  × 1 super cell is formed that is a combina-
tion of two unit cells. In this super cell structure, an inter-
calation of a divalent cation requires two Fe3+ per cell to be 
reduced, according to the electrochemical reaction: Ca2+ + 2e− + 
(Na(VO)2+Fe3+(CN)6)2 ⇆ Ca(Na(VO)2+Fe2+(CN)6)2, as otherwise 
Ca2+ would need to be reduced, which is energetically highly 
unfavorable. Furthermore, the ∆ECa for the NiHCF and VHCF 
supercells were calculated to be −7.65 and −10.44  eV, respec-
tively, making it evident that Ca2+ is the preferred cation for 
intercalation in VHCF over NiHCF. It can be argued, on the 
basis of similar ∆ENa values for NiHCF and VHCF (−4.17 eV vs 
−4.02 eV, respectively), that the replacement of Ni with a VO 
group has little influence on the intercalation of the monova-
lent Na+, but a drastic influence on the intercalation of divalent 
Ca2+, which is evident from the significant difference between 
∆ECa values for NiHCF and VHCF, as presented in Figure 5a,b 
(−3.72 eV vs −7.08 eV for a unit cell, and −7.65 eV vs −10.44 eV 
for a supercell). In view of these predictions, it is proposed that 
the O atom in the interstitial lattice of VHCF may have a higher 
coulombic attraction towards the divalent Ca2+ than the mon-
ovalent Na+, leading to the switched preference of the VHCF 
lattice and a larger ∆ECa. However, this remains a hypothesis, 
and a further combination of experiments and simulations will 
be required to elucidate the exact selectivity mechanism in the 
VHCF lattice. Results from the calculation of the absorption 
energies of hydrated Na+ and Ca2+ are summarized in the sup-
porting information (Figure S7, Supporting Information). The 
model again predicted that the intercalation of the hydrated 
Ca2+ in the lattice of VHCF is thermodynamically favorable over 
that of the hydrated Na+. However, the hydration model also 
predicted slightly easier intercalation of Ca2+ into the NiHCF 
lattice, as can be seen by the ΔECa and ΔENa numbers. This dis-
crepancy could be because such simplified hydration models 
are not accurate enough to describe the solvent structures.[55]

3.4. Electrode Stability

The long-term stability of the electrode was assessed by oper-
ating the hybrid CDI cell, containing the VHCF electrode in 
NaCl and CaCl2 single salt solutions for 40 charge/discharge 
cycles, in a constant-voltage mode. A sample CaCl2 concentra-
tion profile, along with the current, is presented in Figure S8a 
(Supporting Information), and the post-mortem XRD anal-
ysis of the oxidized electrodes, obtained after operation for 40 
cycles in NaCl and CaCl2, are provided in Figure 6. Nearly all 
the planes present initially in the pristine electrode were pre-
served after 40 charge/discharge cycles, demonstrating that the 

structural integrity of the VHCF lattice remained intact after the 
repeated (de)intercalation of both Na+ and Ca2+. Furthermore, a 
comparison of the position of the (400) peak in the X-ray dif-
fractogram of the pristine electrode with that of the electrodes 
cycled in NaCl, and CaCl2 shows that the lattice contracted after 
cycling in NaCl, while remaining nearly the same after cycling 
in CaCl2, indicating the smaller change in the lattice following 
Ca2+ (de)intercalation.

During the long-term cycling experiments with bare VHCF 
electrodes, it was observed that in the absorption step of the 
desalination process, a part of the VHCF electrode degraded 
and dissolved into the treated solution. In more detail, the deg-
radation was observed by the change in the color of the diluate 
to yellow, indicating that iron hexacyanoferrate had leached 
into the diluate. It can be attributed to the experimental condi-
tions such as low electrolyte concentration (≈20  × 10−3 m) and 
neutral pH implemented in this study, against the high con-
centrations (1 m) and low pH (<1) as frequently used in litera-
ture[32,72] that can affect the stability of the electrodes.[21] This 
degradation is also reflected in the reduced capacity of the 
electrode to adsorb Ca2+ with the increasing number of cycles, 
and in the charge efficiency (Λ) values, as shown in Figure S8c  
(Supporting Information). The Λ values, calculated as the ratio 
of the ions adsorbed (in coulombs) and the charge input in one 
half cycle, gradually reduced with time, indicating electrode deg-
radation. In an attempt to prevent the leaching of the electrode 
into the treated water, an electro-polymerization of PSS-doped 
PPy conductive polymer, PPy/PSS, was carried out on the sur-
face of the VHCF electrodes, inspired by the use of PPy as a 
protection against corrosion in metals.[73] A schematic that illus-
trates the coating, its structure and electrodeposition, is shown 

Figure 6.  The XRD pattern of the pristine electrode before (black) and 
after 40 cycles in 20 × 10−3 m single-salt solutions of NaCl (red) and CaCl2 
(blue). The (400) peak is marked by a straight vertical line.
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in Figure  7a. During the oxidation of pyrrole moieties in the 
polymer formation of PPy, their positive charge is counterbal-
anced by the negative charge of the PSS. During the reduction 
of the pyrrole moieties, however, PSS is trapped in between the 
PPy, and thus, its negative charge will now need to be counter-
balanced by the cations present in the solution. So, by doping the 
PPy with PSS, an anion exchanger was converted into a cation 
exchanger, matching the property of the VHCF electrodes.

A cyclic voltammogram of VHCF electrode, obtained in 
a 1  m CaCl2 solution at pH = 7, is provided in Figure  7b. The 
VHCF electrode remained electrochemically unchanged after 
the electro-polymerization step, which is evident from the vol-
tammogram (Figure 7b). The conductive polymeric layer did not 
contribute to any reversible/irreversible reactions during the oxi-
dation as well as the reduction step; the area enclosed by the 
voltammogram was 40 C gVHCF

−1, comparable to values obtained 
for bare VHCF electrodes. A CV, performed in CaCl2 on a 
graphite paper coated only with the PPy/PSS, shows no reaction 
peaks during the oxidation and the reduction steps (Figure S9,  
Supporting Information). This confirms that the PPy/PSS coating 
did not interfere with the preference of the electrode toward 
divalent ions, as shown in Figure 7c. When feed F1 was treated 
with PPy/PSS-coated VHCF, the resulting cation concentrations 
in the diluate were like those obtained with bare VHCF  

electrodes (Figure 4a). The coated VHCF electrodes reduced the 
Ca2+ concentration by more than 50% while removing less than 
30% of the Na+ in that same time. A sample concentration and 
current profile obtained from the desalination of 20  × 10−3 m 
CaCl2 feed with PPy/PSS-coated VHCF electrode is presented in 
Figure S8b (Supporting Information). The concentration profile 
shows improvement in calcium absorption, as confirmed by the 
calcium intake by the cathode, shown in Figure S8c (Supporting 
Information). However, after 25 cycles, the coated electrodes 
show a capacity fade. For bare electrodes, this happens after 20 
cycles. Figure  7d shows the comparison between the UV–vis 
spectrum of the fresh feed F1 and the diluate produced after 
the selectivity experiments performed on feed F1 using the bare 
VHCF (black curve) and the PPy/PSS coated VHCF electrodes 
(red curve). As expected, the fresh solution remained free of any 
iron impurity. The diluate produced after treatment with bare 
VHCF electrodes gave a strong absorption peak at ≈420  nm, 
confirming the presence of a [Fe(CN)6]3− group in it.[74] This 
points to electrode degradation during intercalation. Lattices 
that lose a [Fe(CN)6]3− unit will not undergo a reduction (interca-
lation), since the Fe3+ atom is removed from it, and as a result, 
the overall capacity of the electrode will decrease. The electrode 
degraded foremost in the beginning and then became stable 
after four cycles, as seen in the UV–vis absorption spectra that 

Figure 7.  Enhanced stability of the VHCF electrodes by a protective layer of PSS-doped PPy on its surface. a) Schematic of the VHCF electrodeposition 
with the conductive polymeric coating. b) Cyclic voltammogram of the PPy/PSS-coated VHCF electrode, obtained from CV performed in 1 m CaCl2 
electrolyte at a scan rate of 1 mV s−1. c) Concentration of Na+ and Ca2+ in the diluate reservoir prior to the treatment of feed F1 by the hybrid cell con-
taining PPy/PSS coated VHCF cathode and an activated carbon anode. d) A UV–vis spectrum of the fresh feed F1 (blue), the diluate treated by hybrid 
cell containing a bare VHCF electrode (black), and the diluate treated by a hybrid cell containing a PPy/PSS-coated VHCF electrode (red).
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converged at the same concentration level. A further look at the  
UV–vis absorption spectra reveals that the PPy/PSS layer pre-
vented the leaching of the [Fe(CN)6]3− and kept its concentra-
tion significantly lower in the diluate, when compared with that 
for the bare VHCF electrode. In addition, no PSS was detected  
in the diluate. So, while the PPy/PSS was successful in pre-
venting the contamination of the treated stream, its effect on 
preventing electrode degradation requires further improvement.

Finally, as a check to establish that the PSS ion is held inside 
the PPy and is not released into the treated solution, a bare 
piece of graphite (i.e., without the VHCF electrode), electropo-
lymerized with PPy/PSS was analyzed in XPS, after reduction 
and oxidation steps, as shown in Figure S10 (Supporting Infor-
mation). The nitrogen/sulfur ratio, representative of the PPy/
PSS, was similar for both the oxidized as well as the reduced 
sample of PPy/PSS coated graphite plate, with a value of ≈1.7 
for the oxidized and ≈1.5 for the reduced sample, indicating the 
stability of the layer. This provides a simple and elegant solution 
to the issue of feed contamination by electrode degradation.

4. Conclusion

The substitution of nickel with vanadium in the lattice of a PBA 
switches its preference in CDI experiments from monovalent 
ions toward divalent ions. This finding provides the first correla-
tion between the substituent transition metal ion in a PBA and 
the preference of the resulting PBA toward different ions, and 
opens vast possibilities for tuning PBA selectivity according to the 
desired application, within the framework of ion-selective CDI. A 
simple coprecipitation method was used to prepare VHCF with 
crystals of quality on par with those presented in the literature. 
In addition, divalent ions were selectively inserted into the VHCF 
lattice for the first time, proof of which was obtained by cyclic 
voltammetry, X-ray diffraction, and ion adsorption experiments. 
Furthermore, intercalation of cations was studied via DFT simula-
tions, and the preliminary results indicated a preference of VHCF 
toward divalent ions, in contrast to what is usually observed for 
PBAs, likely resulting from the presence of an adjacent oxygen 
atom, attached to the vanadium, in the lattice. Finally, a simple 
solution to prevent leaching of the electrode into the treated water 
was provided by electro-polymerizing a conducting polymer poly-
pyrrole, doped with PPy/PSS on its surface, essentially cutting off 
the direct contact with the feed solution. This layer, as shown in 
this work, does not alter the characteristics of the VHCF electrode 
in any significant way and effectively prevents the contamina-
tion of treated water due to electrode degradation, which has fre-
quently been encountered in CDI with PBAs.
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