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Abstract 

Desalination of brackish water sources is critical to addressing the growing global freshwater demand. One promising 

approach is electrically driven desalination using intercalation electrodes. While intercalation electrodes have been 

widely researched for energy storage applications, only a small subset of those materials is suitable for desalination. 

Here we report the synthesis, characterization, and in-device testing of three Prussian blue analogue intercalation 

compounds: copper, manganese, and zinc hexacyanoferrate with formulas KxM[Fe (CN)6]z · nH2O (M = Cu, Mn, Zn). 

The desalination performance for each of these materials against carbon electrodes is reported for Na+ intercalation 

and for Ca2+ intercalation using 1000 ppm NaCl and 1000 ppm CaCl2 feed solutions respectively. While the copper 

and manganese analogs showed promising performance for Na+ and Ca2+ intercalation, the zinc compound was 

unstable and underwent rapid dissolution. Manganese hexacyanoferrate showed the best desalination performance 

in terms of salt removal capacities and salt removal rates with NaCl while copper hexacyanoferrate performed the 

best with CaCl2. The manganese analog proved to be the most stable intercalation material, retaining 83% and 72% 

of its salt removal capacity after 280 cycles in NaCl and CaCl2 feed solutions respectively.  

Key words 

Brackish water, desalination, intercalation, Prussian blue analogue, Na-ion, Ca-ion  

1. Introduction 

Climate change and population growth have led to growing freshwater shortages around the world [1,2]. Sustainably 

meeting the increased freshwater demand requires a comprehensive approach, one that includes desalination. In 

particular, the desalination of widely available low-salinity brackish water sources is valuable as it allows for 

distributed water treatment, a feature considered critical for next generation water infrastructure [3]. 

There are several commercial desalination technologies available today, which operate based on either thermal, 

membrane, or electrical separation. Among them, calculations suggest thermal desalination is the most energy-

intensive, irrespective of source water salinity. Electrically driven salt-separation approaches are predicted to be 

more energy-efficient than membrane-based methods such as reverse osmosis (RO) for low-salinity, brackish water 

sources [4]. Besides desirable energy efficiency, electrically driven technologies also tend to have higher freshwater 

recovery rates (85–90%) than either RO (25–80%) or typical thermal technologies (35%) [5–7]. Commercially 
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available electrically driven desalination technologies include electrodialysis (ED) and membrane capacitive 

deionization (mCDI). ED relies on expensive membranes prone to fouling [8], while mCDI technology is limited by 

carbon electrode capacities and lifetime [9,10]. Hence, there is a need for developing new approaches towards 

electrically driven brackish water desalination.  

Ideal electrodes for electrically driven desalination must be non-toxic, inexpensive, electrochemically stable, able to 

remove a wide range of ions, and have high salt-capture capacities. Such desirable characteristics as high capacities 

at moderate applied voltages and potential for ion selectivity make intercalation electrodes a promising option for 

brackish water desalination [11]. Intercalation materials operate by exclusively inserting cations into lattice sites 

using the same principles underlying most modern Li-ion battery technology. The intercalation mechanism helps 

reduce co-ion expulsion, a deleterious effect in capacitive deionization where ions of the same charge as the applied 

voltage are repelled from the electric double layer, in the absence of membranes or surface modifications. Although 

intercalation electrodes have been extensively researched for Li-ion and Na-ion batteries [11,12], due to the low 

operational voltage limit (<1.23 V) in aqueous environments, only a subset of the reported compounds is suitable 

for desalination. One such promising family of materials are metal organic frameworks (MOFs) known as Prussian 

blue (PB) and Prussian blue analogues (PBA) [13]. PBAs are cyano-bridged compounds of the general formula 

AxMA[MB (CN)6]z · nH2O, where MA and MB are transition metals (Mn, Fe, Co, Ni, Cu, or Zn) and A is an alkali metal (Li, 

Na, or K), with large three-dimensional diffusion channels (~5 Å) that facilitate ion intercalation/deintercalation [14]. 

PBAs are also readily available and inexpensive (≈$5/kg) [12],  making them good candidates for scale-up of 

intercalation desalination technologies. 

 

Figure 1. Schematic showing intercalationbased desalination (a) and subsequent deintercalationbased 
regeneration (b). Cations are captured by the intercalation host (left electrode) while anions are adsorbed onto the 
carbon electrodes (right electrode).  
 

Various PBAs have been tested as cathodes for Li-ion, Na-ion, and Ca-ion batteries [15–17]. A subset of them have 

also been studied for desalination[18,19]. Prior reports on the use of PBAs for desalination has been demonstrated 

using different system configurations achieved by coupling different salt removal mechanisms: purely intercalation-
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based deionization[20,21], intercalation electrode paired with a conversion electrode[22], and intercalation 

electrode paired with a capacitive electrode[23]. While most studies have focused on flow-by electrode 

configurations, there are also reports on desalination with PBA electrodes in the flow-through configuration[24,25]. 

Given the existing body of literature on Prussian blue and Ni-containing PBA (NiHCF), our work is focused on PBA 

materials that are relatively less studied for desalination applications. In this study, we report the synthesis, 

characterization, and in-device desalination performance of three PBAs with a general formula of KxM[Fe (CN)6]z · 

nH2O, where M is Cu, Mn, or Zn. We refer to the compounds as CuHCF, MnHCF, and ZnHCF and test their desalination 

performance using a hybrid cell concept (Figure 1), where cations are captured by PBA electrodes through 

intercalation and anions are captured on carbon electrodes via adsorption. We use a flow-by cell configuration. 

While CuHCF has been widely studied for desalination [11,26,27], the use of ZnHCF [28,29] and MnHCF [13–15] has 

been mostly limited to energy storage applications. To the best of our knowledge, this is the very first report on the 

use of MnHCF and ZnHCF for desalination. A recent study also looked at CuHCF, MnHCF, NiHCF, and ZnHCF materials 

for salinity gradient energy recovery application [30]. However, most prior reports on the use of PBAs for 

desalination are focused on Na+ intercalation [11], with a couple recent studies evaluating divalent cation 

intercalation in aqueous electrolytes [31–33]. While low to intermediate salinity (1,000 to 10,000 ppm) is a 

characteristic feature for brackish sources (vs. 35,000 ppm of seawater), the exact ionic composition can be highly 

variable from one source to the next [34].  Such compositional variability makes effective brackish water desalination 

a challenge today. Given that most brackish sources contain a mixture of monovalent and divalent ions, the ability 

to intercalate both types of ions is advantageous for effective desalination. This is particularly true for Ca2+ ions, 

which cause electrode scaling and, as a result, decrease overall electrode lifetime. Therefore, in order to identify 

suitable electrodes for brackish water treatment, we explored both Na+ and Ca2+ intercalation into each of the PBA 

electrodes using 1000 ppm solutions of NaCl or CaCl2. Our results show promising and reliable salt removal upon 

continuous cycling for 125h with CuHCF and MnHCF for both Na+ and Ca2+ intercalation, with the higher salt removal 

capacity observed in the Mn compound.  

 

2. Experimental Section 

 

2.1 Materials Synthesis  

KxM[Fe (CN)6]z · nH2O (K-MHCF) powder, where M is Cu, Mn and Zn,  was synthesized by co-precipitation with slight 

modifications to previously reported methods [35]. 100 mL of 0.05 M K3Fe(CN)6 and 0.1 M MCl2 (M = Cu, Mn and Zn) 

aqueous solutions were added dropwise (1 mL/min, over 1.4 h) simultaneously into 100 mL of DI-water under 

vigorous stirring (500 rpm) at room temperature. The as-obtained precipitates were filtered and washed with 

copious amounts of water. Finally, the washed precipitates were dried overnight at 60°C. 

2.2 Materials Characterization 

X-ray diffraction: Powder X-ray diffraction patterns were recorded using a Bruker D8 ADVANCE X-ray diffractometer 

equipped with a Cu K-α radiation source. The accelerating voltage and current were 40 kV and 40 mA, respectively. 

Scans were performed between 10 and 60° (2ϴ) at a scan speed of 0.02°/s and a step size of 0.01°. Lattice parameters 

and phase ratios were determined using full-pattern Rietveld refinements using FullProf Suite®.  

 

Microscopy and Elemental Analysis: Scanning electron microscopy (SEM) imaging and energy dispersive X-ray 

spectroscopy (EDS) were conducted using a JEOL JSM-7200F Field Emission Scanning Electron Microscope equipped 

with an Oxford X-MaxN 50 Silicon Drift Detector system. SEM imaging was performed using an accelerating voltage 

of 5 kV at medium probe currents using the secondary electron detector. EDS was conducted using an accelerating 

voltage of 20 kV at high probe currents. 
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Synchrotron soft X-ray absorption spectroscopy: A thin layer of each sample was spread onto a conductive carbon 

tape which was then attached to an aluminum sample holder. Measurements for K-edge and L-edge were carried 

out at the 31-pole wiggler beamline 10-1 of the Stanford Synchrotron Radiation Lightsource (SSRL) using a spherical 

grating monochromator with 20 mm entrance and exit slits, a 0.2 eV energy resolution and a 1 mm2 beam spot. Data 

were collected at room temperature under ultrahigh vacuum (10–9 Torr) in a single load, simultaneously using the 

total electron yield (TEY) and fluorescence yield (FY) mode detectors. Obtained spectra were then normalized to the 

incident flux. 

Inductively coupled plasma—optical emission spectrometry (ICP-OES): The CuHCF, MnHCF, and ZnHCF samples were 

weighed and transferred into Pyrex glass beakers. 3 ml of conc. hydrochloric acid (HCl, trace metal grade, 35-38 wt%, 

Fischer Scientific), 2 ml of conc. nitric acid (HNO3, trace metal grade, 65-70 wt%, Fischer Scientific), and a squirt of 

deionized water were subsequently added. The mixtures were heated on a hot plate at 250 °C to complete visible 

digestion, then diluted with deionized water to reach an appropriate concentration range for subsequent analysis 

by ICP-OES (iCAP 7400 Radial, Thermo Fischer Scientific, USA). Quantification was performed using external six-point 

calibration (R2 > 0.9999) with multi element standards ranging from 1, 5, 10, 20, 50, and 100 μg/ml in a 5% v/v HNO3 

matrix (Inorganic Ventures, USA). Operating conditions for the ICP-OES measurements included nebulizer gas flow 

of 0.62 L/min, coolant gas flow of 12 L/min, and the auxiliary gas flow of 0.5 L/min, and RF power of 1150 W. 

 

2.3 Electrode Fabrication 
 

Each MHCF electrode was prepared by mixing 80% by weight of the synthesized active material, 10% by weight 

polyvinylidene difluoride (PVDF, Kynar HSV 900), and 10% by weight conductive carbon black (TIMCAL Super P- Li) 

in N-methylpyrrolidone (NMP, Sigma Aldrich). The mixture was stirred for two hours with a homogenizer (at 3000 

rpm) in an argon-filled glovebox (UNIlab Pro, MBRAUN) to prepare a viscous slurry. The slurry was then spread onto 

the surface of a graphite current collector (Ceramaterials, 250 µm thick) which was calendared to achieve flat and 

uniform thickness (approximately 200 µm) prior to coating. A metallic current collector was not used to avoid 

corrosion. The printed electrode was allowed to dry for two days at room temperature inside the glovebox. Upon 

fully drying, the electrode thickness was measured and a  9 cm x 10 cm electrode was cut from the coated electrode 

sheet for in-device testing. The active material loadings and electrode thicknesses for each MHCF material are 

provided in Table S4. A carbon counter electrode of the same dimensions was cut from a piece of commercial carbon 

nanofoam paper (Grade II, Marketech, 250 µm thick). The carbon electrodes had a reported BET surface area of 600 

m2/g and were composed of 87% nanoporous carbon and 13% carbon fiber by weight. The active material loading 

for the carbon electrode was 10.4 mg/cm2. Both electrodes were inserted into a custom-built flow cell (see 

supplementary information Figure S1) and an electrically insulating nylon mesh separator (WN0250, Industrial 

Netting, 250 µm thick) was inserted between them. Control experiments were conducted using carbon nanofoam 

electrodes for both the anode and cathode in the same flow cell and keeping all other parameters the same.  

 

2.4 Desalination Performance Testing 

A custom test setup (Figure 2, Figure S1) capable of collecting continuous, in-line data was used to test the 

desalination performance of the MHCF materials. Automation of the test setup and data acquisition was achieved 

using commercial hardware and custom software. A DC power supply (Keithley 2401 SourceMeter) was used to 

control the voltage cycling of the cell and to measure the current drawn, and a peristaltic pump (Masterflex L/S) was 

used to continuously pump feedwater from an 80 L reservoir through the cell at 10 mL/min. Both conductivity and 

pH were measured with in-line probes (Vernier) before and after the flow cell.  

 

The desalination performance of each MHCF material was tested with two different feed solutions: 1000 ppm NaCl 

(17 mM) and 1000 ppm CaCl2 (9 mM). The testing protocol sampled a variety of symmetric cycling times ranging 
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from 4 to 60 minutes (for the full cycle), and the complete test protocol lasted 125h (details in Table S1), which 

included 250 standard cycles (20 min each) and 10 long cycles (60 min each). The longer cycles were conducted at 

regular intervals during the test protocol to evaluate electrode capacity retention with cycling. MHCF/carbon and 

symmetric carbon/carbon cells were both tested using the same protocol but in slightly different voltage windows. 

The intercalation-based MHCF/carbon systems were cycled between +1 V and –1 V applied potential, while the 

adsorption-based carbon/carbon cells were cycled between –1 V and 0 V. The symmetric carbon cell was shorted 

during discharge to avoid re-adsorption of ions that occurs with voltage polarity reversal. The MHCF systems were 

not subject to this issue as the anions cannot be intercalated into the structure. A significantly higher active material 

loading on the carbon electrode was used to ensure that the intercalation electrode would be the limiting electrode.   

 

 
Figure 2. Process flow diagram of the experimental setup. In-line conductivity and pH meters were used for 
continuous monitoring of feedwater and effluent water quality and a DC power supply was used for voltage cycling 
and current measurements. Photographs of the setup and the prototype device are provided in Figure S1.  
 

2.5 Data Analysis 

To quantify the desalination performance of each material, conductivities of both the influent and effluent streams 

were monitored throughout each test. Salt concentration was calculated directly from raw conductivity data using 

the following three-point linear calibration models: 

𝐶𝑁𝑎𝐶𝑙 = 0.5193 ∗ 𝜎 − 31.55              𝐶𝐶𝑎𝐶𝑙2
= 0.5141 ∗ 𝜎  − 36.59 

where 𝜎 is the conductivity of the solution (in µS/cm) and 𝐶𝑁𝑎𝐶𝑙  and 𝐶𝐶𝑎𝐶𝑙2
 are the concentrations of NaCl and CaCl2 

(in ppm), respectively. The influent concentration was subtracted from the effluent concentration to calculate 

changes in salt concentration; these were then integrated to obtain the salt removal capacity (SRC) of a given 

material. While many researchers refer to this metric as the salt adsorption capacity (SAC) [36], SRC is used in this 

work as a more general term for comparing systems that rely on adsorption as well as intercalation. The SRC is 

calculated as follows: 

𝑆𝑅𝐶 = (∫ 𝑓
𝑡

𝑐𝑦𝑐𝑙𝑒 𝑠𝑡𝑎𝑟𝑡
∗ 𝛥𝐶𝑠 ∗ 𝑑𝑡)/𝑚𝐴𝑀                      (1) 

where 𝑓 is the flow rate (in L/s), 𝛥𝐶𝑠 is the change in salt concentration (in g/L), and 𝑚𝐴𝑀  is the mass of active 

material in the cathode (in g). The 𝑚𝐴𝑀  values were also used to obtain normalized performance data. For 

intercalation systems (MHCF/carbon), this corresponded to the mass of active material (MHCF) and for adsorption 
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systems (carbon/carbon), the mass of high surface area carbon. The salt removal rate (SRR) for each material is 

calculated as the derivative of its SRC with respect to time. Coulombic efficiency (CE), another key performance 

metric, was calculated using equation (2): 

𝐶𝐸 = 100 ∗ (∫ 𝐼
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑑

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑟𝑡
∗ 𝑑𝑡)/(∫ 𝐼

𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑑

𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑟𝑡
∗ 𝑑𝑡)                (2) 

where 𝐼 is the current through the cell. Discharge cycles correspond to electrode regeneration steps 

(deintercalation/desorption) and charge cycles correspond to desalination steps (intercalation/adsorption). Charge 

efficiency (Λ), the ratio of removed salt to charge transferred for charge cycles, was calculated using equation (3): 

𝛬 = (𝑍 ∗ 𝑚𝑠/𝑀𝑊)/((∫  𝐼 ∗ 𝑑𝑡
𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑑

𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑟𝑡
)/𝐹)                (3) 

where 𝑍 is the number of electrons transferred to the cation, 𝑚𝑠 is the total mass of salt removed in a cycle, 𝑀𝑊 is 

the molar mass of the salt, 𝐼 is the current through the cell, and 𝐹 is Faraday’s constant (96,485 C/mol). Because of 

the difference in applied voltages for discharge between MHCF/C and C/C systems, 𝛬 was only assessed for charge 

cycles. Finally, energy per ion (EPI) consumption (in kT) was calculated according to equation (4): 

𝐸𝑃𝐼 = (𝑀𝑊/(𝑛 ∗ 𝑚𝑠)) ∗ (∫ 𝐸𝑐𝑒𝑙𝑙 ∗ 𝐼 ∗ 𝑑𝑡
𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑛𝑑

𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑟𝑡
)/(𝑅𝑇)                (4) 

where 𝑛 is the number of ions per salt molecule, 𝐸𝑐𝑒𝑙𝑙  is the applied potential, 𝑅 is the ideal gas constant (in J/mol*K), 

and 𝑇 is room temperature (298 K).       

3. Results and Discussion 

 

Figure 3. Powder X-ray diffraction patterns for each MHCF pristine electrode powder along with Miller indices for 

all reflections.  
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Figure 3 shows the normalized room temperature powder X-ray diffraction (XRD) pattern of the as-synthesized 

samples. All three MHCFs (M = Cu, Mn and Zn) crystallize in the face-centered cubic structure (FCC, space group: 

Fm3̅m) with high crystallinity and phase purity. In general, the structure of PBAs, KxM[Fe(CN)6]y · zH2O (M = transition 

metal, x = 4y–2, y ≤ 1), feature a rigid cubic framework of linear −Fe−C−N−M− chains; Fe2+/3+and M2+/3+ reside on 

alternate corners of 8 sub cubes of corner-shared octahedra (4a and 4b positions) coordinated to −CN and −NC 

groups, respectively in the FCC unit cell (Fm3̅m , Z = 4). Rietveld refinement of the lattice parameters (Figure S5) 

yields unit-cell lengths of a = 10.1137 Å, a = 10.5316 Å, and a = 10.3482 Å for CuHCF, MnHCF and ZnHCF, respectively, 

which is in good agreement with previous reports [37,38]. The molar ratios between the K, M and Fe of the MHCF 

materials were examined by ICP-OES, and their stoichiometric compositions were determined to be 

K0.04Cu[Fe(CN)6]0.68, K0.06Mn[Fe(CN)6]0.65, and K0.03Zn[Fe(CN)6]0.65. 

 

Figure 4. SEM images of (a) CuHCF, (b) MnHCF, and (c) ZnHCF pristine electrode powders. Insets show higher 
magnification images to highlight average particle size. 

SEM investigation (Figure 4) of as synthesized K-MHCF samples revealed varying morphologies. The CuHCF 

crystallized as irregular shaped nanoparticles (30-40 nm), MnHCF crystallized as cube shaped nanoparticles (100-300 

nm), while the ZnHCF formed spherical shaped particles (100-300 nm). 
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Figure 5. Soft X-ray absorption spectroscopy data obtained in transmission mode for pristine CuHCF, MnHCF, and 
ZnHCF. (a-c) Fe L-edge spectrum for CuHCF, MnHCF, and ZnHCF, respectively. In panels (b) and (c), peaks at 706.0 
and 718.8 eV (labeled with an * and # respectively) indicate the presence of Fe3+. The Cu L-edge (d), Mn L-edge (e), 
and Zn L-edge (f), indicate an oxidation state of 2+ for the transition metals. 

 

Transition metal (TM) L-edge soft X-ray absorption spectroscopy (soft XAS) has been extensively applied to analyze 

various materials in the field of biology, materials science as well as energy technology [39,40]. In comparison to X-

ray absorption near edge structure (XANES) spectroscopy, which probes the excitation of electrons from core levels 

into unoccupied energy levels and offers bulk-sensitive information, soft XAS yields information on the 3d states and 

is surface-sensitive. The penetration depth of soft X-rays can be very low and, depending on the mode of detection, 

one can get information from 1-2 nm (auger electron yield, AEY), 5 nm (total electron yield, TEY), or 50-100 nm depth 

(fluorescence yield, FY). The TM L-edge absorption spectrum can be separated into two main regions due to spin-

orbit interaction of the core hole, namely L3 and L2, which correspond to the transitions from 2p2/3 and 2p1/2 into 3d 

orbitals, respectively [41]. Additional splitting of each edge is due to crystal field effects and 2p-3d interactions [42]. 

Figure 5 shows the Fe L-edge and corresponding transition metal L-edge spectra for CuHCF, MnHCF, and ZnHCF. 

While the L-edges of Cu, Mn, and Zn (Figure 5d-f) all indicate a valence state of 2+, the Fe L-edges for the 

corresponding MHCFs shows slight differences. The double peaks centered at approximately 710 and 722 eV are 

visible in all of the Fe L-edge measurements (Figure 5a-c) and are associated with a 2+ valence state. MnHCF and 

ZnHCF (Figure 5b-c) both show clear Fe3+ peaks at 706.0 and 718.8 eV indicating the presence a valence state of 3+ 

for Fe, which is in agreement with the literature [43,44]. In contrast, the CuHCF (Figure 5a) only shows a small peak 

at 718.8 eV and the Fe3+ peak at 706.0 eV is hidden by the much broader L3 peak, indicating that most of the iron in 

CuHCF exists as Fe2+, unlike MnHCF and ZnHCF. In summary, all three samples have mixed valences for Fe, with Fe 

more oxidized in MnHCF and ZnHCF than in CuHCF. No significant difference is observed between the C and N K–

edge of the different MHCFs (Figure S6). 
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Figure 6. Current (I), voltage (E), change in conductivity (Δσ), and pH data for two consecutive salt-capture and 
salt-release cycles conducted with 1000 ppm NaCl feedwater: (a) C/C, (b) CuHCF/C, (c) MnHCF/C, and (d) ZnHCF/C 
systems. For the MHCF/C systems, each cycle was 10 min at –1 V followed by 10 min at +1 V, and for the C/C 
system it was 10 min at –1 V followed by 10 min at 0 V. Early cycles (solid lines) correspond to the 20th and 21st 

cycles while later cycles (dashed lines) correspond to the 199th and 200th cycles. The deintercalation (salt release) 
stage of each cycle is shown with grey background fill. The grey dotted line in the pH panels is the pH of the 
feedwater. 

 

Figure 6 displays results from the desalination performance tests for the symmetric C/C and each of the MHCF/C 

systems conducted with 1000 ppm (17 mM) NaCl feedwater. Current-voltage, conductivity, and pH data from two 

sets of identical cycles are displayed in each panel, one set from the early (cycles 20-21) and one from the later 

stages (cycles 199-200) of the 10 min charge/10 min discharge test protocol. These cycles were at steady-state, 

meaning that the performance exhibited in Figure 6 was unchanged for an extended period of time within the same 

series of cycles. The continuous cycling of the symmetric carbon electrodes showed significant decline in the 

desalination performance, as evidenced by the decrease in the peak magnitudes for Δσ between early and later 

stages (middle panel, Figure 6a). Further, with continuous cycling, an inversion effect was observed where Δσ 

increased despite an applied potential—a result of simultaneous trace oxygen reduction and desorption of co-ions 

dominating counter-ion adsorption[45]. Changes observed in the pH behavior upon continuous cycling of the C/C 

system can be attributed to widely reported parasitic side reactions occurring at the carbon surface [9,10,46–52]. In 

Figure 6b, the CuHCF/C system showed promising performance in early stages but significantly degraded with 

cycling. While the corresponding current profiles for the early and late cycles do not appear dramatically different, 

the Δσ profile flattens out for the aged electrode, suggesting an increase in side reactions and a decrease in electrode 

capacity. This performance decrease in CuHCF/C is believed to be a result of both mechanical loss and chemical 
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leaching of the active material from the cathode. Evidence of chemical dissolution of active material [53] was 

observed in the form of copper oxide deposits on the separator and carbon counter electrode upon opening the cell 

post-cycling (Figure S7). With cycling, pH fluctuations were also observed in the CuHCF/C system. While the pH 

behavior did not change drastically with continuous cycling (i.e. no change in curve shape), the pH curves were 

temporally offset from applied voltage, shifting forward in time, suggesting a correlation between the rate of pH 

change and electrode aging. The MnHCF/C system appears to retain its capacity (Figure 6c) upon cycling. The Δσ 

profile for later stage cycling of MnHCF/C closely mirrors that for early stages, highlighting electrode robustness. 

However, the corresponding pH profiles differ significantly, with early cycling displaying square-profile curves and 

later cycling displaying more rounded-profile curves that are shifted forward in time. Finally, the ZnHCF/C system 

(Figure 6d) proved to be highly unstable upon cycling. The early cycles show some salt removal (negative Δσ values) 

during charging but later cycles suggest the system no longer functions, as indicated by the Δσ profile losing its 

characteristic shape and the pH profile reaching a flatline. As in the CuHCF/C system, dissolution of active material 

was observed with ZnHCF/C. In this case, the effluent tank turned green from the presence of loose electrode 

material and white ZnO deposits were discovered on the carbon electrode surface during postmortem analysis 

(Figure S7). These results are in agreement with a previous study that reported dissolution and instability of ZnHCF 

in aqueous Na2SO4 electrolytes [29]. 

 

 

Figure 7. Current (I), voltage (E), change in conductivity (Δσ), and pH data for two consecutive salt-capture and 
salt-release cycles conducted with 1000 ppm CaCl2 feedwater: (a) C/C, (b) CuHCF/C, (c) MnHCF/C, and (d) ZnHCF/C 
systems. For the MHCF/C systems, each cycle was 10 min at –1 V followed by 10 min at +1 V, and for the C/C 
system it was 10 min at –1 V followed by 10 min at 0 V. Early cycles (solid lines) correspond to the 20th and 21st 
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cycles while later cycles (dashed lines) correspond to the 199th and 200th cycles. Deintercalation (salt release) stage 
of each cycle is shown with grey background fill. The grey dotted line in the pH panels is the pH of the feedwater. 

 

Figure 7 displays the results of desalination performance tests for C/C and MHCF/C systems conducted with 1000 

ppm (9 mM) CaCl2 feedwater. For the symmetric C/C system (Figure 7a), cycling with CaCl2 yielded a similar Δσ and 

pH profile to NaCl tests but with lower magnitude peaks. With continuous cycling, a decrease in the magnitude of 

the Δσ maxima and minima was observed for the CuHCF/C (Figure 7b) and MnHCF/C (Figure 7c) systems, suggesting 

a decrease in electrode capacity for both materials. However, changes to their pH profiles upon continuous cycling 

were significantly different, with the CuHCF/C system showing very small pH oscillations compared to the MnHCF/C 

system. The larger pH oscillations in MnHCF/C showed similar profiles to those observed in the C/C system, 

suggesting that the pH behavior in these cases could be linked to undesirable side reactions at the carbon anode. As 

with the NaCl tests, the ZnHCF/C (Figure 7d) system showed no desalination performance, failing to yield an 

oscillating Δσ profile. However, changes in pH were observed during cycling, which is likely due to a combination of 

electrode capacity mismatch and carbon oxidation. Post-mortem analysis of the electrodes showed clear signs of 

ZnHCF instability, with white zinc oxide deposits on the separator and carbon electrodes (Figure S7). Given the 

instability and rapid dissolution of ZnHCF in both NaCl and CaCl2 feed solutions, the ZnHCF/C system was not further 

investigated. 

 

Figure 8. Salt removal capacity (a-b) and rate (c-d) calculated for the early and later desalination cycles of tests 
conducted with NaCl and CaCl2 feedwaters. Each cycle consisted of symmetric 10 min salt-capture and salt-release 
steps (20 min full cycle). Early cycles (solid lines) correspond to the 20th cycle while later cycles (dashed lines) 
correspond to the 200th cycle.    

 

The SRC and SRR were calculated for CuHCF/C, MnHCF/C, and symmetric C/C systems tested with 1000 ppm NaCl 

and 1000 ppm CaCl2 feed solutions (Figure 8). These values were calculated using the raw data presented in Figure 

6 and Figure 7. Values of SRC and SRR were normalized to the mass of active material in the electrode. The mass of 

active material was calculated using the weight of the cathode after fabrication and the wt% loading of active 
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material in it. Any loss of active material due to leaching and dissolution during testing could not be accounted for 

and is not included in our calculations. With NaCl feedwater (Figure 8a,c), the MnHCF/C system displayed the highest 

SRC for both the 20th and 200th cycles (19.1 and 16.2 mg/gAM, respectively), retaining 85% of its capacity. In 

comparison, between the 20th and 200th cycles, CuHCF/C preserved only 60% of its SRC, going from 12.72 mg/gAM 

to 7.57 mg/gAM. MnHCF also removed NaCl the fastest, with more than double the rate observed in CuHCF. Finally, 

the C/C system had the lowest values for both SRC and SRR, but this is not a surprise given the higher electrode 

capacities expected for intercalation electrodes. At the 20th cycle, its SRC was 2.9 mg/gAM and by the 200th cycle, 

that value was 0.9 mg/gAM. In CaCl2 feedwater (Figure 8b,d), neither the CuHCF/C nor the MnHCF/C system appears 

to reach saturation after charging (applying –1 V) for 10 min. CuHCF had a slightly higher SRC than MnHCF at the end 

of the 20th cycle (20.7 vs. 18.6 mg/gAM), but was outperformed by MnHCF by the 200th cycle in CaCl2 (7.5 vs. 8.1 

mg/gAM). The observed difference in SRC for MnHCF and CuHCF is negligible and is likely due to a decrease in SRR 

values rather than a decrease in total electrode capacity. Regardless of the feedwater composition or cycle number, 

MnHCF’s SRR reached positive values before that of CuHCF, signifying that MnHCF had a shorter response time to 

an applied voltage and began desalinating faster during the charging step. Understanding selectivity for Na+ vs. Ca2+ 

intercalation in MHCF/C systems  requires additional experiments using complex feedwater matrices, but based on 

a recent study of monovalent and divalent cation selectivity in NiHCF [32], there is likely to be a preference for 

monovalent cations. 

 

Figure 9. Salt removal capacity (a) and rate (b) for the first 30 min intercalation cycle (applied voltage of –1 V) of 
C/C, CuHCF/C, and MnHCF/C obtained in NaCl and CaCl2 feedwaters.   

 

To assess the full capacity of each system, 30 min charge (–1 V) and 30 min discharge (+1 V) cycles were performed 

at regular intervals as part of the test protocol. Results from the first such cycle are shown in Fig 9. When tested with 

NaCl feedwater, CuHCF/C, MnHCF/C, and C/C systems reached SRC of 7, 19, 5 mg/gAM, respectively. CuHCF/C, 

MnHCF/C, and C/C systems cycled with CaCl2 feedwater (Figure 9a) showed SRC of 46, 33, and 3 mg/gAM, respectively. 

Figure S12 represents the same data in units of moles of salt. In general, intercalation-based MHCF/C systems 

performed better than adsorption-based C/C systems for the removal of Ca2+ ions, as the SRC for both MHCF 

materials in CaCl2 was higher than that for carbon-only electrodes. Electrodes reached saturation (SRR = 0) faster in 

the 1000 ppm NaCl feedwater (Figure 9b) than in 1000 ppm CaCl2. This is likely due to a combination of differences 

in the molar concentration of the NaCl and CaCl2 feed solutions and differences in the mobilities of hydrated Na+ and 

Ca2+ions. Even after 30 min of charging, MHCF systems had not reached saturation with CaCl2 feedwater (i.e. SRR 

remained >0), suggesting a need for longer cycles to fully utilize the electrode capacity when capturing Ca2+ from 
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solution. In comparison, when MHCF electrodes were operated at longer cycle times in NaCl feedwater, the SRR of 

CuHCF decreased to negative values, subsequently leading to lower SRC, and the MnHCF/C system reached a steady 

state SRR of 0 after about 13 min. The capacity loss observed in CuHCF/C system is likely due to enhanced dissolution 

of active material from the electrode at longer cycle times. This limited stability makes the use of longer cycle times 

to reach higher capacities with CuHCF less practical. Given no such electrode dissolution was observed with MnHCF, 

the results of our tests suggest MnHCF to be more robust than CuHCF for desalination.   

 

 

Figure 10. (a,d) Full cycle time (charge and discharge), (b,e) salt removal capacity, and (c,f) Coulombic efficiency as 
a function of cycle number for each MHCF/C system. Data in panels (a-c) are from tests conducted with NaCl and 
(d-f) in CaCl2 feed solutions. Positive SRC values correspond to intercalation or adsorption while negative values 
correspond to deintercalation or desorption. The dashed line in panels (b,e) represent an SRC of 0 while the ones 
in panels (c,f) correspond to a Coulombic efficiency of 100%.   

 

Figure 10 illustrates the behavior of SRC and Coulombic efficiency as a function of cycle number for MHCF/C and C/C 

systems tested with NaCl (Figure 10a-c) and CaCl2 (Figure 10d-f) feed solutions. MnHCF/C consistently displays the 

best SRC when cycled in NaCl (Figure 10b), maintaining its capacity better than CuHCF/C and symmetric C/C for all 

cycle durations by retaining 83% of its initial SRC after 280 cycles. During the regularly spaced, 30 min capacity check 

tests, MnHCF SRC values did not increase significantly while CuHCF SRC values decreased. In general, the applied 

voltage during the longer cycles is not beneficial as it leads to undesirable side reactions as evidenced by decreased 

Coulombic efficiency in Figure 10c. The SRC for charge cycles in the C/C system became negative over time, a direct 

result of the inversion effect previously observed in Figure 6a and Figure 7a. Because the C/C cell was shorted during 

the discharge step, its Coulombic efficiency was consistently lower compared to MHCF/C systems (+1 V applied for 

discharge), irrespective of feedwater composition. In CaCl2 tests, the SRC values of the MHCF/C systems (Figure 10e) 

closely mirrored one another until about halfway through the testing protocol when MnHCF/C began to visibly 

outperform CuHCF/C, which is likely the result of CuHCF dissolution. Generally, longer cycle times increased SRC 

values in CaCl2, suggesting that the MHCF electrodes had not reached saturation and required longer than 10 min 

cycles to achieve maximum Ca2+ removal from 1000 ppm feed solution. SRC values for 10 min charge cycles 
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decreased more than those for 30 min cycles for both MHCF/C systems. For MnHCF/C, at the end of the test protocol, 

the SRC for a 10 min cycle was just 50% that of the initial value while for a 30 min cycle it was 72%. Coulombic 

efficiency of the CuHCF/C system improved when intercalating Ca2+ compared to Na+ while it worsened for MnHCF/C, 

which had values greater than 110% for a majority of the test duration. Values greater than 100% suggest occurrence 

of side reactions, which in this case were more prominent when a positive potential was applied to the MnHCF 

electrode for deintercalation.   

 

Figure 11. Relationship between charge efficiency Λ and energy consumption per ion (in kT) for C/C, CuHCF/C, and 
MnHCF/C in (a) NaCl and (b) CaCl2 feedwaters. Each point represents the average energy consumed per ion 
removed and the charge efficiency for a given charge cycle. Cycles with energy per ion values >180 kT are not 
displayed. Divide energy in kT/ion by 200 to convert to MJ/molsalt. 

 

Figure 11 shows the energy efficiency for desalination of NaCl and CaCl2 feed solutions with MHCF/C and C/C systems 

in terms of charge efficiency (the ratio of salt removed to charge transferred) and energy per salt ion removed for a 

given charge cycle. Although the data for each material follows the same inverse relationship for the two parameters, 

the position of data points along the curve highlight the differences in energy efficiency of the three systems. In an 

ideal system, Λ would be 1.0 and all of the current drawn by the cell goes to desalination. However, in experimental 

systems some of the current goes towards parasitic side reactions like oxygen evolution [9]. Given that such 

inefficiencies are not accounted for by Coulombic efficiency, which only measures the ratio of charge transferred 

between charge and discharge cycles, we report the charge efficiency and energy efficiency values for each MHCF/C 

system. In 1000 ppm NaCl feedwater (Figure 11a), MnHCF/C showed the highest Λ (0.91) and lowest energy 

consumption (42.6 kT/ion), while CuHCF/C and C/C had lower maximum Λ (0.60, 0.23, respectively) and higher 

energy consumption (65.4 kT/ion, 167 kT/ion, respectively) due to more energy invested in undesirable side 

reactions besides desalination. In contrast, in 1000 ppm CaCl2 feedwater (Figure 11b), CuHCF/C removed ions most 

efficiently (max Λ = 0.89, 43.7 kT/ion) while MnHCF/C (max Λ = 0.57, 68.8 kT/ion) and C/C (max Λ = 0.27, 147 kT/ion) 

were less energy efficient. Our measured charge efficiency values were lower, and energy consumption values 

higher, than those previously reported for CDI and mCDI systems [36]. This is likely due to differences in prototype 

operational parameters used. In general, desalination in constant voltage mode (used in this study) is less efficient 

than in constant current mode, as it drives more undesirable side reactions [54–57]. Further, we observed 

performance loss over time, both in terms of higher energy consumption per ion and reduced charge efficiency, 

when MHCF/C and C/C was cycled in constant voltage mode. This trend can be attributed to the simultaneous 

decrease in SRR values and preservation of cycle-specific charge transfer as each system ages: under constant 
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voltage, as the electrode’s ability to capture salt decreases, a greater fraction of the current through the cell goes 

towards side reactions.  

Figure S8 shows composite EDS images of carbon electrodes cycled opposite different MHCF electrodes and opposite 

carbon. The elemental weight ratios corresponding to each image are provided in Table S2. In the pristine sample 

(Figure S8, left-most), carbon makes up 95% of the electrode and oxygen makes up the rest (5%). The carbon anodes 

from the symmetric C/C system produce stronger O signals than the pristine sample, suggesting occurrence of 

carbon surface oxidation as a result of cycling. This is in agreement with the literature, which suggests a more 

significant O presence in the post-mortem sample as the carbon anode incorporates oxygen containing groups in or 

on its surface [10]. However, it is not clear why the oxygen levels are higher for the carbon anodes from C/C system 

tested with NaCl compared to those tested with CaCl2 feed solutions. Of the carbon anodes cycled opposite MHCF 

electrodes, the anode opposite MnHCF showed the least degradation and had no signs of leachates from MnHCF 

cathode deposited on it. However, it still had increased amounts of O (10 and 12 wt%), suggestive of carbon 

oxidation. The lack of Mn atoms on the anode supports the electrochemical data and affirms that MnHCF remains 

stable throughout cycling, without leaching into the effluent stream. In contrast, for the CuHCF/C and ZnHCF/C 

systems, significant deposition of cathode constituent elements was observed on the corresponding anodes in 

addition to the aforementioned increased O levels. On the carbon anode facing CuHCF in NaCl tests, N, Cu, and Fe 

weight percentages of 21%, 11%, and 5% were measured respectively after cycling. When tested in CaCl2, the carbon 

anode facing CuHCF showed N, Cu, and Fe weight percentages increase to 26%, 27%, and 12%. Each of these 

elements are constituents of CuHCF and highlight loss of active material upon cycling. A similar observation was 

made with the ZnHCF system tested in NaCl, where the carbon anode showed Zn, N, and Fe at 30%, 21%, and 12% 

by weight, respectively. The observed instability of these materials is in agreement with previous reports of ZnHCF 

[29] and CuHCF [53]. One approach to improving electrode stability would be minimizing pH fluctuations during 

cycling, which can be achieved by introducing an ion-selective membrane into the system [50]. Studies have also 

shown the impact of electrode micro-structure on ion diffusion, highlighting additional opportunities for enhancing 

system performance[25].  Such system optimization will be the focus of future studies.  

4. Conclusions 

We successfully prepared, characterized, and tested the desalination performance of intercalation compounds from 

the KxM[Fe (CN)6]z · nH2O family (M = Cu, Mn, Zn). Each material was cycled opposite carbon electrodes in a lab-scale 

prototype device using both 1000 ppm NaCl and 1000 ppm CaCl2 feed solutions. While CuHCF and MnHCF showed 

promising performance for both Na+ and Ca2+ intercalation, ZnHCF was unstable and underwent rapid dissolution. 

MnHCF showed the best desalination performance in terms of salt removal capacities (19 mg/gAM) and salt removal 

rates (4.7 mg/gAM*min) for NaCl while CuHCF showed the best desalination performance in terms of salt removal 

capacities (46 mg/gAM) and salt removal rates (2.7 mg/gAM*min) for CaCl2. MnHCF proved to be the most robust of 

the intercalation compounds tested, retaining 83% of its initial capacity after 280 cycles when tested in NaCl and 

72% in CaCl2. Further, MnHCF showed no signs of degradation after cycling for 125h in NaCl and CaCl2 feed solutions 

in our post-mortem analysis of the electrodes. While CuHCF experienced far more dissolution during testing, it was 

more energy efficient than MnHCF for Ca2+ removal; MnHCF was more efficient with Na+. These results are promising 

and with electrode and system optimization, the desalination performance of MnHCF and CuHCF materials are likely 

to be considerably improved. Future work will address such optimization along with testing performance of these 

electrodes in complex water matrices.    
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