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Abstract

Iron hexacyanoferrate (FeHCF) particles were synthesized at room temperature with 

ethylenediaminetetraacetic acid (EDTA) at varying pH. The presence of EDTA produced faceted 

particles and increasing synthesis pH resulted in slower reaction kinetics and larger particles with 

lower water content and fewer anion vacancies determined by TGA and Mössbauer spectroscopy. 

Electrochemical testing of sodium metal half cells revealed higher capacity in FeHCF particles 

grown at lower pH with EDTA, obtaining a maximum discharge capacity of 151 mAh/g with 79% 

capacity retention after 100 cycles at 100 mA/g and a rate capability of 122 mAh/g at 3.2 A/g. In 

contrast, particles grown at higher pH had stunted low-spin Fe redox activity but with improved 

long-term cyclic stability. These findings demonstrate that small changes in synthesis pH can 

greatly affect the growth and electrochemical properties of FeHCF when using a pH sensitive 

chelating agent such as EDTA.
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1. Introduction

The production of high energy density lithium-ion batteries (LIBs) has rapidly increased with 

growing demand for electric vehicles, portable consumer electronics, and renewable energy 

production. However, supply-chain sensitivity of lithium, cobalt, and nickel resources puts LIBs 

at risk for significant price fluctuations and material shortages in the future [1]. For this reason, 

sodium-ion batteries (SIBs) have been of much investigation as a substitute for LIBs. Despite 

having lower energy density, SIBs could potentially provide economic advantages over LIBs due 

to its more earth-abundant supply of precursors and could be more suitable for niche applications 

such as stationary energy storage systems [2]. Prussian blue (PB) and its analogs (PBAs) have 

been widely investigated as a suitable SIB cathode material because of its high theoretical capacity, 

high sodium-ion diffusion, easy synthesis scalability, and readily-available, low-cost precursors 

[3]. However, actual capacity and cyclic stability of Fe-based PB must still be improved in order 

for SIBs to become competitive commercially [4]. 

Prussian blue, chemically known as iron hexacyanoferrate (FeHCF), has the general chemical 

formula AxFe[Fe(CN)6]1-y∙nH2O where A represents a variety of possible interstitial cations 

introduced during synthesis or through electrochemical intercalation [5]. FeHCF typically arranges 

in a face-centered cubic crystal lattice of Fe cations octahedrally coordinated to the nitrogen of 

Fe(CN)6 anion octahedra and A cations located in the large interstitial sites [6]. The strong ligand 

field of the cyanide ion results in the C-coordinated Fe cation of Fe(CN)6 groups to take the low-

spin electronic configuration while the N-coordinated Fe cation remains in the high-spin state [7]. 

Consequently, there exists separate redox potentials for high-spin and low-spin Fe whose redox 

potential may also depend on the amount of water and intercalation site of sodium ions [8, 9, 10].
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In general, there are two routes to chemically synthesizing FeHCF. First is through a co-

precipitation method, utilizing an iron salt and ferrocyanide salt. The precipitation reaction at room 

temperature between free iron ions and ferrocyanide complex is rapid, resulting in nanoparticles 

with poor crystallinity, high vacancies, and high water content [11]. In contrast, high quality 

FeHCF crystals can be grown through hydrothermal synthesis in which a single precursor, such as 

sodium ferrocyanide salt, is slowly decomposed in an acidic solution at high temperature to 

produce free iron ions that can react with undecomposed ferrocyanide ions [11, 12, 13]. This route 

produces highly crystalline FeHCF particles that have improved capacity and cyclability compared 

to nanoparticles prepared by simple mixing [11]. However, the one-pot synthesis route creates 

hazardous cyanide as a byproduct, generating up to six moles of cyanide per mole of FeHCF [14]. 

Furthermore, this route does not easily allow for the doping or substitution of the M species with 

other transition metals due to the fast precipitation between ferrocyanide and transition metal ions. 

Therefore, it is important to investigate alternative synthesis routes that avoid cyanide generation 

and can allow M species substitution at room temperature while retaining a highly crystalline 

structure.

The addition of citrate to the co-precipitation method has been shown to produce cubic crystals of 

FeHCF, Ni/MnHCF, and CoHCF with improved capacity and cyclic performance for Na-ion 

batteries [15, 9, 16, 17]. Other chelating agents and their dependence on solution pH have not been 

studied for their influence on particle growth and electrochemical properties of FeHCF. The 

following research investigates the effect ethylenediaminetetraacetic acid (EDTA) under different 

synthesis pH has on the crystal growth and electrochemical properties of FeHCF. EDTA is a 

hexadentate chelating agent commonly used in industry to suppress the activity of metal ions in 

solution and is a strong chelator of Fe ions [18]. It forms complexes with metal ions through two 
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amine groups and four carboxyl groups. Due to the pH dependence of carboxyl deprotonation, the 

solution pH affects the chelation strength of EDTA, thus affecting particle growth and 

electrochemical performance of FeHCF.

2. Experimental

Synthesis of FeHCF with EDTA at different pH. Separate 0.3 M acetate buffer solutions were 

made at pH 3.8, 4.0, 4.2, and 4.4 with sodium acetate and acetic acid. Each buffer solution was 

used to prepare a 200 mL solution of 20 mM Na4Fe(CN) 6∙10H2O and a 200 mL solution of 30 mM 

FeCl2∙4H2O and 30 mM ethylenediaminetetraacetic acid tetrasodium salt (EDTA). The  FeCl2

solution was quickly added to the former solution and stirred for 24 hours at room temperature 

before particles were collected and washed with water and ethanol through centrifugation. The 

blue product was dried in air at 80oC overnight. Herein samples will be labeled as PB(3.8), PB(4.0), 

PB(4.2) and PB(4.4) corresponding to their respective solution pH during synthesis.

Physical Characterization. The crystal structures of the as-synthesized products were determined 

via powder X-ray diffraction (XRD) on a Bruker D8 Discover using a Cu-K X-ray source with 

nickel filter and 1-dimensional X-ray transducer. A JSM 7000F scanning electron microscope was 

used in SEI mode to collect electron micrographs. SEM samples were prepared by drop casting 

FeHCF-water suspensions onto silicon substrates and drying at 80 oC under vacuum. The optical 

absorbance spectra were measured with a UV-visible light spectrometer on samples suspended in 

water, and the optical absorbance at 700 nm was measured for PB(3.8) and PB(4.4) at 10 second 

intervals for the first 30 minutes after mixing precursor solutions together. Thermal gravimetric 

analysis (TGA) was performed on samples under nitrogen gas at 5oC/min. Exhaust gas from TGA 
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was filtered through a 0.1M ferrous sulfate water trap to capture any cyanide gas generated. 

Mössbauer spectroscopy was performed on FeHCF powders using a 57Co radioactive source.

Electrochemical Characterization. Electrodes were made on aluminum foil by doctor blading a 

slurry of 70% active material, 20% Super P conductive carbon, and 10% sodium 

carboxymethylcellulose (CMC) binder dissolved in water and allowed to dry at 80oC under 

vacuum for 12 hours. 2032 type coin cells were made in an Argon glovebox with a sodium metal 

anode and Whatman glass fiber separator saturated with 1M NaClO4 in propylene carbonate (PC) 

with 5 vol% fluoroethylene carbonate (FEC) electrolyte solution. Batteries for cyclic voltammetry 

did not include FEC additive in their electrolyte. Galvanostatic cycling was done on a LAND 

battery tester between 2 and 4.3 V. Cyclic voltammetry was performed with an Arbin 

electrochemical tester between 2 and 4.3 V at 0.1mV/s.

3. Results and discussion

Physical characterization. The XRD patterns of the four FeHCF samples synthesized under 

different pH match the cubic  crystal structure of Prussian blue (Figure 1). Sharp diffraction Fm3m

peaks suggest large crystallite size with good crystallinity, and diffraction peak intensity increases 

slightly with synthesis pH. SEM micrographs (Figure 2) show that particles display faceted 

morphology and particle size increases at higher pH. Particle geometry is not necessarily cubic 

and consists of irregular particles with square and rectangular facets. The thermodynamic 

equilibrium shape of FeHCF is cubic because of its face-center-cubic lattice. The synthesized 

FeHCF particles with EDTA do display faceted features, which might suggest that the crystal was 

grown under thermodynamic conditions; however, the non-uniformity and irregularity of particle 

geometry could be due to non-classical crystallization, such as mesocrystal assembly. 

Mesocrystals are hierarchical structures formed by the oriented self-assembly and fusing of smaller 
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nanoparticles [19, 20, 21]. There are several reports on the formation of FeHCF mesocrystals of 

various morphologies through hydrothermal synthesis with different organic additives such as 

glucose, polyethylene glycol, or polyvinylpyrrolidone [22, 23, 24]. The addition of EDTA could 

assist in oriented aggregation of FeHCF nanocrystals as it has been shown in the formation of 

biomineral mesocrystal materials [25, 26]. The difference in mesocrystal size between PB(3.8) and 

PB(4.4) may be due to a difference in the initial nanocrystal size as illustrated in Figure 3.

Crystal size is dependent on the competition between growth rate and nucleation rate, where the 

energy barrier for nucleation is related to particle solubility and free ion concentration [27]. The 

solubility product of Prussian blue has been reported as between 10-264 and 10-177, resulting in 

extremely fast nucleation [28]. The presence of EDTA reduces the activity of free Fe in solution 

by forming a complex with Fe ions, slowing the kinetics of nucleation which typically dominate 

over particle growth. Formation of crystal nuclei with [Fe(CN)6]4- anions is more inhibited by 

EDTA at higher pH, resulting in increased crystal size. Acetate anions from the acetate buffer 

solution can also form a complex with Fe ions in solution; however, it is a monodentate ligand and 

has a lower stability constant of 103.2 (K1) compared to 1014.3 for EDTA [29]. In comparison, 

FeHCF grown by the same procedure without EDTA results in nanoparticles that do not show any 

significant difference in particle size between different pH (Figure S1).

UV-visible light spectroscopy of FeHCF particles dispersed in water show an absorbance peak 

associated with Prussian blue (Figure 4a) at 700 nm. Visible light absorption is due to charge 

transfer between low-spin Fe2+ and high-spin Fe3+ ions in Prussian blue [30]. Increasing synthesis 

pH results in decreasing absorbance at 700 nm but increasing absorbance near 400 nm. The lower 

absorbance at 700 nm could be caused by an increased concentration of reduced high-spin Fe2+ in 

the larger FeHCF particles. The reduced state of FeHCF, known as Prussian white, is not stable in 
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air and will gradually oxidize to Prussian blue. PB(4.4) may be less prone to oxidation due to its 

larger particle size, or perhaps because free Fe3+ ions in solution are preferentially chelated by 

EDTA compared to Fe2+ [18]. The higher concentration of Fe2+ could be balanced by an increased 

concentration of Na+ in the FeHCF crystal to maintain charge neutrality. Energy dispersive X-ray 

spectroscopy (EDS) reveals Na:Fe ratios of 0.39, 0.42, 0.43, and 0.51 for PB(3.8), PB(4.0), 

PB(4.2), and PB(4.4), respectively. The increasing concentration of Na+ with synthesis pH for 

FeHCF samples could directly correspond with the ratio of Fe2+ to Fe3+ and corroborates the 

decreasing peak intensity of UV-vis.   

The claim that EDTA retards the nucleation of FeHCF particles more at higher pH was tested by 

measuring optical absorbance at 700 nm during the first 30 minutes of synthesis for PB(3.8) and 

PB(4.4) (Figure 4b). The solution synthesized at pH 3.8 reaches saturated optical absorbance 

within the first few minutes of reaction. In contrast, the sample synthesized at pH 4.4 increases 

optical absorbance more gradually with time, indicating slower precipitation of particles.

Figure 1. XRD patterns of FeHCF samples between 10-50 
degrees compared against ICDD No. 00-052-1907 for 
Prussian blue.
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(a) (b)

(c) (d)

Figure 2. SEM micrographs of (a) PB(3.8), (b) PB(4.0), (c) 
PB(4.2), and (d) PB(4.4). Scalebar is 1 .μm

Figure 3. Proposed mechanism of oriented aggregation 
between different synthesis pH.

(a) (b)

Figure 4. UV-visible light absorbance spectra for FeHCF 
samples (a). Normalized optical absorbance at 700nm 
during the first 30 minutes of synthesis (b).
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The crystal structure of FeHCF is typically associated with zeolitic water and water coordinated 

to high-spin Fe in place of Fe(CN)6 anion vacancies. TGA results (Figure 5) show two weight loss 

regions that corresponding to dehydration and partial decomposition of cyanide groups [31]. The 

initial weight loss step associated with total dehydration reveals water content of 16.4, 14.4, 13.8, 

and 13.4 wt% for PB(3.8), PB(4.0), PB(4.2), and PB(4.4), respectively. The increasing water 

content at lower synthesis pH could be attributed to additional water present in Fe(CN)6 anion 

vacancy sites and from increased surface absorbed water due to smaller particle size. Additionally, 

Fe ions in solution are coordinated by water during a typical synthesis which could lead to a high 

water content of FeHCF during rapid precipitation. When EDTA is added it blocks coordinated 

water by chelating with Fe ions. At higher pH the chelation strength of EDTA is stronger and more 

water may be blocked from coordinating with Fe. Furthermore, the dehydration and decomposition 

temperature increase with particle size which could be due to a thermal delay dependent on particle 

size, a similar phenomenon to a shift in onset temperature when heating rate is increased. 

Figure 5. TGA under nitrogen gas at 5oC/min for FeHCF 
samples.
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Mössbauer spectroscopy was performed on PB(3.8) and PB(4.4) to investigate the effect synthesis 

pH had on Fe(CN)6 vacancies. The nuclear resonance of 57Fe atoms in FeHCF are sensitive to their 

local chemical environment and valence state. The Mössbauer spectra of PB(3.8) and PB(4.4) 

(Figure 6) can be fitted with Lorentzian curves representing each iron species and the area of the 

curve is proportional to the molar fraction of that species. Using the same fitting methodology as 

Grandjean et al., a single doublet was assigned to low-spin Fe2+, and three doublets were assigned 

to high-spin Fe3+ and Fe2+ with their line widths, , held equal to that of the -Fe calibration of 𝛤 𝛼

0.34 mm/s [32]. This is because the presence of low-spin Fe(CN)6 vacancies create several 

chemically unique identities of high-spin Fe. For PB(4.4) it was necessary to add an additional set 

of doublets corresponding to high-spin Fe2+ to fit a shoulder peak, which corroborates the increased 

Na:Fe ratio from EDS and decreased absorption peak at 700 nm observed in Figure 4 indicating 

increased high-spin Fe2+ concentration. The fitting parameters of each curve are listed in Table S1. 

(a) (b)

Figure 6. Mössbauer spectra at room temperature of (a) 
PB(3.8) and (b) PB(4.4) with fitted Lorentzian curves 
representing iron species.

The curve area ratios between low-spin and high-spin iron species reveal approximately 18 and 

4% Fe(CN)6 anion vacancies for PB(3.8) and PB(4.4), respectively, corresponding to estimated 

chemical formulae of Na0.71Fe[Fe(CN)6]0.82∙2.68H2O and Na1.00Fe[Fe(CN)6]0.96∙2.38H2O when 

incorporating EDS and TGA results. This result is supported by the decrease in weighted 

quadrupole splitting, ,  of high-spin Fe3+ from 0.14 to 0.11 mm/s. Quadrupole splitting of 〈Δ𝐸𝑄〉
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the iron nucleus is caused by an electric field gradient contributed to by nonsymmetric valence 

electrons or ligands [33]. The smaller quadrupole splitting of PB(4.4) suggests its high-spin Fe3+ 

centers are surrounded by a more symmetric octahedra of Fe(CN)6 anions due to fewer vacancies.

Similarly, the isomer shift, , of high-spin Fe3+ increases from 0.41 to 0.42 mm/s for PB(3.8) and 𝛿

PB(4.4), respectively. The isomer shift is sensitive to s-electron density, with more negative shift 

for increasing s-electron density at the nucleus of Fe atoms [34]. High-spin Fe3+ in FeHCF are 

octahedrally coordinated to the electronegative nitrogen of Fe(CN)6, pulling electrons away from 

its center. When Fe(CN)6 ligands are vacant the s-electron density at the nucleus of high-spin Fe 

increases resulting in a less positive isomer shift as seen in PB(3.8). The decreasing vacancy 

concentration of FeHCF grown with EDTA at higher pH indicated by Mössbauer spectroscopy 

may be attributed to the slower nucleation and growth rate of particles. 

Electrochemical results. Cyclic voltammetry (CV) of sodium metal half-cells reveals several 

redox peaks corresponding to sodium ion intercalation and deintercalation (Figure 7). The redox 

potential of sodium-ion intercalation into FeHCF can be affected by ligand field energy of the 

transition metal ion and energy of the intercalation site which could be influenced by the 

concentration of sodium and water in the crystal [35]. Previous studies have modeled the different 

energies associated with ion intercalation into different sites, as well as the influence of water 

molecules. Possible sodium sites include 8c (body-centered), 24d (face-centered), 32f (displaced 

8c towards high-spin Fe), 32f’ (displaced 8c towards low-spin Fe), and 48g (displaced between 8c 

and 24d) [35]. Additionally the presence of water has been reported to affect the redox potential 

of sodium ion intercalation in the large interstitial sites of FeHCF [10, 36].  

Cyclic voltammetry during the initial charge cycle shows a large current response at high-voltage 

which may be the oxidation of water in the crystal. The oxidation peak is larger in PB(3.8) than 
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PB(4.4) which could be because of the larger water content of PB(3.8). The first reduction peak 

located above 3.5 V may be the intercalation of Na-ions into hydrated sites and low-spin Fe 

reduction [12]. This peak’s redox potential is higher for PB(3.8) than PB(4.4) which could be due 

to the amount of water, which has been modeled to influence the redox potential of FeHCF and 

decrease in potential with lowering water content [10]. After subsequent cycling the first reduction 

peak above 3.5 V decreases in current density while the second reduction peak at around 3.3V 

increases, attributed to dehydrated Na-ion intercalation and low-spin Fe reduction. The reduction 

and oxidation peaks below this voltage are attributed to Na-ion intercalation and high-spin Fe 

reduction. The several peaks of high-spin Fe may also be due to the influence of water and 

intercalation site preference.

(a) (b)

Figure 7. Cyclic voltammetry at 0.1 mV/s for PB(3.8) (a) 
and PB(4.4) (b). Dashed line is initial charge.

Galvanostatic cycling was performed on sodium metal half cells at 100 mA/g (Figure 8). During 

the initial charge cycle PB(4.4) shows a significantly larger plateau at 3.1 V than PB(3.8) indicating 

a greater concentration of initial high-spin Fe2+. This corroborates the presence of a high-spin Fe2+ 

peak in the Mössbauer spectra and lower absorbance at 700 nm in UV-Vis of PB(4.4). On the other 

hand, the initial charge capacity contribution beyond this voltage plateau is larger for PB(3.8), 

indicating more redox active low-spin [Fe(CN)6]4- despite having slightly more vacancies 

according to Mössbauer spectroscopy. The first cycle discharge capacities were 151, 142, 125, and 

124 mAh/g for PB(3.8), PB(4.0), PB(4.2) and PB(4.4), respectively. The increased capacity of 
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FeHCF synthesized at lower pH with EDTA is primarily due to a larger contribution of low-spin 

Fe redox activity (Figure S4). When the synthesis of FeHCF is carried out without EDTA, there is 

no significant difference in capacity or voltage between pH 3.8 and pH 4.4 (Figure S5), confirming 

that the difference is primarily influenced by the addition of EDTA and not the acetate buffer at 

different pH.

Capacity loss occurs after the first cycle and is more significant in samples synthesized at higher 

pH. Capacity loss could arise from irreversible ion insertion or extraction, structural collapse due 

to crystal distortion or dehydration, and irreversible side-reactions. Work by Rudola, et al. on high-

quality micron-sized FeHCF crystals demonstrate electrochemical dehydration of the crystal when 

cycled to 4.3 V which may result in structural distortion and capacity loss [12]. PB(4.4) shows a 

larger initial capacity loss despite having slightly less water than PB(3.8). The larger particle size 

of PB(4.4) with fewer vacancies may be less accommodating to structural transformation resulting 

in larger initial capacity loss. Upon further cycling all FeHCF samples suffer from capacity decay 

at different severity (Figure 9) with samples synthesized at higher pH demonstrating better cyclic 

performance. Capacity retention up to 100 cycles after the 3rd cycle was 82, 85, 94, and 91% and 

average coulombic efficiencies (discharge divided by charge) were 99.2, 99.5, 99.5, and 99.6% for 

PB(3.8), PB(4.0), PB(4.2), and PB(4.4), respectively. Long term cyclic instability in FeHCF can 

be caused by lattice collapse from Fe(CN)6 vacancies and side-reactions from the oxidation of 

coordinated water [37], thus the samples grown at higher pH with a more perfect crystal structure 

and less water has improved cyclability.
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(a) (b)

(c) (d)

Figure 8. Galvanostatic profile at 100 mA/g of the initial 
charge and subsequent cycles for FeHCF synthesized with 
EDTA at pH 3.8 (a), pH 4.0 (b), pH 4.2 (c), and pH 4.4 (d).

Figure 9. Galvanostatic cycling at 100 mA/g. Discharge 
shown as open circles and charge shown as filled circles.

The intercalation kinetics of FeHCF samples were investigated by cycling batteries at various 

current densities (Figure 10). The specific discharge capacities at a current density of 3.2 A/g were 

120, 104, 95, and 89 mAh/g, corresponding to capacity retentions of 84, 80, 83, and 80% 

respectively for PB(3.8), PB(4.0), PB(4.2), and PB(4.4) compared to their 4th cycle at 100 mA/g. 

The high capacity retention at high current indicates fast intercalation kinetics which can be 
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ascribed to Prussian Blue’s unique cage-like structure which can facilitate rapid ion transport.  

However, further analysis of discharge curves of PB(3.8) and PB(4.4) when current rate increases 

shows that capacity of the upper voltage plateau attributed to low-spin Fe is disproportionately lost 

compared to the lower voltage plateau attributed to high-spin Fe (Figure 11). The asymmetric 

decrease in capacity between voltage plateaus suggests that the intercalation or redox mechanism 

of the upper plateau is more impacted by kinetics. Furthermore, the capacity retention of the upper 

voltage plateau more quickly decreases for the larger microscale particles of PB(4.4) retaining 

about 32% capacity compared to 61% for PB(3.8) at 3.2 A/g (Figure S7). In contrast, the lower 

voltage plateau capacity retains about 97% capacity for PB(4.4) and there is no decrease for 

PB(3.8). The larger diffusion distance of micrometer-sized particles could be responsible for the 

decreased electrochemical activity of larger particles grown at higher pH with EDTA, despite 

having fewer vacancies.

Figure 10. Galvanostatic cycling at various current rates. 
Discharge shown as open circles and charge shown as 
filled circles.
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Figure 11. Rate performance of PB(3.8) (a) and PB(4.4) (b), 
and their respective estimated capacity contributions between 
low-spin and high-spin Fe (c, d).

(a) (b)

(c) (d)

4. Conclusions

The effect synthesis pH and EDTA had on FeHCF growth and its influence on sodium ion battery 

performance was investigated. Increasing synthesis pH results in slower nucleation kinetics 

leading to increased particle size, fewer anion vacancies, and decreased water content. However, 

galvanostatic cycling illustrated that FeHCF synthesized with EDTA at lower pH had increased 

capacity with more prevalent low-spin Fe redox activity and increased rate performance, but also 

suffered from faster cyclic decay.

It was originally hypothesized that particles with fewer vacancies would have improved capacity. 

While this still may be possible, rate-dependent results illustrate that any gains in capacity because 

of fewer vacancies were overshadowed by kinetic limitations of the low-spin Fe redox reaction. In 

summary, growth of FeHCF faceted particles with EDTA can be controlled by the adjustment of 

synthesis pH that results in significant changes in their electrochemical activity over a small pH 
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range. These findings suggest that pH should be carefully considered especially when utilizing a 

chelating agent in other procedures of FeHCF synthesis. 
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