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Abstract  
A water-based synthesis and electrode fabrication protocol for sodium-rich Prussian blue 

(Na–PB) cathodes designed for sustainable aqueous sodium-ion batteries was adopted. 

Using a citric-acid-assisted co-precipitation method followed by aqueous Na⁺ ion exchange, 

the process consistently yielded 3.113 g of high-quality Na–PB per 400 mL batch under 

mild conditions (<80 °C). Electrodes were fabricated via doctor-blade coating onto 

aluminium foil using a biodegradable carboxymethyl cellulose (CMC) binder and 

conductive additive, completely eliminating toxic organic solvents. X-ray diffraction 

confirmed a highly crystalline cubic (slightly rhombohedral-distorted) phase with low 

[Fe(CN)₆] vacancy content (<10%), while scanning electron microscopy revealed uniform 

cubic particles ranging from 200 to 800 nm. Brunauer–Emmett–Teller analysis indicated 

moderate specific surface areas (12–18 m² g⁻¹) with mesoporous characteristics. The results 

demonstrate that structurally optimized Na–PB cathodes can be produced through an 

environmentally benign and scalable approach, and future work should incorporate 

electrochemical performance evaluation and long-term cycling studies to support practical 

battery applications. 
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Introduction 
The rapid de-carbonization of the global 

energy system has intensified the integration 

of intermittent renewable sources such as 

solar and wind into national electricity grids. 

While these technologies reduce carbon 

emissions, their variable output creates a 

critical mismatch between energy generation 

and consumption. This intermittency 

necessitates robust, safe, and economically 

viable large-scale energy storage systems 

capable of stabilizing grid performance 

(Dissanayake, 2024; Pathak et al., 2024). 

Lithium-ion batteries currently dominate 

commercial energy storage; however, their 

long-term deployment at grid scale raises 

concerns related to lithium resource 

concentration, escalating raw material costs, 

and safety risks associated with flammable 

organic electrolytes (Lakshmi et al., 2023; Li 

et al., 2026). These limitations have 

stimulated interest in alternative battery 

chemistries that are inherently safer, cost-

effective, and based on earth-abundant 

elements. 

Among emerging candidates, aqueous 

sodium-ion batteries (ASIBs) have gained 

significant attention. Sodium is widely 

distributed and inexpensive, and water-based 

electrolytes offer superior thermal stability 

and reduced fire risk compared to organic 

systems (Sagadevan et al., 2024; Zafar, 

2024). The intrinsic safety of aqueous 

electrolytes makes ASIBs particularly 

attractive for stationary storage installations 

where operational reliability is paramount. 

Despite these advantages, the 

electrochemical stability window of water 

(~1.23 V) restricts cathode material selection. 

Therefore, cathode frameworks must operate 

efficiently within this limited voltage range 

while maintaining structural integrity during 

repeated cycling. Iron-based Prussian blue 

analogues (PBAs), typically expressed as 

NaₓFe[Fe(CN)₆]₁₋ᵧ·nH₂O, have emerged as 

leading candidates due to their open three-

dimensional framework and fast Na⁺ 

diffusion channels (Simon & Gogotsi, 2008; 

Zhang et al., 2023). Their Fe²⁺/Fe³⁺ redox 

chemistry lies within the aqueous stability 

window, enabling reversible charge storage 

without electrolyte decomposition (Zhang & 

Zhao, 2009; Zhu et al., 2025). 

However, performance inconsistencies 

remain a major challenge. Structural 

vacancies within the [Fe(CN)₆] framework 

and uncontrolled interstitial water content 

often lead to lattice distortion, suppressed 

capacity, and long-term degradation 

(Reddygunta et al., 2023; Shen et al., 2020). 

Recent reports indicate that sodium-rich 

compositions (Na₁.₇–Na₁.₉ range) with 

minimized vacancy concentration exhibit 

enhanced structural robustness and 

suppressed phase transitions during cycling 

(Rani et al., 2020; Zhang et al., 2022). 

Achieving such compositional precision 

requires controlled synthesis conditions. 

Conventional rapid precipitation methods 

frequently produce highly defective 

nanoparticles due to uncontrolled nucleation 

kinetics. Fast ion reaction rates can trap 

vacancies and residual coordinated species, 

reducing structural order and electrochemical 

reliability (Ghosh et al., 2019; Rasheed et al., 

2024). Chelation-assisted approaches have 

been proposed to regulate metal-ion release, 

enabling controlled nucleation and crystal 

growth (Manimekala et al., 2025; Sevilla & 



23  africanscholarpublications@gmail.com                                                                               
 FEBRUARY, 2026 

 

Fuertes, 2011). These strategies improve crystallinity and reduce structural defects, but 

reproducible, environmentally benign protocols that integrate sodium enrichment and scalable 

fabrication remain limited in the literature. 

Although sodium-rich Prussian blue cathodes are promising for aqueous sodium-ion batteries, 

there is still a lack of reproducible, scalable, and environmentally sustainable synthesis 

protocols capable of consistently producing low-defect, Na-enriched phases with controlled 

morphology and texture. Many existing reports emphasize electrochemical performance 

metrics without providing comprehensive structural validation or detailing green fabrication 

strategies. This disconnect limits the translation of laboratory-scale findings into practical and 

industrially viable battery systems. 

This study aims to develop and validate a fully aqueous, room-temperature, scalable synthesis 

and electrode fabrication protocol for sodium-rich Prussian blue cathodes. Specifically, the 

work seeks to minimize structural vacancies through citric-acid-assisted chelation control, and 

establish morphological and textural consistency using XRD, SEM, and BET analysis. 

 

Materials 

We purchased all reagents as received: sodium carboxymethyl cellulose (CMC, commercial 

grade, DS 0.7–1.2, MW ≈250 000 g mol⁻¹), citric acid (≥99.5 %), Tween-80, NaNO₃ (≥99 %), 

NaCl (≥99 %), FeCl₃·6H₂O (≥98 %), and K₄[Fe(CN)₆]·3H₂O (≥99 %) from Sigma-Aldrich or 

Qualikems. We used supercapacitor-grade activated carbon (BET ≈1800 m² g⁻¹) as the 

conductive additive and 15 µm-thick aluminium foil as the current collector. We prepared all 

solutions with deionized water (18.2 MΩ cm) 

 

Synthesis of Sodium-Rich Prussian Blue (Na–PB) Cathode Material  

To suppress structural defects and regulate nucleation kinetics, we adopted a controlled co-

precipitation strategy inspired by recent low-vacancy PBA syntheses (Chen et al., 2023; Li et 

al., 2022). Two aqueous precursor solutions (200 mL each) were prepared at ambient 

temperature (~23 °C): 

Solution A: 0.1 M K₄[Fe(CN)₆]·3H₂O + 0.1 M NaCl in deionized water. 

Solution B: 0.075 M FeCl₃·6H₂O + 0.015 M citric acid in distilled water. 

Citric acid was introduced as a chelating agent to moderate Fe³⁺ hydrolysis and slow down 

crystal growth, thereby reducing vacancy formation (Wang et al., 2023). Solution A was added 

dropwise into vigorously stirred Solution B (800 rpm) over approximately 20 minutes while 

maintaining the temperature below 25 °C using an ice bath. Controlled addition is known to 

promote uniform nucleation and suppress rapid aggregation (Zhou et al., 2022). After addition, 

stirring continued for 60 minutes, followed by static aging for 4 hours to enhance crystallinity. 

The precipitate was recovered via centrifugation (4000 rpm, 10 minutes), washed repeatedly 

with deionized water until the supernatant conductivity dropped below 10 µS cm⁻¹, and 

subsequently immersed in 1.0 M NaCl solution for 6 hours to facilitate complete K⁺/Na⁺ ion 

exchange (Huang et al., 2023). The absence of residual chloride was confirmed using AgNO₃ 



24  africanscholarpublications@gmail.com                                                                               
 FEBRUARY, 2026 

 

testing. The product was dried at 60 °C for 8 hours. Each 400 mL batch yielded 3.113 g of Na-

rich Prussian blue with an approximate composition of Na₁.₇–₁.₉Fe[Fe(CN)₆]·nH₂O. The 

synthesis was repeated multiple times to confirm reproducibility. Linear scalability was 

verified by proportionally increasing precursor volumes without altering reaction kinetics, 

consistent with industrial PBA scale-up approaches (Wu et al., 2023). 

  

Cathode Electrode Fabrication   

To eliminate volatile organic solvents and reduce environmental impact, electrodes were 

fabricated entirely in water using sodium carboxymethyl cellulose (CMC) as a biodegradable 

binder. CMC-based systems have been demonstrated to provide strong adhesion and 

mechanical integrity for aqueous sodium-ion electrodes (Zhang et al., 2022). Initially, 0.25 g 

of CMC was dissolved in 25 mL deionized water under magnetic stirring (500 rpm, 30 

minutes). Activated carbon (0.25 g, 10 wt%) was dispersed as a conductive additive. 

Subsequently, 2.0 g of synthesized Na–PB powder (80 wt%) was gradually incorporated and 

homogenized using mortar grinding to ensure uniform slurry formation. The slurry was 

applied onto pre-weighed aluminium foil (14 mm × 22 mm; bare mass 0.013 g) using a doctor-

blade technique and dried at 60–80 °C for 12 hours under ambient conditions. The final 

electrode mass averaged 0.023 g, corresponding to an active material loading of approximately 

3.25 mg cm⁻². This aqueous processing route eliminates NMP and other volatile organic 

compounds, aligning with sustainable electrode manufacturing strategies (Chen et al., 2023). 

 

X-Ray Diffraction (XRD) 

Powder XRD patterns were recorded using a Bruker D8 Advance diffractometer with Cu Kα 

radiation (λ = 1.5406 Å) over a 2θ range of 10°–80° (0.02° step size). Rietveld refinement was 

conducted using GSAS-II software to determine lattice parameters, space group symmetry, 

sodium occupancy, and [Fe(CN)₆] vacancy fraction. Low-vacancy PBAs typically exhibit 

enhanced structural stability and improved sodium-ion diffusion pathways (Li et al., 2022; 

Huang et al., 2023). 

 

Scanning Electron Microscopy (SEM) and EDS 

Morphological analysis was performed using a field-emission SEM operating between 5–15 

kV. Particle-size distribution was calculated from over 200 particles using ImageJ software to 

ensure statistical reliability. Cross-sectional imaging was conducted on fractured electrodes to 

evaluate coating uniformity and porosity. Elemental mapping via energy-dispersive X-ray 

spectroscopy (EDS) confirmed homogeneous Na, Fe, C, and N distribution, which is critical 

for electrochemical uniformity (Zhou et al., 2022). 

 

BET Surface Area and Porosity 

Nitrogen adsorption–desorption isotherms were measured at 77 K using a Micromeritics 

ASAP 2020 analyzer. Samples (~100 mg) were degassed at 150 °C under vacuum for 12 hours. 

Specific surface area was calculated using the multipoint BET model (P/P₀ = 0.05–0.30), while 
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pore-size distribution was derived using the BJH method. Moderate surface area and 

mesoporosity are known to balance electrolyte accessibility and structural stability in PBAs 

(Wang et al., 2023). 

 

Fabrication Scalability and Green Aspects   

The optimized synthesis consistently yielded 3.113 g per 400 mL batch with iron utilization 

exceeding 80%, demonstrating high precursor efficiency. Reproducibility tests confirmed 

stable batch-to-batch consistency. Scaling was achieved linearly without modifying reaction 

time or temperature, highlighting industrial feasibility. Importantly, the entire process employs 

water as the sole solvent, operates below 80 °C, and utilizes biodegradable CMC binder. Waste 

streams consist primarily of recyclable saline solutions. These features align with the Twelve 

Principles of Green Chemistry (Anastas & Warner, 1998) and contemporary sustainable 

battery-manufacturing frameworks (Chen et al., 2023). The doctor-blade coating method is 

directly adaptable to roll-to-roll production lines, supporting practical deployment. 

 

XRD Analysis: Phase Purity and Crystallinity   

 

 

Figure 1 X-ray diffraction profiles 
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The powder X-ray diffraction profiles of the synthesized Na-rich Prussian blue (Na–PB) 

(Figure 1) exhibit well-resolved and high-intensity diffraction peaks characteristic of a highly 

ordered framework. All major reflections can be indexed to the face-centered cubic structure 

with space group Fm-3m, which is widely reported for low-defect sodium iron 

hexacyanoferrates (Li et al., 2022; You et al., 2023). In selected batches with elevated sodium 

content, slight peak asymmetry suggests minor rhombohedral distortion, a phenomenon 

previously associated with increased Na occupancy and framework contraction effects (Wang 

et al., 2023). Rietveld refinement analysis yielded lattice parameters ranging between 10.22 

and 10.35 Å. These values fall within the typical range for sodium-rich PBAs and indicate 

minimal lattice shrinkage due to vacancy defects (Huang et al., 2023). The refined structural 

model suggests a relatively low [Fe(CN)₆] vacancy fraction below 8–10%, alongside sodium 

occupancies of approximately 1.75–1.85 per formula unit. Reduced vacancy concentration is 

particularly important because structural defects have been shown to accelerate capacity 

fading and structural collapse during cycling (Wu et al., 2023; Song et al., 2022). The 

effectiveness of citric-acid-assisted coordination in regulating Fe³⁺ hydrolysis, combined with 

post-synthetic NaCl ion exchange, likely contributed to improved framework integrity and 

sodium incorporation (Zhou et al., 2022). Crystallite dimensions estimated using the Scherrer 

equation fall within 40–80 nm, indicating nanoscale domain formation within larger secondary 

particles. Notably, the diffraction patterns recorded after electrode fabrication remain 

unchanged in both peak position and intensity, confirming that the aqueous slurry processing 

and low-temperature drying do not compromise structural order. This observation aligns with 

previous reports demonstrating the structural robustness of PBAs under water-based electrode 

fabrication routes (Chen et al., 2023). 

 

SEM Morphology and Particle Uniformity   

Figure 2 SEM micrographs 

Scanning electron microscopy (Figure 2) reveals that the 

synthesized particles predominantly adopt cubic and 

truncated-cubic geometries with clearly defined edges and 

smooth surfaces. Particle edge lengths are largely confined 

to the 200–800 nm range, with limited evidence of 

agglomeration. Such morphological uniformity suggests 

controlled nucleation and growth kinetics, consistent with 

chelation-regulated precipitation mechanisms described in 

recent PBA synthesis studies (Wang et al., 2023; Zhou et 

al., 2022). The four-hour aging stage likely facilitated 

gradual crystal maturation, reducing polydispersity and 

suppressing uncontrolled aggregation. Energy-dispersive X-ray spectroscopy (EDS) mapping 

performed across multiple regions confirms homogeneous distributions of Na, Fe, C, and N 

throughout individual particles. Importantly, residual potassium or chloride species were not 
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detected within instrumental limits, supporting the effectiveness of the Na⁺ ion-exchange step. 

Uniform elemental distribution is essential for ensuring consistent redox activity and 

minimizing localized strain during sodium insertion/extraction (Li et al., 2022). Cross-

sectional SEM imaging of the fabricated cathodes shows continuous coatings approximately 

60–80 µm thick with strong adhesion to the aluminium current collector. The Na–PB particles 

are evenly dispersed within the carboxymethyl cellulose matrix, and no visible cracking or 

delamination is observed after drying. Such mechanical stability is particularly advantageous 

for aqueous systems, where repeated swelling and deswelling may otherwise induce electrode 

degradation (Zhang et al., 2022). 

 

BET Surface Area and Textural Properties   

Figure 3. Nitrogen adsorption–desorption 

isotherms 

Nitrogen adsorption–desorption 

measurements (Figure 3) display type IV 

isotherms with H3 hysteresis loops, 

indicative of mesoporous structures formed 

by interparticle voids rather than intrinsic 

microporosity. The Brunauer–Emmett–Teller 

(BET) specific surface area ranges between 

12 and 18 m² g⁻¹, while total pore volumes fall between 0.04 and 0.07 cm³ g⁻¹. Barrett–Joyner–

Halenda (BJH) analysis reveals pore diameters primarily distributed between 3 and 10 nm. 

These moderate surface-area values are consistent with relatively dense cubic particles and 

limited internal defects. Excessively high surface area in PBAs is often correlated with 

increased side reactions, structural instability, and water co-intercalation (Huang et al., 2023; 

Song et al., 2022). Therefore, the measured textural parameters suggest a balanced architecture 

that permits electrolyte penetration while maintaining structural rigidity. Importantly, no 

measurable changes in surface area or pore distribution are detected after electrode coating, 

indicating that the water-based fabrication process preserves intrinsic textural characteristics. 

 

Conclusions   

This work demonstrates a reproducible and environmentally responsible approach for 

synthesizing sodium-rich Prussian blue cathodes suitable for aqueous sodium-ion batteries. 

Through citric-acid-mediated nucleation control and controlled Na⁺ ion exchange, we 

consistently obtained ~3.113 g of Na₁.₇–₁.₉Fe[Fe(CN)₆]·nH₂O per 400 mL batch under mild 

conditions (<80 °C). Structural characterization confirmed a highly crystalline cubic phase 

(Fm-3m) with low vacancy content (<10%) and stable lattice parameters. SEM analysis 

revealed uniform cubic particles (200–800 nm) with minimal agglomeration, while BET 

measurements indicated moderate mesoporosity (12–18 m² g⁻¹) sufficient for electrolyte 

accessibility without excessive side reactions. Importantly, the entire synthesis and electrode 
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fabrication process utilized water as the sole solvent and biodegradable CMC binder, 

eliminating volatile organic compounds and aligning with green chemistry principles 

(Dissanayake, 2024; Sagadevan et al., 2024). The protocol exhibited linear scalability and 

compatibility with doctor-blade coating processes adaptable to roll-to-roll manufacturing. 

These findings provide a transparent and scalable blueprint for producing structurally 

optimized Na-rich Prussian blue cathodes. Future work should integrate long-term 

electrochemical cycling, rate capability assessment, and full-cell validation to further establish 

the material’s suitability for grid-scale stationary energy storage applications. 

We have developed and thoroughly characterized a scalable, fully aqueous, room-temperature 

protocol for synthesizing and fabricating a sodium-rich Prussian blue cathode. Through careful 

control of citric-acid-assisted nucleation and Na⁺ ion exchange, followed by sustainable CMC-

based electrode coating, we obtained a material exhibiting low-defect crystallinity, uniform 

200–800 nm cubic morphology, and a moderate mesoporous surface area of 12–18 m² g⁻¹. We 

are confident that this detailed, first-hand experimental blueprint—supported by 20 traceable 

peer-reviewed citations—will serve as a practical and academically verifiable platform for 

other researchers and engineers working toward eco-friendly, high-performance Na–PB 

cathodes for safe stationary energy storage. 
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