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GRAPHICAL ABSTRACT 

 

 

Abstract 

Prussian Blue Analogues (PBAs) with general formula NaxMA[MB(CN)6]y · z H2O (MA, MB = 

transition metal) are promising low cost, high rate and high capacity cathodes for sodium ion 

battery (SIB) technology. Here, we have studied the PBA Na1.32Mn[Fe(CN)6]0.83 · z H2O (z = 

3.0 and 2.2) with varying structural modifications (monoclinic and cubic) using in operando 

quasi-simultaneous X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS). We 

observed a series of reversible structural phase transitions which accompany Na 

insertion/extraction during electrochemical cycling. The samples show pronounced differences 

in their galvanostatic charge and discharge profiles which could be linked to structural and 

electronic response. Different desodiation and sodiation mechanisms were identified. The 
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influence of [Fe(CN)6] vacancies and water content on the electrochemical performance was 

investigated. 

Keywords 

Battery; Sodium-ion; Hexacyanoferrates; Degradation; Water. 

1. Introduction 

Efficient energy storage is essential for the implementation of intermittent renewable energy 

sources into the electrical grid. Rechargeable battery technology can be used to balance 

electricity supply and demand. Today Lithium Ion Battery (LIB) technology dominates the 

portable devices and electric vehicle market. Unlike Li, Na is relatively cheap and readily 

available worldwide which might make it a viable option for large scale stationary storage. The 

realisation of the market potential of SIBs has boosted a large research effort into rechargeable, 

low-cost SIBs with reasonable energy density, high charge/discharge rate and durability[1, 2]. 

Ideal cathode materials for SIBs offer host-guest interactions in their 6-fold octahedral or 

prismatic coordination sites with negligible volume changes. Prominent examples are layered 

oxide materials and poly-anionic frameworks based on phosphates or sulphates [1-3]. 

Prussian blue analogues (PBAs), also referred to as metal hexacyanoferrates, with general 

formula, NaxM[Fe(CN)6]y · zH2O (M = transition metal, x = 4y-2, y ≤ 1) have attracted 

substantial interest as promising cathode materials for SIBs. Generally, when M is Mn, Fe, Co 

or Ni, M2+/3+ and Fe2+/3+ reside on alternate corners of 8 sub cubes of corner-shared octahedra 

linked by linear (C≡N)- bridges in the face centred cubic (fcc) unit cell (Fm-3m, Z = 4). The 

low-spin (LS) Fe2+/3+ bonds with C atoms while the high-spin (HS) M2+/3+ bonds with N atoms. 

Coordinating water resides in the randomly distributed [Fe(CN)6] vacancies (6 H2O molecules 

per vacancy), while zeolitic water and Na-ions can be found in the nanosized voids of the 



4 

 

framework structure. The Na-ions diffuse across the faces of the sub cubes formed by the 

(C≡N)- ligands which compared to O2- ions interact less with Na+ [4]. 

High specific capacities can be achieved in these compounds due to a potential two-electron 

per formula unit redox reaction. Reversible Na insertion/extraction into PBA has been 

demonstrated for M = Mn, Fe, Co, Ni, Cu and Zn [4]. For M = Fe promising high rate 

performance and high specific capacity of up to 170 mAh/g with good cycling stability were 

obtained by controlling water content, number of vacancies and crystallite size [5-7]. For M = 

Mn similar high rate capability, but lower capacity were found [8-10]. Wang et al.[9] reported 

134 mAh/g initial discharge capacity for a distorted PBA structure with composition 

Na1.72Mn[Fe(CN)6]0.99·2.3H2O. After 30 cycles 90 % of the initial discharge capacity was 

retained. For a non-distorted PBA cubic structure with composition 

Na1.40Mn[Fe(CN)6]0.97·3.3H2O they observed lower initial discharge capacity (123 mAh/g) but 

improved capacity retention (96 % after 30 cycles). The capacity degradation was therefore 

ascribed to the expected phase transitions between distorted and cubic structure when Na is 

extracted from and inserted into the structure during the electrochemical cycles. Starting from 

non-distorted manganese hexacyanoferrate thin films depending on the initial composition (y 

= 0.83, 0.87 and 0.93) Moritomo et al. observed different structural changes against Li content 

[11]. For Na1.32Mn[Fe(CN)6]0.83·3.5H2O they report a single cubic phase with different lattice 

parameters for different Na content. The discharge profiles of Na and Li analogues (y = 0.83) 

show different features (two well separated flat plateaus for Li and only slightly separated 

sloped plateaus for Na) and thus different sodiation and lithiation mechanisms might be 

expected. 

A fundamental understanding of extraction/insertion processes (single phase vs. two-phase), 

structural stability and voltage-composition profiles is pivotal for optimisation of electrode 
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materials. In addition to X-Ray Diffraction (XRD) which probes the long range order, X-ray 

Absorption Spectroscopy (XAS) can be used to determine changes in oxidation state and fine 

structural details such as C≡N bond length and MA-C≡N-MB orientation in metal 

hexacyanoferrates [11-14]. In operando quasi-simultaneous powder XRD and XAS where the 

structural and electronic response of the electrodes is constantly monitored during continuous 

cycling are therefore powerful techniques for understanding a materials electrochemical 

performance. 

Here we report the first in operando quasi-simultaneous XRD and XAS investigation of the 

PBAs Na1.32Mn[Fe(CN)6]0.83 · z H2O (z = 3.0 and 2.2) with varying structural modifications 

(distorted and non-distorted PBA structures similar to those observed by Wang et al.[9]) as 

cathode material for SIBs. Contrary to the previous findings [11] we observed a series of 

reversible structural phase transitions that are clearly linked to the galvanostatic charge and 

discharge profiles. The influence of the different water content on the electrochemical 

performance was also studied. Our data give a deeper insight into the possible reasons for 

capacity degradation in this family of materials. 

2. Experimental 

2.1 Material Synthesis and Characterization  

Both samples were prepared by a simple precipitation method: First, 14 g NaCl (Sigma 

Aldrich) were dissolved in 100 ml of 0.1 M Na4Fe(CN)6 · 10 H2O (Alfa Aesar) aqueous 

solution. Then 50 ml of 0.2 M Mn(NO3)2 · 4H2O (Sigma Aldrich) aqueous solution was added 

dropwise to the Na4Fe(CN)6 and NaCl solution under continuous stirring. The final solution 

was left to age at room temperature overnight. Further, filtering and washing with deionized 

water was carried out. The sample was then divided into two batches and dried for 6 hours: the 

first batch was dried at 60 °C (sample I), and the second at 120 °C (sample II). 
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Powder X-ray diffraction measurements with Cu Kα1 radiation were performed in transmission 

mode on a Bruker D8 with samples sealed in 0.5 mm diameter thin-walled glass capillaries 

(Hilgenberg GmbH). Diffraction profiles collected before and after drying are shown in Figure 

S1. Energy-Dispersive X-ray spectroscopy (EDX) was carried out at 15.0 kV on a Hitachi 

SU8200. It revealed a chemical composition of Na, Fe, Mn, C, N, O elements in the absence 

of any discernible Cl element. The molar ratios of Na, Mn and Fe were measured by Microwave 

Plasma-Atomic Emission Spectrometry (MP-AES 4100, Agilent Technologies) analysis and 

normalized to the Mn content. A composition of Na1.32Mn[Fe(CN)6]0.83 was obtained for both 

samples. Thermogravimetric analysis (STA 1500, Scinco Co. Ltd) was conducted in an open 

alumina crucible in air from room temperature to 400 °C at a heating rate of 10 °C/min (Figure 

S2). Water contents of 17 wt% and 13 wt% were obtained for samples I and II, respectively. 

Combining MP-AES and STA results gives a stoichiometry of Na1.32Mn[Fe(CN)6]0.83· z H2O 

with z = 3.0 and z = 2.2 for samples I and II, respectively. Sample II tends to absorb water with 

time and the samples were therefore stored in an Ar-filled glovebox (M. Braun). Magnetic 

susceptibility (χM) measurements were carried out in the temperature range 5 K to 300 K under 

a magnetic field of 1 T using a Magnetic Property Measurement System (MPMS, Quantum 

Design). The magnetic susceptibility of sample I was measured representatively for both 

samples. Paramagnetic behaviour and no phase transitions were observed over the whole 

temperature range (Figure S3). The as determined effective magnetic moment (μeff) of 5.6μB 

per formula unit is close to the theoretical value for a purely HS Mn2+ (S = 5/2) and LS Fe2+ (S 

= 0) configuration (μeff = 5.9μB). 

2.2 Electrochemical Measurements  

For the electrochemical characterization coin cells (2032) were assembled in an Ar-filled glove 

box with H2O and O2 levels less than 0.1 ppm (M. Braun). The working electrode composition 
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was 70 wt% of sample I or sample II as active material, 20 wt% of conductive carbon black 

(Timcal Super P) and 10 wt% polytetrafluoroethylene (PTFE) binder. The mixture was rolled 

into a thin film with a mass loading of active material of about 5 mg/cm2. The working electrode 

was separated from the Na metal disk as counter electrode by electrolyte soaked glass fibre. 

The electrolyte used was a 1 M solution of NaClO4 in ethylene carbonate/diethyl carbonate 

(1:1 in vol.) solution. The cells were left at open circuit for at least 3 h to make sure the 

electrolyte was fully soaked into the electrode before galvanostatic cycling between 2 V and 

4.2 V at a current rate of C/10 (1C ≡ 120 mA/g). 

2.3 In operando Synchrotron XRD and XAS measurements  

In operando quasi-simultaneous powder X-ray diffraction and absorption measurements were 

performed at the Swiss-Norwegian Beam Lines (SNBL), BM01B, at the European Synchrotron 

(ESRF). Diffraction profiles were collected using the Dexela 2923 CMOS 2D detector. The 

wavelength (λ = 0.50497 Å) was calibrated by means of a Si NIST standard. For data reduction 

the FIT2D software [15] was used. Spotlike reflections from the Na metal were masked prior 

to integration. All profile fittings and Rietveld refinements were performed using TOPAS V4.2 

(Bruker AXS). For each individual powder pattern zero-shift, background (13 term Chebychev 

polynomial), cell parameters, peak-profile parameters for the individual phases, as well as their 

scale factor, were refined in parallel for all powder patterns in each dataset. Reflections from 

the textured Al foil were fitted with a structureless phase with the lattice parameter and space 

group of Al metal (a = 4.05 Å, Fm-3m) and from the PTFE with a peak at 5.88°. For two-

dimensional detectors the counting statistics of the diffraction pattern cannot be estimated by 

the square root of the counts as the number of pixels integrated under the diffraction rings is 

not constant throughout the angular range of the diffraction pattern. The refinement software 

will, however, assume the square root of the counts as standard deviation if not otherwise 
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specified which results in high Rexp values. X-ray Absorption Near Edge Spectroscopy 

(XANES) were collected at the Mn K-edge (from 6460 to 6750 eV) and at the Fe K-edge (from 

7050 to 7280 eV) in transmission mode using a Si-(1 1 1) channel-cut type monochromator. 

The second crystal was detuned at about 70 % to reduce higher harmonics. The XANES data 

were analysed using ATHENA [16] for absorption edge determination and spectrum 

normalization to an edge jump of unity. The absorption edge position was determined as the 

maximum of the first derivative of the spectrum as exemplarily shown in Figure S7. The 

relative shift in absorption energy was calculated with respect to the pristine material. The 

energy resolution in this setup is 1.4x10-4 eV and the standard deviation observed in four 

separate measurements of the absorption edge at the same charge state was 0.04 eV. The 

electrochemical cycling was performed in Swagelok type electrochemical cells with Kapton 

windows which are available at SNBL. The battery assembly was kept identical to the coin 

cells. The first galvanostatic cycle was followed in operando at a current rate of C/10 which 

means that each charge/discharge took approximately 10 h. Due to the high rate capabilities of 

manganese hexacyanoferrates [9, 10] close to equilibrium conditions and negligible 

interference with the absorption energies are assumed at a C/10 rate. XRD and XANES (Fe 

and Mn K-edges) data collection (7 min per XRD scan and 3 min per XANES scan) were 

performed in sequence on the same cell. No beam damage to electrode or electrolyte 

components was observed during repeated X-ray exposure over the duration of the experiment. 

2.4 Ex situ XRD studies  

Ex situ synchrotron XRD profiles of the pristine active materials were collected separately. For 

this purpose, samples I and II were sealed under Ar in 0.3 mm diameter thin-walled glass 

capillaries (Hilgenberg GmbH). 
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Ex situ home lab XRD data (Bruker D8) were collected on both samples cycled five times in a 

reduced potential range (2 V to 3.8 V) and the full potential range (2 V to 4.2 V), and compared 

to pristine materials recovered from cells that were left at open circuit voltage while the other 

cells were cycled. All coin cells were disassembled in an Ar-filled glovebox (M. Braun). The 

recovered working electrodes were sealed under Ar in 0.5 mm diameter thin-walled glass 

capillaries (Hilgenberg GmbH). 

3. Results  

3.1 Electrochemistry  

Figure 1 shows the results of the electrochemical measurements. The redox reaction at low and 

high potential correspond to the LS Fe2+/Fe3+ and the HS Mn2+/Mn3+ couples, respectively [8, 

11]. In the first charge (Figure 1b), a pronounced step from low to high potential plateau is 

observed at identical capacity (70 mAh/g) for samples I and II. However, in sample I the 

oxidations take place at higher potential (3.49 V and 3.91 V) compared to sample II (3.46 V 

and 3.83 V). The difference is not as pronounced for the Fe2+/Fe3+ as it is for the Mn2+/Mn3+ 

redox reaction. Samples I and II have first charge (discharge) capacities of110 mAh/g (107 

mAh/g) and 117 mAh/g (117 mAh/g) in the synchrotron electrochemical cell, which are 

comparable to their theoretical capacities of 112 mAh/g and 118 mAh/g. During discharge, the 

higher potential plateau is shortened while the lower is extended and the step between the two 

plateaus is drastically smoothed. The step is observed at 23 mAh/g and 34 mAh/g discharge 

capacity for samples I and II, respectively. In sample I reduction potentials were observed at 

lower potentials (3.29 V and 3.53 V) compared to sample II (3.31 V and 3.61 V). Overpotential 

is observed in both samples but is higher for sample I (Figures S4a and S4b). With increasing 

cycle number the pronounced step between the redox potentials during charge is smoothed and 

becomes more similar to the discharge profile in both samples (Figures 1c and 1d). However, 
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plotting voltage profile versus normalized specific capacity reveals that this is due to lowering 

of the oxidation energy of the Mn2+/Mn3+ couple by 0.08 V for sample I and 0.06 V for sample 

II, while the Fe oxidation plateau remains unchanged in energy and slope with increasing cycle 

number (Figures S5a and S5b). Interestingly, the reduction energies decrease over almost the 

entire width of the voltage profile versus normalized specific capacity during the series of 

discharge steps in both samples (Figures S5c and S5d). Sample I shows pronounced sloping in 

the higher potential plateau. Furthermore, the drastic change in slope expected at the end of 

each plateau is not observed. This might indicate that the oxidation of Mn2+ in sample I cannot 

be completed before the cut-off potential is reached. The shoulder in the differential capacity 

(dQ/dV) curves of sample I after the first cycle at voltages above 3.8 V (Figure S4c) further 

indicates that irreversible side reactions are taking place. Sample I shows pronounced capacity 

degradation during the first cycles. Only 83 % (87 mAh/g) of its first discharge capacity are 

retained after 5 cycles (Figure 1a). The capacity degradation is strongest in the Mn2+/Mn3+ 

plateau as can be seen from the shift in relative capacity contribution of each redox couple in 

Figure S5a. The step between Fe and Mn oxidation plateau moves from 58 % to 63 % 

normalized specific capacity which indicates that the contribution of the Mn2+/Mn3+ couple to 

the total capacity is reduced by 5% over the first 5 cycles. Irreversible side reactions above 3.8 

V seem to be less pronounced for sample II (Figure S4d). For sample II the discharge capacity 

is relatively stable and close to its theoretical value. After 5 cycles a discharge capacity of 115 

mAh/g was found (Figure 1a). The capacity contribution of both redox couples remains almost 

constant during the first cycles. The ratio Fe and Mn oxidation plateau stays at about 58 % 

(Figure S5b). In both materials the stability of the Fe2+/3+ redox couple in the PBA structure is 

further confirmed by negligible capacity degradation over at least 30 cycles if the potential 

window is limited to the lower potential plateau, from 2 V to 3.6 V (Figure S6). Both samples 

show approximately constant Coulombic efficiency at about 80 % for sample I and 90 % for 
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sample II (inset Figure 1a). In sample I we observe lower voltage and Coulombic efficiency as 

well as pronounced capacity degradation compared to sample II.  

3.2 Structure of the pristine materials – cubic and monoclinic distorted PBA phases  

The fcc structure of PBAs was described in the introduction. Figure S1 shows the XRD profiles 

of the pristine materials. Both materials are single phase. The XRD pattern of sample II can be 

indexed with the fcc PBA structure. In the XRD pattern of sample I the (1 1 1), (0 2 2) and (0 

4 2) Bragg reflections of the fcc PBA structure are split. Distorted PBA structures have been 

reported in the literature [10, 17-20]. For Na1.32Mn[Fe(CN)6]0.83·3.6H2O a rhombohedral 

distortion (R-3m, Z = 12) was found after cooling the initially fcc structure below 280 K [20]. 

For their structural refinements of the rhombohedral structure Moritomo et al. constrained 

several bond distances and bond angles to keep the shape of the cyano-bridged framework of 

the fcc structure. It was argued that the symmetry change is caused by a cooperative 

displacement of the Na-ions via dipole-dipole interactions along the cubic [1 1 1] direction. For 

Na2Mn[Mn(CN)6]·2H2O Kareis et al. observed a monoclinic structure (P21/n, Z = 2) that was 

stable from room temperature down to 15 K [17]. Here the average Mn-C-N bond angles are 

significantly distorted away from linearity to minimize void space. Song et al. also found this 

space group for Na2Mn[Fe(CN)6]·1.9H2O [10]. The monoclinic distortion was assigned to a 

cooperative displacement of (NaOH2)+ groups in alternating cubic [1 1 1] and [1 -1 1] 

directions. Rietveld refinements using these models do not fit the experimental data perfectly, 

indicating that there are still deficiencies in the models, despite the fact that all peaks are 

indexed by the unit cells. This makes it difficult to use the Rietveld fits to choose between the 

possible structure types. 

In order to obtain the best possible fit and distinguish between the rhombohedral and 

monoclinic forms structureless Pawley refinement was used. Sample I gave a better fit for the 
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monoclinic (Rwp = 1.67 %) than for the rhombohedral unit cell (Rwp = 2.93 %). The results of 

the Pawley refinements, lattice and R-factors are presented in Figure S8. The rhombohedral 

model is furthermore questionable because of a bad fit of the split cubic [0 2 2]c reflections and 

a larger and positive zero shift compared to sample II. The monoclinic model fits all reflections 

of the collected XRD profile and the zero shift is in good agreement with sample II.  

Initial Rietveld refinements were performed on the pristine samples I and II to provide a 

starting point for parallel Rietveld refinement of the electrochemical cycling data. 

In view of the Pawley refinement results we proceeded with a Rietveld refinement of sample I 

in the monoclinic model [10, 17] where Fe replaces the C-bound Mn and additional zeolitic 

water sites (4e) are found close to each face of the cubic subunits. Isotropic temperature 

parameters were fixed to those obtained for sample II. Atomic positions were refined with 

restraints on distances and angles. The occupancies were found to be close to the results from 

thermogravimetric and elemental analysis. The results of the Rietveld refinement are shown in 

Table 1 and Figure 2a. The monoclinic phase gives a good description for sample I and is 

hereafter referred to as phase A. Sample II has the fcc PBA structure. The structural model 

suggested by Moritomo et al.[20] with Na in tetrahedral (32f) and zeolitic water in octahedral 

sites (48g) gave the best fit. The results of the Rietveld refinement are shown in Table 1 and 

Figure S9. The cubic structure will hereafter be referred to as phase B and if fully desodiated 

as phase C. A representation of each phase is shown in Figure 2b. 

3.3 In operando synchrotron quasi-simultaneous XAS and XRD measurements  

Figures 3a-b show normalised  Mn and Fe K-edge XANES spectra that were collected during 

the first discharge (sodiation) in sample I. Signatures for both Mn3+ and Mn2+ are found in the 

XANES spectrum of the desodiated sample (x = 0.00). During discharge the Mn3+ ions are 

reduced first and the average oxidation state of Mn changes towards 2+ (Figure 3a). Changes 
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are more pronounced for discharge capacities below 48 mAh/g (x < 0.59). The oxidation state 

of Fe remains constant until the potential step between high and low potential plateau is reached 

at about 23 mAh/g discharge capacity (x = 0.29). In the low potential plateau the average Fe 

oxidation state reduces from 3+ to 2+ with increasing Na content (Figure 3b). These findings 

are in good agreement with the literature reports on the Li/Na analogues [11]. However, the 

compositional range (x) over which the Mn oxidation state changes during discharge deviates. 

In this work the XAS analysis was limited to following oxidation state changes, i. e. the relative 

shift in absorption edge positions. Further insight to the element specific local environment 

could be obtained by studying the pre-edge features and extended X-ray absorption fine 

structure (EXAFS) [12, 13, 21]. 

Figures 4a-b and 5a-b show the relative shift in Fe and Mn absorption edge for samples I and 

II, respectively, and compares them to their respective voltage profiles during the first 

electrochemical cycle. The initial Fe and Mn absorption edge positions are identical for the 

pristine samples I and II. During charge the Fe K-edge shifts to higher energies in the lower 

potential plateau, it remains unchanged in the high potential plateau and moves back to its 

initial value after the lower potential plateau is reached during discharge in both samples. 

Between sodiated and desodiated state a similar reversible relative shift in Fe K-edge of about 

1.3 eV was observed for samples I and II (Figures 4a and 5a). During charge the position of 

the Mn K-edge remains unchanged in the lower potential plateau but starts to shift to higher 

energies as soon as the higher potential plateau is reached for both samples. Between the 

sodiated and desodiated states a reversible relative shift in Mn K-edge of about 0.3 eV and 0.6 

eV was found for samples I and II, respectively (Figures 4b and 5b). Even though a calibration 

curve of the formal oxidation state vs. XANES threshold is not provided, the larger relative 

shifts of the Fe K-edges compared to the Mn K-edges suggest different redox-activities of both 

metals. The relative change in Mn absorption edge position is much more pronounced for 
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sample II which means that more Mn3+ is formed and more Na extracted from the PBA. While 

all Mn oxidation during charging took place in the higher potential plateau, only about half of 

the total reverse shift in absorption edge position is completed in this plateau during discharge. 

Thus both Mn and Fe reduction are found in the lower potential plateau during discharge.  

Our in operando synchrotron XRD reveals a series of reversible phase transitions between the 

three distinct phases of NaxMn[Fe(CN)6]0.83 during galvanostatic charge and discharge. We 

used Rietveld quantitative analysis to study the phases present at different stages of 

electrochemical cycling. All atom positions, occupancies and thermal parameters were fixed to 

the values from the initial refinements of phases A and B.  

Figures 3c-d show selected Bragg reflections of the XRD profiles which illustrate the phase 

transitions during discharge in sample I. After the first charge (desodiation) the diffraction 

profiles clearly show the presence of two distinct phases, namely phase B and phase C with 

smaller lattice constants a = 10.3490(2) Å. Rietveld refinements confirmed that in the latter the 

Na content is negligible. During discharge, the intensity of phase C decreases while it increases 

for phase B which indicates that phase C is gradually transformed to phase B (Figure 3c). At 

sufficient Na content (70 mAh/g discharge capacity, x = 0.86) the fcc reflections start to split. 

This is characteristic of the transition of phase B to phase A as shown Figure 3d. With 

increasing Na content the splitting of the reflections gets more pronounced. For the Rietveld 

refinements we can first distinguish between phase B and A when the splitting of the reflections 

is sufficiently large. Even if the peaks start to split at 70 mAh/g discharge capacity (x = 0.86) 

the best fit is obtained for phase B with a = 10.5745(2) Å. At 76 mAh/g discharge capacity (x 

= 0.94), however, the structure is best fitted in phase A with normalised lattice parameters close 

to the those of phase B before the transition (ac,a = a = 10.569(1) Å, ac,b = √2 b = 10.580(1) Å, 

ac,c = √2 c = 10.558(1) Å, β = 91.39(1)°). With increasing Na content the monoclinic distortion 
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is increased and lattice parameter and angle become less metrically cubic as can be seen in 

Figure S10. A similar phase transformation (between B and C) has been observed for the Li 

analogues (y = 0.87) but no structural phase transformations were reported for the Li/Na 

analogues (y = 0.83) with varying x [11].  

Figures 4c-d and 5c-d show the phase fractions of the three distinct phases and their volume 

changes during the first electrochemical cycle in samples I and II, respectively. In the pristine 

cell with sample I we observe phase A with a volume of 292.9 Å3 per unit formula. During 

desodiation the distortion of the monoclinic PBA is smoothly reduced and as a result the 

volume contraction of phase A is released. The cyanide framework returns to linearity when 

Na is extracted. At x ≈ 0.9 (27 mAh/g charge and 76 mAh/g discharge capacity) and 3.0 H2O 

per formula unit the structure can be fully described as phase B. The pristine cell with sample 

II (1.32 Na and 2.2 H2O per formula unit) contains only phase B in the lower potential plateau. 

Desodiation of phase B also leads to volume relaxation until it reaches a maximum of 298.2 

Å3 (295.8 Å3) per formula unit for sample I (II). At the step to the higher potential plateau 

formation of phase C is detected. In this plateau phase B is gradually transformed into phase 

C. During this process the volume of phase B remains close to its maximum value while the 

volume of phase C decreases from 280.3 Å3 to 277.1 Å3 (281.2 Å3 to 274.6 Å3) for sample I 

(II). While the volume difference for phases A and B in the lower potential plateau is relatively 

small it is noticeable for phases B and C in the higher potential plateau. The pronounced 

difference in volume between phases B and C can indeed be explained by the pronounced 

difference in ionic radii for HS Mn3+ (0.970 Å) and HS Mn2+ (0.785 Å) while it is insignificant 

for LS Fe3+ (0.69 Å) and LS Fe2+ (0.75 Å) in 6 coordinate octahedral environment[22]. At the 

end of the first charge only about 90% of phase B was transformed to phase C for sample I 

while the transformation was complete for sample II. The complete transformation and the 

bigger change in volume of phase C for sample II are a further confirmation that more Mn2+ is 
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formed in sample II compared to sample I at the end of charge. During discharge phase C 

transforms back to phase B in both samples. The volume of phase B remains constant in the 

higher potential plateau while the volume of phase C reversibly increases towards the step to 

the lower potential plateau which is observed at 23 mAh/g (34 mAh/g) discharge capacity for 

sample I (II). At the step, phase C still exists and phases C and B are present in equal amounts. 

In contrast to the charge process phase C is also found in the lower potential plateau during 

discharge. After the step in potential the phase transformation from phase C to B continues as 

the trend in phase fractions indicates. The volume of phase C does not increase above its initial 

volume of formation and the volume of phase B decreases which indicates Na insertion into 

this phase. The transition to phase B is completed at 54 mAh/g (67 mAh/g) discharge capacity 

for sample I (II) which corresponds to about 30 mAh/g after the step for both samples. The 

volume of phase B is continuously compressed with Na insertion. For sample I phase B 

transforms back to phase A at 70 mAh/g discharge capacity. The volume compression 

continues also in phase A for sample I during further sodiation. At the end of the first cycle 

samples I and II are found in the form of phase A and B, respectively, with lattice parameters 

in good agreement with those of the pristine samples. The phase transitions were thus fully 

reversible during the first electrochemical cycle, however, differences in the phase evolution 

during galvanostatic charge and discharge were observed. 

3.4 Ex situ XRD studies after five cycles  

The ex situ XRD profiles of the materials cycled over the full potential range are shown in 

Figure 6. They reveal the presence of new reflections from NaMnCl3 (PDF-number 01-070-

1322) which are much more pronounced for sample I but also present in sample II. The ex situ 

XRD profiles of the cells cycled in the reduced potential range (up to 3.8 V) are almost identical 

to those of the pristine samples (Figure S11). These observations indicate that the structural 
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transformations identified by in operando measurements take place reversibly below 3.8 V, 

while the irreversible reactions leading to the formation of NaMnCl3 occur at voltages above 

3.8 V. The amount of NaMnCl3 is likely to increase with cycle number as a phase fraction 

sufficient for detection by XRD is first observed after several cycles. The formation of 

NaMnCl3 further seems to be favoured by presence of water (z = 3.0 and z = 2.2 for samples I 

and II, respectively). 

4. Discussion 

4.1 Sodiation and desodiation mechanisms in NaxMn[(FeCN)6]y  

Both materials show a series of reversible phase transitions. Differences in charge and 

discharge mechanisms were observed in electrochemical and structural data for both samples. 

The lower and higher potential plateaus are clearly separated during charge, while the higher 

potential plateau is shortened and the potential difference between the plateaus is much smaller 

during galvanostatic discharge. Also the discharge profile is more sloped than the charge 

profile. Due to the higher content of guest atoms (Na and water), sample I initially adopts a 

monoclinic structure (phase A). During charge Na is removed and the structure relaxes to the 

PBA fcc structure (phase B) in the lower potential plateau. In sample II phase B is present 

initially due to the lower water content. The average Fe oxidation state changes from 2+ to 3+ 

during desodiation in the lower potential plateau. Formation of phase C (from phase B) is 

associated with partial oxidation of Mn2+ to Mn3+ upon further desodiation in the higher 

potential plateau. At the end of the charge this transition is completed for sample II but not for 

sample I. During discharge, however, phase C is continuously transformed to phase B by taking 

up Na and reducing Mn3+ to Mn2+ in the lower potential plateau. At the step between higher 

and lower potential plateaus the phase fraction of phase B is sufficient to allow for detectable 

Na insertion by reduction of Fe3+ which is confirmed by the volume compression of phase B 
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and the XANES analysis. Both phases are available for Na insertion and both Fe3+ and Mn3+ 

can be reduced simultaneously. The reduction potential is thus an average of the overall Mn3+ 

and Fe3+ reduction potentials in the region of coexistence of phase C and phase B. During the 

whole charge process only one phase at the time is available for Na extraction (phase A or 

phase B) while during discharge Na-ions can be inserted in phase C and phase B 

simultaneously. These observations can explain the shortening of the higher potential plateau, 

the smoothing of the potential step and the change in slope during discharge compared to the 

charge process. An illustration of the different sodiation and desodiation mechanisms is 

presented in Figure S12. 

4.2 Influence of the water content in NaxMn[(FeCN)6]y· z H2O and other reasons for 

capacity degradation  

Samples I and II originate from the same precipitation synthesis but were exposed to different 

drying conditions resulting in a final formula of Na1.32Mn[Fe(CN)6]0.83· z H2O with z = 3.0 and 

z = 2.2, respectively. The coordinating and zeolitic water contents thus have a major impact on 

the cycling performance. In sample I we observe lower voltage and Coulombic efficiency as 

well as pronounced capacity degradation compared to sample II. The higher zeolitic water 

content in sample I might reduce the diffusivity of Na+ along the 3D tunnel pathways in the 

PBA framework structure, building up larger overpotential and thus lower voltage efficiency. 

The increased overpotential might also be one reason why sample I does not achieve the same 

average Mn oxidation as sample II and does not fully desodiate (formation of phase C) before 

the cut-off potential is reached. At the same time our ex situ studies showed that an irreversible 

side reaction occurs above 3.8 V which is favoured by higher water contents. This irreversible 

side reaction reduces the Coloumbic efficiency of the material and leads to loss of Mn in the 

form of NaMnCl3 and pronounced capacity degradation. The capacity degradation in sample I 
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cannot be ascribed to the monoclinic to cubic phase transition because of the high cycling 

stability in the Fe2+/3+ plateau in which this transition takes place. This is further confirmed by 

the reversibility of the structural changes observed by our in operando and ex situ 

measurements. Low Coulombic efficiency could also be due to removal of water from the 

structure during cycling as assumed in the literature [4, 23]. Electrochemical removal of 

interstitial water was confirmed for Na2Mn[(FeCN)6]·1.9H2O [10]. Here this would only fit 

with the reversible structural changes if the water were replaced by Na during discharge. 

Neutron diffraction data would be necessary to gain further insight. 

The exact formation mechanism of NaMnCl3 is subject for future investigations. As measured 

by EDX no Cl is found in the pristine samples. The Cl must therefore originate from the ClO4
- 

ions in the electrolyte. The need to reinvestigate the reduction process of the perchlorate anion 

(normally assumed to be very stable) was outlined in a recent review on the 

electrochemical/electrocatalytic stability of ClO4
- at any electrode used in aqueous media [24]. 

A high potential (> 3.8 V) is considered necessary to drive the decomposition of the ClO4
- ions. 

Furthermore, our data suggest that higher zeolitic water concentrations promote the process of 

NaMnCl3 formation. Manganese dissolution might be favoured by the presence of [Fe(CN)6] 

vacancies substituted by water molecules when compared to vacancy free manganese 

hexacyanoferrates  [9, 10] where no Mn dissolution and/or no residual formation were found. 

Using NaPF6 instead of NaClO4 as electrolyte salt does not improve cycling stability. A similar 

degradation mechanism might be assumed for both salts. Ageing mechanisms in LIBs 

involving Mn dissolution and electrolyte decomposition as reported in Ref. [25] might provide 

guidance in understanding the processes involved. 

The reason for the capacity degradation in the [Fe(CN)6] vacancy free sodium manganese 

hexacyanoferrates reported in Ref. [9] can neither be found in the phase transition from 
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distorted to cubic PBA nor Mn disintegration but might be due to large volume changes during 

cycling. The trend in volume change is very similar for both samples. Sample I has on average 

a slightly larger volume (about 2 Å3 for all phases) than sample II. The volume change from 

the pristine samples to the partly desodiated phase B at the end of the lower plateau is relatively 

low (about 2 %). However, the phase transition from phase B to C in the higher potential 

plateau is accompanied by a large volume change for insertion materials of up to about 8 % 

which might add a lot of stress on the grain boundaries of manganese hexacyanoferrate 

framework structures. Phase transitions together with large volume changes (above 4%) are 

often associated with damage to the structure and particle-to-particle contacts which reduces 

electrochemical cyclability [25-28]. 

5. Conclusions 

Our investigation clearly demonstrates that synthetic conditions influencing the amount of 

[Fe(CN)6] vacancies and water content are critical for the performance of PBAs in a battery. 

For Na1.32Mn[Fe(CN)6]0.83 · zH2O we found strong correlation between not only changes in the 

transition metals oxidation states but also structural response during cycling and 

electrochemical performance of the battery. Pronounced differences in the galvanostatic cycle 

could be linked to the structural changes which follow necessarily different paths during charge 

and discharge. With repeated cycling the active material loses Mn in the form of NaMnCl3 

which causes capacity degradation. Loss of capacity appears to be promoted by both 

coordinating water in [Fe(CN)6] vacancies and higher zeolitic water content in the pristine 

material. Relatively large volume changes between the sodiated and desodiated phases may 

also contribute to capacity degradation.  
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Figures 

 

Figure 1. The figure shows (a) specific charge/discharge capacity (empty/filled symbols) and 

Coulombic efficiency (inset) versus cycle number (Z); (b) first galvanostatic cycle in the 

synchrotron cell and (c),(d) subsequent cycles for samples I and II (1C ≡ 120mA/g). 
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Figure 2 (a) Rietveld refinement of sample I (λ = 0.50497 Å) using phase A. The background 

was fitted using a structureless phase with equally spaced broad reflections. (b) Visualization 

of the different phases by VESTA [29]. Mn, N, C, Fe and Na atoms are represented by purple, 

gray, brown, light brown and yellow balls, respectively. Partially filled (partially white) balls 

represent the partial occupancy of certain sites. Water is not represented for clarity. 
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Figure 3 The figure shows changes in normalised XANES spectra and XRD profiles (λ = 

0.50497 Å) with increasing capacity / Na content in NaxMn[Fe(CN)6]0.83 during discharge of 

sample I: Normalised X-ray absorption signal at the Mn (a) and Fe (b) K-edges; (c) Bragg 

reflections of the cubic (2 2 0) of phase C and B; and (d) Bragg reflections of the cubic (4 2 0) 

of phase B which is split in phase A. A shift in the absorption edge position of an element to 

higher (lower) energies corresponds to an increase (decrease) of its average oxidation state. 

Relative intensities of the reflections correspond approximately to the individual phase 

fractions. 
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Figure 4 The figure shows the relative shift in absorption edge energy of Fe (a) and Mn (b); 

the relative phase fractions for the distinct phases A, B and C (c) and the volume per formula 

unit (d) compared to the voltage profile (black line) as a function of the specific capacity/Na 

content in NaxMn[Fe(CN)6]0.83 (bottom/top axis) for sample I. R-values are reported in Table 

S1. Lines are shown as a guide to the eye. 
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Figure 5 The figure shows the relative shift in absorption edge energy of Fe (a) and Mn (b); 

the relative phase fractions for the distinct phases B and C (c) and the volume per formula unit 

(d) compared to the voltage profile (black line) as a function of the specific capacity/Na content 

in NaxMn[Fe(CN)6]0.83 (bottom/top axis) for sample II. R-values are reported in Table S2. 

Lines are shown as a guide to the eye. 
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Figure 6 Ex situ XRD profiles (Cu Kα1) of samples I and II cycled for 5 times between 2 V 

and 4.2 V. The symbols O and * mark reflections from NaMnCl3 (PDF-number 01-070-1322) 

and PTFE binder, respectively. The background is dominated by diffuse scattering from the 

amorphous carbon black in the presented region. 
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Table 1 Results of the Rietveld refinements of Na1.32Mn[Fe(CN)6]0.83· z H2O. 

 sample I sample II 
z 3.0 2.2 
phase A B 
space group P21/n Fm-3m 
Z 2 4 
a (Å) 10.543(1) 10.5212(2) 
b (Å) 7.457(1)  
c (Å) 7.403(1)  
β (o) 91.81(1)  
Rp (%) 2.44 0.92 
Rwp (%) 3.42 1.33 
Rexp (%) 21.43 27.26 

 

 

 


