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Abstract  

Prussian blue analogue (PBA) material is a promising cathode for applications in Na-ion and 
K-ion batteries which can support high c-rates for charge and discharge. In this study, the 
material of composition [K2CuIIFeII(CN)6] was synthesized and its structural and 
electrochemical redox behaviour was investigated with 5 different alkali insertion cations 
(Li +, Na+, K+, Rb+, Cs+). Galvanostatic measurements indicate that the redox potential 
strongly depends on the ionic radius of the inserted cation. The redox potential varies by ~ 
400 mV between using Li+ (0.79 Å) or Cs+ (1.73 Å) in the electrolyte. The underlying 
modification of the Fe2+/Fe3+ redox potential in PBA is proposed to be due to the weakening 
of the Fe–C bond in the material. This hypothesis is supported by XRD measurements which 
reveal that the lattice parameter of the de-intercalated host structure follows the same trend of 
monotonic increase with the cation size.  The relatively minor volume changes accompanying 
the redox (1.2%–2.4%) allow the PBA to accommodate differently sized cations, although 
the structural hindrances are quite pronounced at high c-rates for the larger ones (Rb+ and 
Cs+). Cycle aging studies indicate that the minimum capacity fade rate is observed in case of 
K+ and Rb+ containing electrolyte. The peak intensity corresponding to the [220] 
crystallographic plane varies depending on the state of charge of PBA, since this plane 
contains the insertion cations. Owing to the sensitivity of the redox potential to the insertion 
cation coupled with the observed fast ion-exchange ability, the PBA material may find 
additional analytical applications such as ion sensing or filtration devices. 
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1. Introduction 

Energy storage devices are gaining global importance owing to their increasing use in 
portable electronic devices, electric vehicles and stationary storage applications [1]. 
Additional high power capability (W kg-1) is desirable for specific cases such as acceleration 
and regenerative braking in electric vehicles, elevator backup systems and power reliability 
systems for aviation [2]. Traditionally, Li-ion batteries containing intercalation cathodes such 
as LiCoO2 (LCO), LiNi0.33Mn0.33Co0.33O2 (NMC) or LiFePO4 (LFP) possess high energy 
density (120–180 Wh kg-1) but lack in terms of power density (W kg-1) [3,4]. Due to the 
diffusion limitations during intercalation and de-intercalation of Li+, the obtained capacity 
(mAh g-1) and nominal voltage (V) for these materials tends to reduce drastically at high c-
rates.  

Most of the intercalation electrode materials are also very cation specific. By contrast, 
Prussian blue analogue (PBA) materials with the chemical formula [AxM’ aM” b(CN)6] have 
been shown to reversibly intercalate a wide variety of cations [5–7]. Although, the theoretical 
gravimetric specific capacity is a little low for use as battery electrodes (60–100 mAh g-1), 
owing to their fast intercalation kinetics which are suitable for used as electrodes in hybrid 
supercapacitors [8–10]. The PBA materials have been shown to retain a large fraction of their 
theoretical capacity at scan rates as high as 50 C [9–12]. Other pseudocapacitive electrode 
materials in this category include inorganic materials such as MnO2, V2O5 [13–17] and 
organic materials such as PAQS, PPy, Polyaniline [18–22].  

PBAs are members of a family of multifunctional molecular materials with electronically 
active metal sublattices known for their unusual electronic, optical, photothermal and 
magnetic properties [23–26]. Margadonna et al. reported using synchrotron X-ray diffraction 
measurements that the PBA exhibits isotropic near zero thermal expansion (ZTE) in a large 
temperature range between 4.2 and 300 K [27]. Their high compositional flexibility 
combined with a host of interesting physical properties could be exploited to design 
multifunctional energy storage materials through the suitable selection of transition metal 
ions and/or interstitial units.  

Recently there have been reports on the use of this material as a cathode in Na, K and Li-ion 
in batteries and capacitors [28–31].  However, to the best of our knowledge, an integrated 
structure-redox behavior study using different cations has not been reported. In this study, we 
investigate the effect of inserted cation (Li+, Na+, K+, Rb+, Cs+) on the obtained capacity 
(mAh g-1), redox potential (V) and capacity fade rate (%/cycle) of the synthesized PBA 
material. The observed structural variations of the PBA host material from XRD 
measurements are used to explain the contrasting electrochemical behavior obtained in the 
presence of different cations. 

 

2.Experimental 

2.1. Material synthesis  

Prussian blue analogue material with the following composition K2CuIIFeII(CN)6 was 
prepared by mixing equal volumes of 50 mM aqueous solution of K4Fe(CN)6 and 100 mM 
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aqueous solution of Cu(NO3)2. The two solutions (120 mL each) were added dropwise to 60 
mL of de-ionized water in a beaker. The de-ionized water was kept under magnetic stirring 
during the addition. The reaction between the two chemicals is fast and the PBA material 
instantaneously precipitates out. The precipitate was removed by vacuum filtration using 
Whatmann filter paper (GF/A). Following this, the precipitate was washed several times with 
water and then dried at 60 °C for 10 h. The as-synthesized powder is in the reduced (that is 
the discharged) state. 

2.2. Electrode preparation  

For preparing the electrodes, the PBA powder was dry and then mixed with Ketjen Black 
(KB) in a mortar and pestle. The powder mixture was added to a solution of N-methyl 
pyrrolidone (NMP) containing 5 wt% Polyvinylidene fluoride (PVDF).  The final electrode 
composition was PBA:KB:PVDF (80:10:10) by weight. The obtained slurry was coated on 
graphite paper (Sigracet BC, SGL Carbon) and dried at 90 °C under vacuum for 3 h to 
remove the NMP. 

2.3. Electrolytes  

The electrolytes were prepared by dissolving the nitrates of the respective alkali cations (Li+, 
Na+, K+, Rb+, Cs+) in de-ionized water to obtain a 1 M concentration. Using the same anion 
(nitrate) ensures that the only difference between the electrolytes is the cation. The pH of the 
electrolyte was adjusted to 2 by addition of nitric acid. 

2.4.Electrochemical testing  

For electrochemical testing, standard three electrode cells were assembled. The counter 
electrode was a commercial AC electrode while a standard Ag/AgCl reference electrode was 
used. The electrodes were immersed in a beaker containing the appropriate electrolyte. The 
electrochemical measurements were performed on a VMP-3 Biologic Potentiostat. The 
cycled electrodes were stopped, either in the charged state or the discharged state, removed 
from the electrolyte and washed thoroughly with water prior to XRD characterization.  

2.5.XRD characterization  

After drying, the as-prepared and charged and discharged electrodes were subjected to XRD 

under the following conditions. The wavelength of the Cu Kα radiation was λ = 1.5418 Å, 

while the angular resolution in 2θ scans was 0.02° over range of 10°–70°. Structural 
refinement of the obtained data was done using PowderCell software. Crystal structure 
visualizations were prepared using VESTA software. 

3.Results and discussion 

The crystal structure of the as-synthesized material has the formula K2CuIIFeII(CN)6 and 
belongs to the cubic space group Fm��m. The dimension of the unit cell as calculated from 
XRD measurements on the PBA is a0 = 9.9954 Å. Each unit cell contains 4 formula units of 
the molecule. The Fe2+ ions occupy the corners and face centered positions of the unit cell as 

shown in Fig. 1. A C≡N group (not shown) is located between neighboring Cu and Fe ions to 
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form the network of the host structure. The C≡N group is oriented in a way to form Fe–C and 

Cu–N bonds as shown in Fig. 1. In each unit cell, the eight K+ cations occupy the Wyckoff 
position 8c. Out of these 8 cations, only 4 K+ ions can be reversibly intercalated during the 
electrochemical reduction corresponding to the four Fe2+/Fe3+ redox centers as shown in 
reactions (1) and (2). During oxidation, the Fe2+ is re-oxidized to Fe3+ and de-intercalation of 
the itinerant cation occurs as represented in Fig. 1. The calculated theoretical discharge 
capacity based on this reaction is 63 mAh g-1. The obtained positions of the ions by 
refinement of the XRD data of the as-synthesized material are shown in Table 1.  

Fig 1. Crystal structure of K2CuFe(CN)6 in the discharged (intercalated) and the charged (de-

intercalated) state. K+ ions are shown in red and C≡N bonds are not shown for clarity. 
Fe and Cu lattice positions are labelled accordingly. 

 

Table 1. Crystal structure data for K2CuFe(CN)6.  

Atom Site x y z Biso SOF 

Fe 4a 0.0000 0.0000 0.0000 3.5900 1.0000 
Cu 4b 0.5000 0.5000 0.5000 1.3600 1.0000 
K 8c 0.2500 0.2500 0.2500 17.0400 1.0000 
C 24e 0.7948 0.0000 0.0000 4.7900 1.0000 
N 24e 0.6860 0.0000 0.0000 3.1400 1.0000 
Space group (Fm��m, a0 = 9.9954 Å). 

The five cations chosen for this investigation are Li +, Na+, K+, Rb+ and Cs+. The radii of the ions as well as their 
diffusion coefficients obtained from the literature are shown in Table 2 [32,33]. It can be seen that the ionic 
radius of Li+ is almost half of K+, while that of Cs+ is approximately 30% higher.  

Table 2. Ionic radii of cations of interest (A = Li+, Na+, K+, Rb+ and Cs+) in aqueous solutions, 
along with their diffusivity (25 °C) in aqueous electrolytes [32,33]. 

Ion 
type  

Solvation-
radius (Å) 

Diffusivity (10-10 m2 s-

1) at 25 °C  
Li +  0.79 11.80 
Na+  1.07 12.20 
K+  1.38 20.02 
Rb+  1.64 21.10 [34]  
Cs+  1.73 20.00 [34]  
 

3.1. Electrochemical measurements 

3.1.1. Redox potentials  
The cyclic voltammetry at 1 mV s-1 performed on the PBA electrodes in electrolytes 
containing different cations is shown in Fig. 2(a). Based on the large variation in the shape 
the CVs and the redox potentials, it is obvious that the nature of inserted cation has a 
significant impact on the electronic environment of the Fe2+/Fe3+ redox center. In case of Li+, 
a broad profile consisting of a multiple peaks is observed over a wide potential range of ~800 
mV. In case of Na+, two distinct peaks can be observed during charge and discharge. By 
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contrast, it is found that, for the larger cations (Rb+ and Cs+), there is only a single redox 
peak. 

 

 

Table 3. Redox potentials (V vs. SHE) obtained from the oxidation and reduction peaks 
observed during cyclic voltammetry (1 mV s-1) of PBA. 

Cation  EPA (V)  EPC (V)  E1/2 (V vs. SHE) 

Li+  0.92, 0.74, 
0.52, 0.22 

0.87, 0.57, 
0.29, 0.13 

0.58 

Na+  0.90, 0.65 0.82, 0.55 0.60 

K+  0.79 0.52 0.66 

Rb+  0.94 0.76 0.85 

Cs+  1.04 0.87 0.95 

Reduction (EPC) and oxidation (EPA) peak potentials. E1/2 is the half wave potential for redox of the most 
prominent peaks. 

The reduction and oxidation peak potentials observed from cyclic voltammetry are 
summarized in Table 3. The redox potential is estimated by taking the average of a pair of the 
prominent oxidation and reduction peaks. It can be seen that the average redox potential 
increases with increasing cation size and is the highest for Cs+ cation (0.95 V). By simply 
exchanging the cation in the electrolyte from Li+ to Cs+, the redox potential shifts by almost 
~400 mV. In fact, the cation dependence of redox potential has been reported previously by 
two groups separately working on Prussian Blue thin film electrodes of composition 
KFeIIFeIII (CN)6 in the 1980s [7,35]. However, no explanation was offered for the observation. 
Since we observe the same effect, in a material of different composition K2CuIIFeII(CN)6, it 
appears that this is generally applicable to materials of hexametallocyanate family.  

When the CV is conducted at a lower scan rate (0.1 mV s-1), the obtained scans are 
significantly modified as shown in Fig. 2(b). For all cations, there is an increase in 
electrochemical reversibility as observed from the lowering of (EPA – EPC). In case of Rb+ and 
Cs+, the peaks appear distinctly sharper indicating that diffusion of these cations in the PBA 
is more sluggish as compared to Na+ and K+. As a result, allowing more time for the diffusion 
of cations by lowering the scan rate significantly influences the electrochemical behavior.  

Fig. 2 Cyclic voltammetry at (a) 1 mV s-1 and (b) 0.1 mV s-1 on PBA under different itinerant 
cations 

 

In a previous work of Goodenough, it was shown that the potential of the Fe2+/Fe3+ redox 
center can shift significantly based on the surrounding environment. In such materials the 
redox potential was found to shift by ~800 mV depending on the choice of the polyanions 



6 
 
 

 

(SO4)
2-, (PO4)

3-, (SiO4)
4-, (AsO4)

3- or (WO4)
3- [36]. It was shown that, as the Fe–O bond 

length increases, the Fe2+/Fe3+ redox potential also increases [37,38]. More recently, it was 
predicted that by analogy in PBA materials where each Fe is bonded to 6 carbons, it is the 
nature of this Fe–C bond which would primarily affect the redox potential [39]. Based on the 
redox potentials obtained in this work, it appears that the Fe–C bond should be the longest in 
the material when Cs+ cation is used. This in turn would translate to the increase of the redox 
potential as observed. By contrast, in case of Li+ ion insertion, the redox potential observed is 
the lowest (0.58 V), which would imply that the Fe–C bond is the shortest. This hypothesis is 
supported by the XRD results which are discussed in a following section.         

3.1.2.Voltage profiles and reversible capacity 
The potential profiles obtained from galvanostatic cycling in presence of different cations 
(Li +, K+, Rb+ and Cs+) are shown in Fig. 3(a-d). It can be seen that irrespective of the cation 
in the electrolyte, the capacity on the first charge (1 C) is ~60 mAh g-1 and close to the 
theoretical capacity. However, during the first discharge, the capacity is lower and highly 
dependent on the cation. The extent of unrecovered capacity (shown in green) is larger for the 
larger cations namely Rb+ (11 mAh g-1) and Cs+ (24.4 mAh g-1). Additionally, the reduction 
in capacity (shown in red) by going to a higher c-rate (5 C) is also highest for these cations. 
This is indicative of diffusion constraints for the larger cations as inferred from the cyclic 
voltammetry. 

The other distinction between cations is the flatness of the potential profiles. A flat profile 
during electrochemical reaction is observed when a two-phase system is encountered such as 
that occurring in case of LiFePO4 or Li4Ti5O12 [38,40,41]. In case of Li-Bi batteries also, a 
varying voltage is observed in the single phase region whereas a flat voltage when the 
cathode enters the two-phase region [42]. It is possible that the insertion of the larger cations 
(Rb+ and Cs+) causes significant structural distortion leading to a similar effect. On the other 
hand, the insertion of small cations such as Li+ is easier to accommodate into the structure. 
The voltage profiles of Na+ and K+ exhibit intermediate behaviour; where during the initial 
portion (< 20%) of the discharge the voltage changes continuously whereas during the 
remaining part, the voltage remains relatively flat. These two regions are labelled (separated 
by a dotted line) in Fig. 3(b) taking K+ as an example. 

Fig. 3 Charge and discharge potential profile for the first cycle at 1 C and 5 C in electrolytes 
with different cations (a) Li+, (b) K+, (c) Rb+ and (d) Cs+. The reduction in discharge 
capacity (mAh g-1) upon increasing the current from 1 C to 5 C is shown in red. The 
unrecoverable capacity of the first charge at 1 C is labelled in green. 

 

3.1.3.Capacity retention 
The discharge capacity obtained for various itinerant cations at 5 C for the first 50 cycles is 
compared in Fig. 4. The charge and discharge voltage limits for the galvanostatic cycling 
were selected based on the cyclic voltammetry results shown earlier to ensure completion of 
the redox reaction. In Fig. 4(a), the actual capacities are plotted as a function of the cycle 
number, whereas the normalized values are shown in Fig. 4(b). 
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Fig. 4 Discharge capacity expressed in mAh g-1 (a) and normalized discharge capacity (b) as 
functions of the cycle number for PBA under galvanostatic cycling (5 C) with 
different itinerant cations 

 

It can be seen that the initial capacity obtained in case of Na+ (56.6 mAh g-1) and K+ (55.1 
mAh g-1) is the highest and close to the theoretical capacity. The initial capacities and the 
capacity fade rate (%/cycle) calculated by linear fitting of the data are summarized in Table 4. 
For Li+, although the initial capacity is quite close to that of Na+ and K+, the capacity fade 
rate was significantly higher than for all other cations (0.76 %/cycle). This is partly explained 
by the higher solubility of the PBA (Li+ ion intercalated). In case of Li+, the electrolyte 
assumed the characteristic yellow color of ferrocyanide ion (Fe(CN)6

4-) after a few cycles 
indicating loss of material from the electrode. In case of all other cations, the electrolyte 
remained transparent until the completion of the test. For other cations such as Rb+ and Cs+, 
although the capacity obtained is much lower, the capacity fade rates are still quite low (0.09 
and 0.26 %/cycle respectively). 

By comparing the discharge capacity obtained at 1 C and 5 C for all cations (Table 4), it is 
clear that the larger cations such as Rb+ and especially Cs+ face structural hindrances due to 
their large ionic radius. This becomes more evident at the higher c-rate, where Rb+ (41 mAh 
g-1) and Cs+ (28 mAh g-1) exhibit much lower capacity. The channel radius in the PBA lattice 
is approximately 1.6 Å, which is smaller than the ionic radius of Rb+ (1.64 Å) and Cs+ (1.73 
Å) [6]. Other cations which are much smaller exhibit a very small (<4%) decrease in capacity 
on increasing the c-rate from 1 C to 5 C.  

 
3.2.XRD measurements 
To understand the accompanying structural changes, XRD measurements were conducted on 
the electrodes while in the fully charged (oxidized state), fully discharged (reduced state) and 
on the pristine material (Fig 5). The obtained XRD spectra clearly demonstrate three peaks 
belonging to the carbon current collector which are invariant (Fig 5a). These are indicated by 
gray dotted lines in Fig. 5(b). The remaining peaks belong to the active material in the 
electrode and are similar to those reported in literature [43–45]. These have been indexed 
accordingly. 

Fig. 5 (a) Obtained XRD patterns for pristine PBA (blue), PBA in the charged/de-intercalated 
state (green) and the discharged/intercalated state (red). Pattern for uncoated carbon 
current collector is also shown (black). (b) Calculated unit cell parameters from the 
XRD measurements as a function of the insertion cation for the PBA material in the 
intercalated state (red) and the de-intercalated state (green). Also shown are the 
respective measured redox potentials 

 

Table 4.  Initial discharge capacity (mAh g-1) obtained while using different itinerant cations 
at 5 C and 1 C rate of galvanostatic cycling along with calculated capacity fade rate 
(%/cycle). 
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Cation inserted  Initial capacity 
(mAh g-1) at 5 C  

Initial capacity 
(mAh g-1) at 1 C 

Capacity fade 
(%/cycle)  

Li +  51.36 54.84 0.76 
Na+  56.80 58.90 0.16 
K+  55.15 57.76 0.06 
Rb+  41.44 51.74 0.09 
Cs+  28.30 37.11 0.26 
 

3.3.Cation nature and respiration of unit cell 
As seen in Fig. 6, the peaks corresponding to PBA, shift towards higher 2θ upon discharge 
indicating that the unit cell contracts upon intercalation of ions. This observation was found 
to apply to insertion of all cations studied irrespective of their size. The structural contraction 
has been observed previously in other materials of the hexacyanometallate family [43]. 

The calculated unit cell dimensions for PBA under cycling with different cations are shown 
in Fig. 5(b) for the discharged and charged state respectively. It can be seen that in the 
charged (or de-intercalated) state, there is a strong dependence of the unit cell dimension and 
the choice of the itinerant cation. In case of using Cs+ as the itinerant cation, the dimension is 
the largest (10.0697 Å) whereas in case of Li+, it is the smallest (10.0121 Å). According to 
the Equations (1) and (2) shown earlier, the composition of the material in the de-intercalated 
state should be the identical [KCuIIFeIII (CN)6] irrespective of the cation employed for the 
redox reaction. However, it is clear from the obtained XRD data that the PBA host material 
undergoes compositional changes resulting in an expansion of the unit cell.  

One of the possibilities is cation exchange between the electrolyte and electrode as shown in 
the schematic and reaction in Fig. 7. Since the PBA electrodes are maintained in the 
electrolyte containing a large excess (~1000 times) of a particular cation, it is possible that 
exchange occurs between K+ ions in the structure and the A+ ions in the electrolyte. As a 
result, the modified composition would be closer to ACuIIFeIII(CN)6 where A = Li+, Na+, K+, 
Rb+ or Cs+. This would explain the direct relationship between unit cell dimension and the 
ionic radius of the cation. Indeed, Prussian blue is known to be zeolitic in nature with the 
ability to readily exchange group I cations in aqueous solutions [6,46–48]. This cation-

exchange ability is aided by the relatively small %ΔV during cycling which ranges between 

2.42% and 1.13% in case of Cs+ and Li+ as shown in Fig. 5(b). These are quite small in 
comparison to those observed other cathode materials such as LiFePO4 (6.81%) [38]. 

As a consequence, it can be seen that the PBA host material is not only exceptionally flexible 
to cation size but can also accommodate quite high c-rates with ease. For example the 
discharge capacity in case of Li+, Na+ and K+ ion only reduces by ~4% on increasing the 
current from 1 C to 5 C. The average dimension of the cubic particles of PBA is ~40 nm (400 
Å) which provides a large electrode/electrolyte interface. Owing to the cubic crystal 
symmetry (6 faces of the cube can be used for cation exchange) the estimated diffusion 
distance would only be ~20 unit cells.  
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In the discharged state (intercalated) the PBA material lattice dimension does not exhibit any 
specific trend based on the cation size. The unit cell dimensions are mostly centered around 
the pristine material. 

 

The two most prominent peaks in the XRD pattern correspond to the [200] and [220] 
crystallographic planes. A close up view of these peaks is shown in Fig. 6(a) for the charged 
and the discharged electrodes. The orientation of these planes in the unit cell and the atoms 
positioned on the planes are shown in Fig. 6(b). It can be seen that the insertion cation is 
located on the [220] plane but not on the [200] plane. Due to this we can clearly observe an 
increase in the intensity of the peak corresponding to [220] with the progression of discharge 
(intercalation). The peak height of the [200] plane is invariant. The graph shown here is that 
for K+ but the same phenomenon was observed for all cations.  

Fig. 6 (a) Superimposed XRD pattern of PBA in the intercalated (discharged) and de-
intercalated (charged) state. Itinerant cation is K+. (b) Crystallographic planes [220] 
and [200] corresponding to two prominent peaks observed in the powder XRD pattern. 

 

3.4.Structural interpretation of electrochemical redox potential 

It can be seen that the increasing trend of the potential matches well with the increasing 
cation size (Fig. 7a-c) as well as the increasing lattice parameters in the charged state. This 
correlation further extends even to non-alkali cations as we found in case of ammonium ion 
during galvanostatic cycling. As shown in Fig. 7(b), the redox potential obtained (0.93 V vs. 
SHE) is slight lower compared to Cs+ (0.95 V) in Fig. 3(d). The ionic radius of NH4

+ (1.54 Å) 
is also slightly lower than that of Cs+ (1.73 Å) [33,47]. The observed cation ionic radius 
dependent expansion of the PBA host framework implies a larger stretching (and more 
weakening) of the Fe–C bond for a larger insertion cation. 

Fig. 7 Galvanostatic charge discharge curve for PBA with (a) Li+ and (b) NH4
+ and (c) Na+ 

 itinerant cation at 1C rate. Cations are inserted during discharge and vice versa as 
 indicated 

 

This agrees well with the hypothesis presented in a previous section, wherein the Fe–C bond 
was predicted to be the largest for the case of Cs+ and smallest for the case of Li+ based on 
the measured redox potential. The cation present in the electrolyte is solely responsible for 
the variation in the redox potential of the host framework since the starting electrode material 
is the same in all cases. This also implies that the cation exchange process occurs (Fig. 8) 
quite rapidly in these materials and as soon as they are placed in contact with the electrolyte. 
In the galvanostatic experiments presented, the electrodes were placed in the electrolyte only 
few minutes prior to the start of cycling. However, in all cases the redox potentials were 
already modified starting from the first half cycle of the testing. Owing to the large 
dependence of the redox potential on the electrolyte cation and fast response time, this 
material may also find use in ion-sensing and filtration applications in addition to energy 
storage devices.  
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Fig. 8 Sub-section of the PBA unit cell showing the arrangement of Fe, Cu, C and N atoms 
around the itinerant cation. Dominant cation in the electrolyte (grey) depends on the 
electrolyte composition and could be Li+, Na+, K+, Rb+, Cs+ which may be freely 
exchanged with the K+ cation present in the as-synthesized material. 

 

4.Conclusions 

In this study, the intercalation behaviour of different cations into the PBA host cathode 
material is investigated. Although PBA can reversibly intercalate all tested alkali cations, the 
capacities obtained at 1 C and 5 C are dependent on the size of the cation and seem to be 
independent of the cation diffusivity in the electrolyte. Galvanostatic and cyclic voltammetry 
measurements indicate that the structural hindrance to diffusion of larger cations (Rb+ and 
Cs+) within the PBA structure results in a lower capacity. Based on aging studies it was found 
that K+ and Na+ are ideally suited for this cathode from a capacity perspective (>55 mAh g-1 
at 5 C), whereas K+ and Rb+ cations exhibit the best capacity retention of 0.06 %/cycle and 
0.09 %/cycle respectively. The redox potential was found to be strongly dependent on the 
size of the insertion cation. Structural investigations using XRD measurements indicate that 
the expansion of the unit cell and resulting lengthening of the Fe–C bond can explain the 
increase of the redox potential with cation size. The intensity of the peak corresponding to the 
plane [220] which contains the itinerant cation was found to be sensitive to the state of charge 
of the cathode. The sensitivity of the redox potential to the insertion cation coupled with the 
fast ion-exchange ability, renders the PBA material suitable for ion sensing device 
applications in addition to energy storage devices. Further work is required to better 
understand the role of the solvent in the intercalation mechanism.  
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Fig. 1 Crystal structure of K2CuFe(CN)6 in the discharged (intercalated) and the charged (de-intercalated) state. K+ ions are shown in red 
and C≡N bonds are not shown for clarity. Fe and Cu lattice positions are labelled accordingly. 
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Fig. 2 Cyclic voltammetry at (a) 1 mV s-1 and (b) 0.1 mV s-1 on PBA under different itinerant cations. 
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Fig. 3 Charge and discharge potential profile for the first cycle at 1C and 5C in electrolytes with different cations (a) Li+, (b) K+, (c) Rb+ and 
(d) Cs+. The reduction in discharge capacity (mAh g-1) upon increasing the current from 1 C to 5 C is shown in red. The unrecoverable 
capacity of the first charge at 1 C is labelled in green. 
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Fig. 4 Discharge capacity expressed in mAh g-1 (a) and normalized discharge capacity (b) as a function of the cycle number for PBA under 
galvanostatic cycling (5 C) with different itinerant cations. 
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Fig. 5 (a) Obtained XRD patterns for pristine PBA (blue), PBA in the charged/de-intercalated state (green) and in the 
discharged/intercalated state (red). Pattern for uncoated carbon current collector also shown (black). (b) Calculated unit cell parameters from 
the XRD measurements as a function of the insertion cation for the PBA material in the intercalated state (red) and the de-intercalated state 
(green). Also shown are the respective measured redox potentials. 
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Fig. 6 (a) Superimposed XRD pattern of PBA in the intercalated (discharged) and de-intercalated (charged) state. Itinerant cation is K+. (b) 
Crystallographic planes [220] and [200] corresponding to two prominent peaks observed in the powder XRD pattern. 
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Fig. 7 Galvanostatic charge discharge curve for PBA with (a) Li+, (b) NH4
+ and (c) Na+ itinerant cation at 1 C rate. Cations are inserted 

during discharge and vice versa as indicated. 
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Fig. 8 Sub-section of the PBA unit cell showing the arrangement of Fe, Cu, C and N atoms around the itinerant cation. Dominant cation in 
the electrolyte (grey) depends on the electrolyte composition and could be Li+, Na+, K+, Rb+, Cs+ which may be freely exchanged with the 
K+ cation present in the as-synthesized material. 
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The redox behaviour of Prussian blue analogue (PBA) material was investigated with 5 aqueous alkali nitrate 
electrolytes (Li+, Na+, K+, Rb+, Cs+) showing crystallographic plane variation of PBA depending on the state of 
charge.  

 

 

 

 




