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ABSTRACT
Prussian blue analogues (PBAs), A

x
M[M�(CN)

6
]
1−y ⋅ zH2

O , are a highly functional 
class of materials with use in a broad range of applications, such as energy stor-
age, due to their porous structure and tunable composition. The porosity is par-
ticularly important for the properties and is deeply coupled to the cation, water, 
and [M�(CN)

6
]n− vacancy content. Determining internal porosity is especially 

challenging because the three compositional parameters are dependent on each 
other. In this work, we apply a new method, positron annihilation lifetime spec-
troscopy (PALS), which can be employed for the characterization of defects and 
structural changes in crystalline materials. Four samples were prepared to evalu-
ate the method’s ability to detect changes in internal porosity as a function of the 
cation, water, and [M�(CN)

6
]n− vacancy content. Three of the samples have identi-

cal [M�(CN)
6
]n− vacancy content and gradually decreasing sodium and water 

content, while one sample has no sodium and 25% [M�(CN)
6
]n− vacancies. The 

samples were thoroughly characterized using inductively coupled plasma-optical 
emission spectroscopy (ICP-OES), thermogravimetric analysis (TGA), X-ray dif-
fraction (XRD), and Mössbauer spectroscopy as well as applying the PALS 
method. Mössbauer spectroscopy, XRD, and TGA analysis revealed the sample 
compositions Na

1.8(2)Fe
2+

0.64(6)
Fe

2.6+

0.36(10)
[Fe2+(CN)

6
] ⋅ 2.09(2)H

2
O, Na

1.1(2)Fe
2+

0.24(6)

Fe
2.8+

0.76(6)
[Fe2.3+(CN)

6
] ⋅ 1.57(1)H

2
O , Fe[Fe(CN)

6
]⋅0.807(9)H

2
O , and Fe[Fe(CN)

6
]
0.75

⋅

1.5H
2
O , confirming the absence of vacancies in the three main samples. It was 

shown that the final composition of PBAs could only be unambiguously con-
firmed through the combination of ICP, XRD, TGA, and Mössbauer spectroscopy. 
Two positron lifetimes of 205 and 405 ps were observed with the 205 ps lifetime 
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being independent of the sodium, water, and/or [Fe(CN)
6
]n− vacancy content, 

while the lifetime around 405 ps changes with varying sodium and water content. 
However, the origin and nature of the 405 ps lifetime yet remains unclear. The 
method shows promise for characterizing changes in the internal porosity in 
PBAs as a function of the composition and further development work needs to 
be carried out to ensure the applicability to PBAs generally.

GRAPHICAL ABSTRACT 
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Introduction

P r u s s i a n  B l u e  A n a l o g u e s  ( P B A s ) , 
A
x
M[M�(CN)

6
]
1−y ⋅ zH2

O A
x
M[M�(CN)

6
]
1−y ⋅ zH2

O   , 
are an interesting class of materials for a broad 
range of applications due to their tunable composi-
tion and porous structure which in turn determine 
their properties. For example, in energy storage 
applications, such as sodium-ion batteries, PBAs 
are key candidates in terms of cost, environmen-
tal friendliness, and performance. Especially, the 
sodium-rich, low [Fe(CN)

6
]n−vacancy iron-based 

PBA Na
2−4y−xFe[Fe(CN)

6
]
1−y ⋅ zH2

O   ,  also called 
Prussian white (PW), is a promising material. PW 
is inexpensive to prepare, consists of abundant ele-
ments, has a high theoretical sodium storage capacity 
(170.8 mAh/g for two sodium-ions extracted per for-
mula unit), and a high voltage (3.2 V) [1, 2]. However, 
the sodium content, and thus the theoretical capac-
ity, and the voltage output strongly depend on the 
[Fe(CN)

6
]n− vacancy content. It should be mentioned 

that the use of the word “vacancy” in this study spe-
cifically refers to missing [Fe(CN)

6
]n− complexes, while 

“mono-vacancy” refers to the absence of single atoms 
in the crystalline structure. To reach the maximum 
theoretical capacity in a full cell and reduce the poor 
electrochemical performance and structural degrada-
tion during cycling, a low [Fe(CN)

6
]n− vacancy content 

( y = 0 ) is required which in turn gives a high sodium 

content ( x → 0 in the chemical formula, leading to a 
sodium content of 2) due to charge compensation [3, 
4]. In addition to the sodium content, the presence of 
[Fe(CN)

6
]n− vacancies also influences the water con-

tent. A high number of [Fe(CN)
6
]n− vacancies results 

in additional porosity and the presence of bare metal 
sites to which water can coordinate. Since water can 
partake in unwanted side reactions with the elec-
trolyte during cycling, leading to capacity fade, it is 
important that there are no water molecules ( z = 0 ) 
within the structure [5]. Furthermore, the vacancy and 
water content are also found to influence the degree of 
ligand field splitting and therefore the electron orbital 
levels subsequently controlling the voltage profile of 
the material [6]. The [Fe(CN)

6
]n− vacancy level can be 

controlled via the synthesis, especially the acid-facili-
tated self-decomposition synthesis has been reported 
to yield low-vacancy, sodium-rich PW [5, 7].

To determine the composition of PW and thus the 
vacancy content, methods such as inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) 
and Mössbauer spectroscopy are commonly used. 
From ICP-OES, a C:Fe (or N:Fe) ratio of 3 indicates 
a vacancy-free material, a value lower than 3 implies 
the presence of vacancies, while a value higher than 
3 implies the presence of impurities. Similarly, Möss-
bauer spectroscopy can be used to determine the 
vacancy level in PW by evaluating the spectral areas 
for low spin Fe

C
 and high spin Fe

N
 . If the spectral area 
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of high spin Fe
N

 is 50% (within errors) of the total Fe 
signal, it indicates that there are no [Fe(CN)

6
]n− vacan-

cies in the material as the LS-Fe
C

:HS-Fe
N

 ratio is 1:1. 
An additional versatile tool to study defects (mono-
vacancies or metal-complex-vacancies) and struc-
tural changes in crystalline materials (metals, semi-
conductors, and ceramics) is Positron Annihilation 
Spectroscopy (PAS). Positrons are sensitive to both 
the electron density and electron momentum at their 
location within a crystalline or amorphous structure. 
In crystalline materials, they can probe structural 
defects like mono-vacancies, voids (larger clusters 
of vacancies), or metal-complex-vacancies [8, 9]. One 
specific PAS method is Positron Annihilation Lifetime 
Spectroscopy (PALS), where mainly the electron den-
sity is examined by measuring the lifetime of a posi-
tron inside a material. Since the positron lifetime is 
inversely proportional to the electron density at the 
localization site of a positron, defects like mono-vacan-
cies, metal-complex-vacancies, or voids that have a 
lower electron density than the undisturbed perfect 
bulk material can be detected. PALS is capable of prob-
ing the defects present and enables the opportunity to 
quantify the density of those defects within a certain 
sensitivity range. In a few recent studies, it has been 
demonstrated that PALS can be used to distinguish 
defects in other material classes related to alternative 
battery systems to lithium-ion batteries (LIBs), thereby 

providing added value for understanding these sys-
tems [10, 11]. Furthermore, Brunner et al. demon-
strated that different charge states of an electrolyte can 
be measured [12]. However, for solid-state materials 
like cathodes, such investigations must be conducted 
postmortem since the penetration depth of positrons 
cannot be precisely confined to a point. PALS could be 
used to indirectly evaluate the State of Charge (SOC) 
of a battery comprised of PW since the sodium content 
is directly connected to the SOC. For example, if the 
initial sodium content is 2 per f.u. and after cycling 
the sodium content does not extend beyond 1.5 per 
f.u., this indicates that the battery is restricted to 75% 
SOC. In addition, the capacity is related to the com-
position, e.g., the capacity changes with the internal 
porosity going from 171 to 145 mAh/g when intro-
ducing y = 0.1 vacancies in Na

2−4yFe[Fe(CN)
6
]
1−y  . 

Thus, the results from PALS can be related to the 
maximum theoretical capacity in terms of the inter-
nal porosity. For PW (Fig. 1), the structure changes 
as a function of the water and sodium content, while 
PBAs with [Fe(CN)

6
]n− vacancies have cubic symme-

try but contains larger internal porosity. The PALS 
method is not very sensitive to changes in the crys-
tal structure, i.e., going from rhombohedral to cubic 
symmetry, however, if the average electron density 
in a perfect crystal does not change significantly, the 
PALS method should be very sensitive to the filling of 

Figure 1   Structures of iron- and sodium-based PBAs as a func-
tion of the sodium, water, and [Fe(CN)

6
]n− vacancy content. 

Positrons will mainly be located in the open channels within the 

porous PBA framework to be furthest away from similar posi-
tively charged nuclei. The curved dotted lines highlight the void 
space formed when having [Fe(CN)

6
]n− vacancies.
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the open channels within the porous framework by 
sodium atoms or water molecules and/or the presence 
of [Fe(CN)

6
]n− vacancies. This can then be related to 

the crystal structure obtained from X-ray diffraction 
(XRD).

Here, we present the first study where PALS is used 
to investigate PW samples with different sodium and 
water contents, and a Prussian blue (PB) sample with 
25% [Fe(CN)

6
]n− vacancies and no sodium present. 

The aim of this work is to benchmark the new PALS 
method applied to PBAs. Specifically, the sensitivity 
of PALS to samples of PBAs having different sodium, 
water, and/or [Fe(CN)

6
]n− vacancy contents will be 

determined, while XRD will give the corresponding 
structure, TGA will give the water content, and Möss-
bauer spectroscopy and ICP-OES give the sodium con-
tent and the number of [Fe(CN)

6
]n− vacancies present 

in the samples. The results revealed that the PALS 
method indeed can differentiate between PBA samples 
with varying sodium, water, and [Fe(CN)

6
]n− vacancy 

contents with a rational trend in decomposition life-
times, however, computational modeling is required 
to determine the nature of the different positron life-
times. Furthermore, Mössbauer spectroscopy proves 
to be the best current practice to determine [Fe(CN)

6
]n− 

vacancies and the sodium content in iron-based PBA 
cathode materials.

Methods

Synthesis

The pristine sample of fully sodiated Prussian white 
(FS-PW) was obtained from Altris AB. To make the 
samples with lower sodium content, two different syn-
thesis methods were used. Firstly, to make half sodi-
ated Prussian white (HS-PW), 1.0 g of FS-PW and 0.76 
g of I

2
 were dissolved in ∼ 10 ml of acetone and stirred 

overnight under ambient conditions. The resulting 
powder was washed with acetone on filter paper and 
dried at 60 ◦ C. Secondly, to make desodiated Prussian 
white (DS-PW), 1.0 g of FS-PW was mixed with 1.8 g 
NO

2
BF

4
 in 30 ml of acetonitrile in an Ar-containing 

glovebox for three days. The resulting powder (DS-
PW) was washed three times with acetonitrile and 
centrifuged.

Prussian blue (PB-1) was made via a co-precipita-
tion synthesis with FeCl

3
.6H

2
O and Na

4
Fe(CN)

6
 as 

precursors both obtained from Sigma-Aldrich and 
used without further purification. The solutions were 
made with deionized water to get concentrations of 
0.225 M for FeCl

3
⋅ 6H

2
O and 0.3 M for Na

4
Fe(CN)

6
 (4:3 

ratio). The water used for Na
4
Fe(CN)

6
 was deoxygen-

ated 1 h prior to mixing with powder. The solutions 
were slowly mixed (4 ml/h) with additional deionized 
water under constant stirring and airflow resulting in 
final concentrations of 28.1 mM for FeCl

3
⋅ 6H

2
O and 

37.5 mM for Na
4
Fe(CN)

6
 . The solution was stirred for 

12.5 h with subsequent aging for 12.5 h. The aged pow-
der was filtered and subsequently dried in a ventilated 
oven at 120 ◦ C for 24 h.

Sample characterization

Sample compositions were determined using induc-
tively coupled plasma-optical emission spectroscopy 
(ICP-OES) to determine relative Na and Fe content 
and elemental analysis to determine the C, H, and N 
content. The measurements were performed by Medac 
Ltd, United Kingdom. The water content was deter-
mined using thermogravimetric analysis (TGA) on 
a TA Instruments TGA5500. ∼ 5 mg of powder was 
loaded onto a Pt pan in air before placing the sample 
onto the TGA furnace under flowing N2 (25 ml/min). 
The sample was then heated to 350 ◦ C with a heating 
rate of 1 ◦C/min. Particle size and morphology were 
determined using scanning electron microscopy (SEM) 
on a SEM/EDS-Zeiss 1550 instrument working with 
an acceleration voltage of 3 kV with a working dis-
tance of 4.3 mm using an in-lens detector. The samples 
were loaded onto carbon tape and transferred into the 
vacuum chamber of the microscope.

The structure of the samples was investigated 
using powder X-ray diffraction (XRD). The samples 
were prepared for laboratory XRD by placing the 
powder on a powder holder surrounded by a Si disk. 
The XRD measurements were performed on a Bruker 
D8 Twin Twin diffractometer (double Cu K � radia-
tion �

1
= 1.540600 Å, �

2
= 1.544390 Å) with a Lynx-

eye XE-T position sensitive detector. The experiments 
were conducted between 10◦ and 80◦ in steps of 0.02◦ . 
The obtained diffraction patterns were fitted using 
the Pawley method in the TOPAS academic software 
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[13] to determine the space group symmetry and cell 
parameters.

Mössbauer measurements were carried out at room 
temperature on a spectrometer with a constant accel-
eration type of vibrator and a 57CoRh source. The 
samples were enclosed in a sealed Kapton cover. The 
so-formed absorbers had a sample concentration of 
∼ 7–10 mg/cm2. Calibration spectra were recorded 
at 295 K using natural Fe metal foil as a reference 
absorber. The spectra were folded and fitted using 
the least square Mössbauer fitting program Recoil to 
obtain the values of the center shift CS, the magnitude 
of the electric quadrupole splitting IQSI, the full-width 
at half maxima W of the Lorentzian absorption lines, 
and the spectral areas A.

Sample preparation for PALS

The positron source used was the isotope 22Na encapsu-
lated with thin (7.5 μ m thick) Kapton foil on both sides 
[14]. To determine the fraction of annihilation events 
stemming from the source (22Na and covering foil), a 
pure aluminum sample was measured. The reason for 
this choice is the average nuclear charge of 13 in Al, 
which is close to that of 9.5 in PW. The fraction of events 
stemming from the source was determined to consist 
of the following lifetime components: 372.42 ps (foil) 
and 2896.39 ps (positronium from enclosed air and/or 
stemming from the glue ring of the foil). These com-
ponents have the following relative intensities: 0.1242 
and 0.0031, respectively. The difference to 1 is related 
to annihilation events in the Al sample. For all measure-
ments of the PBA samples, the source was positioned 
in a specially made aluminum box covered from both 
sides by an equally thick layer of the sample material 
ensuring that the source is approximately placed in the 
middle of the box (Figure S1). Thus, it was ensured that 
no positrons could escape from the box, which would 
result in contaminations of the spectra from unwanted 
events. Powders with an average powder particle diam-
eter above 10 μ m were chosen for PALS experiments as 
it ensures that only a negligible part (less than 0.1%) of 
the implanted positrons can reach the surfaces of the 
powder particles [9]. Thus, the formation of positronium 
at the surface is negligible. The sample box was then 
placed between two Hamamatsu H1949-50 photomul-
tiplier tubes with scintillators mounted on the optical 
window. The scintillator material used was plastic BC 

422Q-0.5wt., which gives an easy-to-handle instrumen-
tal resolution function [15]. To have good statistics for 
the evaluation of the spectra, at least 5 million counts in 
a single spectrum were recorded. This ensures, together 
with the applied pulse filtering, spectra that are nearly 
free of artifacts, e.g., pile-up events. Thus, the spectra 
show a very reliable decomposition into several lifetime 
components [15].

Data acquisition in PALS

Positron annihilation lifetime spectroscopy was per-
formed employing a semi-digital setup as described in 
Petschke et al. [15]. The system consisted of an analog 
photodetection system combined with digital hardware. 
Non-coincident events are filtered in the first stage by 
analog electronics employing constant fraction discrimi-
nators. All coincident pulses were then digitized by the 
DRS4-Eavluation Board [16]. The analog photodetec-
tion system consisted of two colinearly arranged (180◦ ) 
Hamamatsu (H1949-50/WA-5309) photomultiplier tubes 
(PMTs). Conically shaped plastic BC422Q crystals were 
used as scintillators, which had been glued to the PMTs 
with Wacker silicone oil (AK10000) to ensure opti-
mal optical contact. When the DRS4 evaluation board 
receives the external trigger from the two Constant Frac-
tion Discriminators (CFDs), the capacitor arrays are suc-
cessively charged by the pulses employing a sampling 
rate of 5.12 GHz with a sweep of 200 ns. The stored 
pulses are then digitized by an 80 MHz ADC (14 bit) 
and read out by a PC via a USB 2.0 interface. Moreover, 
to adjust the analog input range to ± 500 mV, the pulses 
are attenuated by − 20 dB. To reduce noise, the DRS4 
Board was calibrated as described in earlier work [17].

Analysis of PALS spectra

The experimentally obtained lifetime spectra were ana-
lyzed by employing the software tool DQuickLTFit v4.2 
as described in earlier work [18]. The employed model 
commonly used for fitting lifetime spectra consists of an 
analytical solution of a sum of N exponentially decaying 
functions, which is convoluted with a sum of Gauss-
ians mimicking the instrumental response function. This 
approach was first published by Kirkegaard et al. in its 
mathematical formulation [19]. Moreover, the MPFIT 
library is implemented in DQuickLTFit [20] for solving 
the nonlinear least-square problem employing the Lev-
enberg—Marquardt algorithm [21, 22].
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Results

Composition, crystal structure, particle size, 
and morphology

ICP analysis of FS-PW revealed the composition 
Na

2.34(6)Fe[Fe(CN)
6
] ⋅ zH

2
O implying an excess of 

sodium (Table S1). The TGA measurement of FS-PW 
(Figure S2) shows a weight loss of ∼  10.8% in the 
temperature range 30–250 ◦ C, which corresponds to 
surface absorbed water and interstitial water [2.09(2) 
per formula unit (f.u.)]. Similarly, the composition of 
HS-PW and DS-PW were determined from ICP and 
TGA analysis to be Na

1.52(5)Fe[Fe(CN)
6
]⋅1.57(1) H

2
O 

and Na
0.19(3)Fe[Fe(CN)

6
]⋅0.807(9)H

2
O , respectively. 

All PW samples have similar cubic morphology with 
micron-sized particles (Figure S4A-F). The TGA curve 
of PB-1 (Figure S3) is very similar to previous literature 
on PB [23] giving an indirect indication of the presence 
of [Fe(CN)

6
]n− vacancies. A 25% [Fe(CN)

6
]n− vacancy 

content gives the formula Fe[Fe(CN)
6
]
0.75

 , however, 
in the following discussion of the TGA results for 
PB-1, in order to remain comparable to previous lit-
erature, the Fe

4
[Fe(CN)

6
]
3
 formula is used. This also 

corresponds to the atomic content of a single unit 
cell. Similar to previous reports, three distinct mass 
losses in the temperature range from 30–288 ◦ C are 
observed. To interpret the TGA results, we assume a 
25% [Fe(CN)

6
]n− vacancy content. The first mass loss 

of 4.8% (30–128 ◦ C) corresponds to two water mol-
ecules per Fe

4
[Fe(CN)

6
]
3
 that are connected via hydro-

gen bonds to the metal-bound water molecules. The 
second mass loss of 8.7% (128–237 ◦ C) corresponds to 
four water molecules per Fe

4
[Fe(CN)

6
]
3
 that are bound 

to the bare metal sites available within the structure 
due to the presence of [Fe(CN)

6
]n− vacancies. The 

third mass loss of 6.8% (237–288 ◦ C) corresponds to 
the last of the metal-bound water molecules and the 
decomposition of the material, i.e., cyanide loss. It is 
assumed that there should be at least six water mol-
ecules per Fe

4
[Fe(CN)

6
]
3
 as there are six bare metal 

sites per unit cell. However, to unravel exactly how 
much water and other decomposition products that 
are lost during this temperature range, TGA combined 
with mass spectrometry is necessary. The initial mass 
losses observed in this study are, however, in line with 
previous results [23]. ICP analysis of PB-1 revealed 
some sodium present in the sample [2.3(3) wt%] cor-
responding to 0.30(2) sodium-ions per Fe[Fe(CN)

6
]
0.75

 . 
This is not expected in PB, thus, the additional sodium 

must arise from an impurity, e.g., from the synthesis 
precursor. The PB-1 sample consists of agglomerates 
of smaller nano-sized particles (Figure S4G-H).

Laboratory XRD was performed to determine the 
structures of the samples (Figure S5). FS-PW adopts 
a rhombohedral R 3̄ structure in line with previously 
reported room temperature measurements on PW [24]. 
DS-PW adopts a cubic Fm3̄ m structure also in line 
with previously reported structures for low sodium 
content PW [25]. Interestingly, the sodium content of 
1.52(5) determined from ICP for HS-PW should corre-
spond to a mixture of cubic Fm3̄ m and rhombohedral 
R 3̄ phases since a sodium content of 1.52(5) lies in the 
two-phase region for PW ( ∼ 1.2 to ∼ 1.8 sodium-ions 
per f.u.) [26]. However, the material adopts a cubic 
Fm3̄ m structure. Thus, this result adds further evi-
dence to the conclusion from ICP on FS-PW that there 
is an excess of sodium. However, as no additional 
phases were observed in the XRD patterns, the addi-
tional sodium must arise from an amorphous com-
pound. PB-1 adopts a cubic Fm3̄ m structure in line 
with previous studies of PB [27].

Mössbauer spectroscopy

Due to the ambiguity about the sample compositions 
arising from comparing the ICP and XRD results, 
Mössbauer spectroscopy was applied to bring further 
clarity. Namely, the sodium content in iron-based 
PBAs can be determined through the determination 
of the valence sum of the two iron centers. The spec-
tra of FS-PW, HS-PW, and DS-PW measured at 295 K 
are shown in Fig. 2. The Mössbauer spectra of FS-PW 
and HS-PW are fitted with three doublets, while the 
spectrum of DS-PW is fitted with two doublets. The 
fitting parameters are presented in Table  S2. The 
assignments of Mössbauer patterns to different Fe 
sites are done according to previously reported spec-
tra of PW [7, 25, 28]. The patterns with negative CS 
values are originating from low spin Fe coordinated 
by six C atoms (denoted Fe

C
 ), and the patterns a and 

b originate from high spin Fe coordinated with six N 
atoms (denoted Fe

N
 ). For DS-PW, which has very low 

water and sodium contents, both Fe
C

 and Fe
N

 are three 
valenced indicating no sodium present in the sample 
as opposed to the ICP result. The hyperfine param-
eters agree well with previously reported Mössbauer 
spectra [25].

Typically for hydrated PW, two Mössbauer patterns 
are observed: One originating from low spin Fe2+

C

 and 

16349



	 J Mater Sci (2023) 58:16344–16356

one originating from high spin Fe2+
N

 [7]. For FS-PW in 
the present study, which has a rhombohedral R 3̄ struc-
ture, one pattern originating from low spin Fe2+

C

 is 
observed. Two patterns originating from high spin 
Fe

2+

N

 are observed: One main pattern a which can be 
interpreted as 2+ valenced and one minor pattern b. 
The main pattern a has hyperfine parameters similar 
to the parameters previously reported for hydrated 
PW (Table S2) [7]. The pattern b with CS = 0.64(5) mm/s 
and a quadruple splitting of 0.27(22) mm/s, however, 
does not match with previous reported results. This 
pattern cannot originate either from high spin Fe2+

N

 or 
Fe

3+

N

 but is more likely from high spin Fe
N

 with a 
valence state between 2+ and 3+ . Patterns with CS val-
ues in this order have earlier been interpreted as origi-
nating from Fe with an electronic relaxation time 
shorter than the Mössbauer observation time. In fact, 
it has been shown that reducing the temperature at 
which the spectra are recorded has resulted in longer 
relaxation times and given resolved Fe2+ and Fe3+ pat-
terns [29]. By interpolating the CS value between the 
Fe

2+

N

 value for FS-PW [1.111(6) mm/s] and the Fe3+
N

 

value for DS-PW [0.365(2) mm/s], results in an average 
Fe

N
 valence value of 2.6+ for pattern b for FS-PW. 

Therefore, it is reasonable to assume that the sodium 
content is less than two per f.u. in FS-PW. An alterna-
tive interpretation of the result is that the presently 
reported structure R 3̄ for FS-PW is different to earlier 
work on monoclinic P2

1
∕n PW [7]. According to the 

crystallographic data published by Nielsen et al. [24], 
the average Fe nearest neighbor distances are 
Fe

N
= 2.158(3) Å and Fe

C
= 1.905(4) Å for the mono-

clinic P2
1
∕n structure and Fe

N
= 2.147(1) Å and 

Fe
C
= 1.912(1) Å for the rhombohedral R 3̄ structure. 

The local Fe environments in the R 3̄ structure are 
closer to a regular symmetric octahedral environment, 
otherwise, the differences between the two room tem-
perature structures are small. From these considera-
tions, minor variations are expected in the hyperfine 
parameters CS and IQSI extracted from the Mössbauer 
spectra for the two room temperature structures of 
PW. Using the spectral areas as an indication of the 
number of different valences for Fe in the sample, the 
following formula using the charge neutrality criteria 
can be deduced for FS-PW (excluding water ): 
Na

1.8(2)Fe
2+

0.64(6)
Fe

2.6+

0.36(10)
[Fe2+(CN)

6
].

The spectrum for HS-PW is similar to the spectrum 
of cubic PW with a sodium content of 1.0 and a water 
content of 1.79 previously reported [25]. The pattern a 
has an Fe2+

N

 valence while the pattern b originates from 
high spin Fe

N
 having a valence between 2+ and 3+ . 

Using the same argument as above for pattern b, the 
Fe

N
 valence would be 2.8+ for HS-PW. Turning to the 

Mössbauer pattern of Fe
C

 with a CS value of −
0.112(2) mm/s, which is in between − 0.084(2) mm/s for 
Fe

2+

C

 in FS-PW and − 0.177(2) mm/s for Fe3+
C

 in DS-PW, 
gives an average valence for Fe

C
 of 2.3+ for HS-PW 

(using linear interpolation between the two CS values 
for FS-PW and DS-PW). Using the charge balance cri-
teria, the following formula for HS-PW is deduced 
(excluding water): Na

1.1(2)Fe
2+

0.24(6)
Fe

2.8+

0.76(6)
[Fe2.3+(CN)

6
].

The spectrum for PB-1 is shown in Fig. 2 with fit-
ting parameters presented in Table S2. The assignment 
of the Mössbauer patterns to the different Fe sites are 
done in accordance with earlier work on PB samples 
done by Reguera et al. [30]. Firstly, the amount of Fe 
on the different sites is evaluated. The spectral areas 
are 60(3)% and 40(3)% for Fe

N
 and Fe

C
 , respectively. 

This is in good agreement with occupation areas of 
Fe[Fe(CN)

6
]
0.75

 in earlier work [30]. However, when 
calculating the Fe occupancies from the spectral areas, 

Figure  2   Mössbauer spectra measured at 295  K of FS-PW, 
HS-PW, DS-PW, and PB-1. The blue subpattern originates 
from low spin Fe

C
 , while the green (corresponding to pattern a 

for FS-PW and HS-PW) and red (corresponding to pattern b for 
FS-PW and HS-PW) subpatterns originate from high spin Fe

N
.
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two effects have to be taken into account: absorber 
thickness effects and the possibility of any difference 
in the recoil-free factors f for Fe

N
 and Fe

C
 . To evaluate 

if the spectral areas depend on the absorber thickness, 
a thinner absorber with 5 mg/cm2 of sample was made. 
The spectral areas did not change, thus, the absorber 
thickness effects do not appear. The possibility of dif-
ferences in f-factors were not tested in this study, but is 
believed to have an insignificant effect since the spec-
tral areas in this study are very similar to the spectral 
areas (57%/43%) from Reguera et al. [30]. Secondly, 
the hyperfine parameters CS and IQSI are evaluated. 
The values can be assigned to high spin Fe3+

N

 and low 
spin Fe2+

C

 in good agreement with earlier work [30]. 
We do not observe any pattern related to high spin 
Fe

2+

N

 , which would have a much larger CS value (ca. 
1.1 mm/s) [23]. The pattern for Fe3+

N

 is in principle a 

superposition of a pattern from Fe3+
N

 surrounded by 
six N atoms in octahedral coordination and a pat-
tern from Fe3+

N

 surrounded by four N atoms and two 
water molecules (bound to Fe via the oxygen atom) in 
octahedral coordination. If the water content is larger 
than 1.5 per Fe[Fe(CN)

6
]
0.75

 , these two patterns would 
have an intensity ratio of 3:1 according to the structure 
of PB (Fig. 1). In this case, however, the resolution of 
the Mössbauer spectra is limited, and thus, the two 
high spin Fe3+

N

 patterns cannot be resolved. Nonethe-
less, the larger line width of the Fe

N
 pattern relative 

to the Fe
C

 pattern (Table S2) reflects the different sur-
roundings for Fe

N
 . This result can also be interpreted 

in relation to previously reported Berlin Green (BG, 
Fe

3+[Fe3+(CN)
6
]) which has no vacant Fe

C
 atoms in the 

structure [25]. In PB-1, the low spin Fe2+
C

 has a center 
shift value of − 0.147(5) mm/s while in BG, the low 
spin Fe3+

C

 has a center shift value of − 0.18(1) mm/s. For 
high spin Fe

N
 , the CS values for PB-1 and BG are simi-

lar (Table S2) being three valenced. The much larger 
IQSI value for high spin Fe

N
 for PB-1 as compared 

to BG [0.51(2) mm/s and 0.05(1) mm/s, respectively] 
reflects the two different surroundings for high spin 
Fe

N
 in PB-1 as discussed above. Finally, the charge bal-

ance in PB-1 is evaluated. The valence for all Fe
N

 is 
3+ , while the valence for Fe

C
 is 2+ . Thus, the total Fe 

charge is 18+ and balances exactly with the total nega-
tive charge of the cyanide. Therefore, there is no need 
for any extra sodium-ions to obtain charge neutral-
ity in this sample. This cast doubts about the sodium 
content detected by ICP, which must come from an 
impurity.

In summary, the found sodium contents from Möss-
bauer spectroscopy are lower by 0.54(6) for FS-PW and 
0.42(5) for HS-PW relative to the values obtained from 
ICP. Therefore, a consistent result is that amorphous 
sodium impurities are responsible for ∼ 0.48(4) of the 
measured sodium content, while for DS-PW and PB-1 
it is responsible for ∼ 0.19(3) and ∼ 0.30(2), respec-
tively, of the measured sodium content. Finally, the 
Mössbauer results showed that no [Fe(CN)

6
]n− vacan-

cies are present in the three PW samples, while there 
are 25% [Fe(CN)

6
]n− vacancies in the PB-1 sample con-

firming the correct assumption made when interpret-
ing the TGA results.

Positron annihilation lifetime spectroscopy

A common problem for PBAs is to quantify the num-
ber of [Fe(CN)

6
]n− vacancies, which strongly influence 

the material properties. To gain additional information 
on the internal porosity, the PALS method is for the 
first time applied to four PBA samples with varying 
sodium, water, and [Fe(CN)

6
]n− vacancy contents.

Firstly, the average lifetime was determined, which 
gives a general statement of the change in the electron 
density at the localization sites of the positrons. It can 
be seen from Fig. 3 that the average lifetime decreases 
significantly with increasing sodium and water con-
tent. For DS-PW, a value of �

av
= (396.7 ± 3.4) ps was 

obtained, while for HS-PW it was determined to be 
�
av

= (348.6 ± 3.5) ps and, finally, for FS-PW, the value 

Figure  3   Average positron lifetime for PB-1 (422.7 ± 4.8)  ps, 
DS-PW (396.7 ± 3.4) ps, HS-PW (348.6 ± 3.5) ps and FS-PW 
(336.7 ± 3.3) ps.
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is �
av

= (336.7 ± 3.3) ps. The average lifetime for the 
PB-1 sample, which contains [Fe(CN)

6
]n− vacancies, 

was found to be �
av

= (422.7 ± 4.8) ps. In the positron 
community, a change in the average positron life-
time of more than 2 ps is considered reliably related 
to changes in the microstructure of the investigated 
samples. Here, changes between 12 and 48 ps from 
one sample to the other are observed, which is con-
sidered a significant change in the average lifetime. 
Figure 1 shows the structures of PW as a function of 
the sodium and water contents and the structure of 
PB-1, a sample with a high defect density due to the 
presence of [Fe(CN)

6
]n− vacancies. When the composi-

tion and/or structure of PW changes, the radius of the 
open channels in the porous PBA framework changes, 
and, accordingly, also the electron densities should 
change. When having [Fe(CN)

6
]n− vacancies present, 

the internal porosity increases additionally to the open 
channels. If one evaluates the respective PALS data 
with a free fit, �

1
 is ∼ 205 ps for the PW samples, while 

�
2
 increases from (369.3 ± 1.3) ps for FS-PW to (458.4 

± 2.0) ps for DS-PW (Table S3). Since all three PW 
samples have a lifetime component of 205 ps within 
error, one positron lifetime equal to 205 ps was chosen 
for the fixed lifetime evaluation. In the PB-1 sample, 
containing a very high percentage of defects, two life-
times of �

1
 (217.9 ± 3.7) ps and �

2
 (471.4 ± 1.2) ps were 

observed. The first lifetime differs by about 10 ps rela-
tive to the PW samples, nevertheless, the determined 
�2 is within a reasonable range around 1, when the 
first component is fixed at 205 ps (Table S4). It should 
be mentioned that even though PB-1 has a high defect 
density resulting in a higher porosity relative to the 
PW samples, the high porosity is lost again as the 
defects are filled with water molecules. Additionally, 
in the case of DS-PW and PB-1, a very long third com-
ponent in the range of 2500 ps was also observed when 
fixing the first component. However, it has a very low 
intensity and consequently only contributes to a very 
small fraction of the average positron lifetime. This 

component could indeed stem from a surface effect 
or an additional source component because of the dif-
ference in particle size. Since the second characteristic 
positron lifetime component, �

2
 , changes slightly over 

all three samples (Table S4), an average value of 405 ps 
was chosen to be fixed, thus ensuring that the relative 
intensities become meaningful. Figure S6 shows as an 
example of a fit evaluation employing two free posi-
tron lifetime components for the sample HS-PW. Here, 
it is clear that the residuals behave in a proper range 
and the spectrum is of high quality.

Having a closer look at the two-component fit, it 
was found that each decomposition of the spectra 
gives a �2 value close to 1 (Table 1) indicating that fit-
ting only two lifetime components is a valid assump-
tion. However, a free fit (all parameters, i.e., lifetime 
and intensities, are left for varying) often results in 
different positron lifetime values in the range of 10 ps 
for the second component and, thus, it is difficult to 
compare the corresponding intensities of these com-
ponents. Hence, the two lifetimes were fixed to 205 
and 405 ps to better compare the four samples with 
each other. It can be seen in Fig. 4 that the intensity 
corresponding to the component with the longer life-
time (405 ps) decreases going from no or low sodium 
content to high sodium content. This indicates that the 
fraction of positrons annihilating with a shorter char-
acteristic lifetime is increasing with increasing sodium 
and water content. The intensity corresponding to the 
shorter positron lifetime component (205 ps) increases 
with increasing sodium and water contents. This can 
be explained by the fact that inside the open chan-
nels, the distance between the sodium atoms becomes 
smaller as more sodium occupies the channels. Con-
sequently, this leads to a higher electron density in 
the open channels and, thus, a shorter lifetime for 
positrons located there when more sodium and water 
are present in the structure. In the PB-1 sample with 
a high concentration of metal-complex-vacancies, a 
third component ( ∼ 514.2 ps) with a high intensity 

Table 1   Decomposition of 
positron lifetime spectra with 
two lifetime components 
(205 ps and 405 ps) fixed

All fits show a �2 close to 1. For DS-PW, a third long-lived component with a small intensity was 
measured. For the PB-1 sample, a component at (514.2 ± 5.1) ps was measured

Sample �
1
 (ps) I

1
�
2
 (ps) I

2
�
3
 (ps) I

3 X
2

FS-PW 205 0.364 405 0.636 0 0 1.086
HS-PW 205 0.280 405 0.720 0 0 0.977
DS-PW 205 0.155 405 0.770 863.1± 9.9 0.075 1.108
PB-1 205 0.141 405 0.431 514.2± 5.1 0.428 0.908
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was observed. Therefore, the intensities are difficult to 
compare with this sample but indicate another domi-
nant positron trap.

Discussion

Based on the analysis performed to verify the com-
positions of the samples, an evaluation of the dif-
ferent methods, especially the applicability of the 
PALS method to determine the internal porosity of 
PBAs with changing sodium, water, and [Fe(CN)

6
]n− 

vacancy content, is given.
From the ICP result of the pristine sample FS-PW, 

an excess of sodium was found. However, it is very 
unlikely to have more than two sodium-ions per 
f.u. in iron-based PBAs as it would imply Fe being 
in oxidation state +1 . Furthermore, when comparing 
the structure of HS-PW determined from XRD with 
the ICP results, the cubic Fm3̄ m structure of HS-PW 
does not fit with a sodium content of 1.54(5) per f.u. 
as confirmed by a meta-study of the PBA literature 
stating that there are no single phase materials existing 
when the sodium content is 1.5 [26]. Thus, a sodium 
content of 1.52(5) would rather result in a mixture of 
rhombohedral R 3̄ and cubic Fm3̄ m phases detected 

by XRD. Since all the Mössbauer spectra of the sam-
ples could be assigned to originate from iron-based 
PBAs, the true sodium content for the samples was 
determined (assuming no other charge compensa-
tion from different anions and cations present in the 
porous structure). This also implies that the amor-
phous impurity does not contain any iron. There-
fore, for both FS-PW and HS-PW, there is an excess 
of sodium of ∼ 0.5 per f.u. For DS-PW, there is an 
excess of ∼ 0.2 indicating that the desodiation process 
using NO

2
BF

3
 may have removed some of the amor-

phous impurities. Electrochemical cycling of FS-PW 
(Figure S7) revealed an initial capacity from the first 
cycle of 155 mAh/g corresponding to 1.8 sodium-ions 
per f.u.  which agrees well with the sodium content 
determined from Mössbauer spectroscopy. The excess 
sodium compound is most likely responsible for the 
surface deposits observed in the SEM images of FS-PW 
and HS-PW (Figure S4A-D). On the other hand, there 
are no surface deposits observed in the SEM image of 
DS-PW (Figure S4E-F), which also matches the lower 
excess of sodium relative to the two other samples. 
For PB-1, an excess of sodium of ∼ 0.3 was found. The 
identity of the compound is not known. For all three 
PW samples, the combination of the characterization 
methods reveals [Fe(CN)

6
]n− vacancy-free samples 

with well-quantified sodium and water content, while 
for the PB-1 sample 25% [Fe(CN)

6
]n− vacancies was 

determined with no sodium present. Thus, the PALS 
results can reliably be related to the internal porosity 
of the samples.

From the PALS results, an increase in the aver-
age positron lifetime is observed when the sodium 
and water content decreases. The average lifetime 
increases further when [Fe(CN)

6
]n− vacancies are pre-

sent in the sample. Thus, the method can reliably cor-
relate the average positron lifetime to the degree of 
filling of the crystal channels. However, the method 
does not provide evidence for which features/defect-
complexes of the samples the detected positron life-
time components are related to; successive filling of 
the open channels by sodium atoms and water mole-
cules going from DS-PW to FS-PW and/or the presence 
of [Fe(CN)

6
]n− vacancies in varying concentrations 

(PB-1 vs. the PW samples). Two positron lifetimes 
were observed, where the 205 ps lifetime is stable for 
all four samples indicating that the positron experi-
ences a cavity within the structure that is present in all 
four samples independent of the sodium, water, and/
or [Fe(CN)

6
]n− vacancy content. A possible explanation 

Figure  4   Lifetime components found for the four samples. 
For all four samples, a decomposition of the lifetime spectra is 
recorded, where �2 reaches a value close to 1 indicating a correct 
number of components involved in the fitting. For convenience, 
the third long-lived component observed for DS-PW and PB-1 is 
shown as a gray bar.
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for the very stable 205 ps component could be the pres-
ence of water. For both FS-PW, HS-PW, and PB-1, the 
water content is high, which increases the possibility 
of having several water molecules close to each other 
within the structure. Since H

2
O and Na

+ have the same 
electron density, they appear similar to the positron. 
Even a small amount of water present in the DS-PW 
sample would give rise to the 205 ps lifetime. In addi-
tion, the PB-1 and DS-PW sample are comparable 
when the 205 ps component is fixed giving rise to a 
third component with a very small intensity. On the 
other hand, the 405 ps lifetime changes with changing 
sodium, water, and/or [Fe(CN)

6
]n− vacancy content. 

The second lifetime component seems to correlate 
with the degree of filling in the channels of the PW 
samples. When this component is set free, the lifetime 
value decreases from (458.4 ± 2.0) ps to (369.3 ± 1.3) ps 
with an increasing degree of filling in the channels. 
Fixing the component at 405 ps to compare the inten-
sities shows that the intensity increases from FS-PW 
to DS-PW. This agrees well with emptying the open 
channels in the porous framework. For PB-1, a high 
intensity third component at ∼ 514 ps was found. This 
could be due to the [Fe(CN)

6
]n− vacancies (shown with 

curved dotted lines in Fig. 1) since the proportion of 
these vacancies in the sample is quite high. With a 
high defect density, most positrons should be unable 
to travel long diffusion paths due to trapping in the 
defects, so surface effects are unlikely despite the small 
particle size in PB-1.

Even though it is possible to observe quite large 
changes in the average positron lifetime between the 
four samples, it remains an open question if it is pos-
sible to decouple the effect of sodium, water, and/or 
[Fe(CN)

6
]n− vacancies on the different positron lifetimes. 

Furthermore, the accuracy of the PALS method relative 
to other standard methods such as ICP and Mössbauer 
spectroscopy needs further investigation. The sensitivity 
of the PALS method for mono-vacancies in, i.e., metals 
is in the range of 1 ppm to 0.001%, thus, the sensitivity 
transfer to [Fe(CN)

6
]n− vacancies in PBAs is not straight 

forward. This study also further strengthens the capabil-
ity of Mössbauer spectroscopy to provide reliable and 
complementary information to other standard charac-
terization methods. The combination of ICP, TGA, XRD, 
and Mössbauer spectroscopy is very powerful for deter-
mining the compositions and structures of PBAs, thus, 
they should be used when characterizing PBAs.

Conclusion

Since the performance of PBAs for various applications 
is linked to the internal porosity, the applicability of pos-
itron annihilation lifetime spectroscopy for determin-
ing the internal porosity of PBA cathode materials was 
investigated. Four samples, of which three had similar 
[Fe(CN)

6
]n− vacancy content but changing sodium and 

water content, and one had 25% [Fe(CN)
6
]n− vacancies 

but no sodium present, were examined. The filling of 
the open channel in the porous framework was found 
to influence the measured positron lifetime significantly. 
This could be correlated to the composition determined 
from ICP, TGA, and Mössbauer spectroscopy and the 
structure determined by XRD. The large gap between 
the average lifetimes of the individual samples provides 
a larger compositional space to examine in future stud-
ies. Thus, a good correlation between the cation, water, 
and/or [M�(CN)

6
]n− vacancy in PBAs and the positron 

lifetime seems achievable. However, for future studies, 
it is also strongly suggested to update the PALS method 
to be performed under inert conditions. Furthermore, 
this work shows the importance of combining several 
characterization techniques to unravel the true com-
position of PBAs. Especially, Mössbauer spectroscopy 
provided a more accurate view of the composition of 
iron-based PBAs.
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