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Abstract 

XRD and XAS were used to characterize the bulk structure, while XPS was used to 

characterize the surface structure, of commercially obtained nominally K4Fe(CN)6·3H2O, 

K3Fe(CN)6 and our synthesized Prussian Blue (PB) material. K4Fe(CN)6·3H2O was found to 
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consist of a fully hydrated phase, which crystallizes in the monoclinic form and a less hydrated or 

anhydrous phase which crystallizes in the orthorhombic form. K3Fe(CN)6 was found to consist of 

the well-established orthorhombic form rather than the monoclinic form. The structure of our 

synthesized Prussian Blue (PB) was found to be consistent with that reported for 

(KOH)0.7Fe(III)1.33Fe(II)(CN)6·4.0H2O which crystallizes in the cubic form. XPS and XAS 

confirmed the presence of ferrous Fe(II) at the surface and bulk levels in K4Fe(CN)6·xH2O. 

However, XPS revealed the presence of Fe(II) (~30%) and Fe(III) (~70%) in the surface region of 

K3Fe(CN)6 while XAS confirmed the presence of mostly Fe(III) at the bulk level. Both XPS and 

XANES confirmed the presence of Fe(II) and Fe(III) in the surface and bulk regions of PB. This 

ex situ XAS study will be used to support the analysis of an in situ XAS data collected on a PB 

containing supercapacitor to understand the mechanistic origin of pseudocapacitance in these 

devices. 

 

Introduction 

In recent years, many researchers have increased focus toward the development of hybrid 

supercapacitors, which are based on combining electrical double-layer capacitor (EDLC) materials 

and battery materials in the same device. One common approach is that of combining battery-type 

electrodes such as the graphite electrode with EDLC electrode such as the activated carbon 

electrode to form a hybrid supercapacitor, commonly referred to as the lithium-ion capacitor 

(LIC).1,2,3,4 In another approach, Zhou et al.5,6 proposed a new SC concept, namely, the mediator 

supercapacitor, where the electrodes are composed of activated carbon and a mediator. A mediator 

is a material that undergoes fast and reversible redox reactions. Many redox couples can be 

employed as mediators to enhance the performance of solid-state supercapacitors. In previous 
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studies, NaI/I2 and K4Fe(CN)6/K3Fe(CN)6 were used as mediators and have been shown to be 

effective in enhancing both ion transport in the electrolyte and electron transfer at the 

electrode/electrolyte interface.7,8  

Prussian blue (PB), Fe(ⅡI)4[Fe(II)(CN)6]3·15H2O, and its analogues are promising redox 

active materials for batteries and supercapacitors due to their open frame work structure, which 

can accommodate the insertion and removal of ions over a wide range of ionic radii.9 In 1936, the 

first structural hypothesis of PB was proposed by Keggin,10 and the detailed crystal structures of 

K4Fe(CN)6·3H2O, K3Fe(CN)6, and PB were reported by Willans et al.11 in 2009,  Figgis et al.12 in 

1978 and Buser et al. 13 in 1977, respectively. Based on room temperature XRD derived structures, 

K4Fe(CN)6·3H2O crystallizes in the monoclinic lattice with space group C2/c and consists of low-

spin Fe(II), which is coordinated with six carbon atoms at an average Fe(II)-C distance of 1.92 Å. 

K3Fe(CN)6 crystallizes in the orthorhombic lattice with space group Pnca and the monoclinic 

lattice with space group P21/c with low-spin Fe(III), which is also coordinated with six carbon 

atoms but at an average Fe(III)-C distance of 1.94 Å. Based  on these results, the Fe(III)-C distance 

in K3Fe(CN)6 is greater than that of Fe(II)-C distance in K4Fe(CN)6·3H2O by about +0.02 Å, which 

is in contrast to the -0.06 Å one would expect based on the covalent or ionic radii of octahedrally 

coordinated Fe.14 PB crystalizes in the cubic lattice with space group Pm3m and consists of 43% 

low-spin Fe(II) at an average Fe(II)-C distance of 1.92 Å, which is similar to that observed in 

K4Fe(CN)6·3H2O. However, the remaining 57% of high-spin Fe(III) is coordinated with 4.5 

nitrogen atoms at an average distance of 2.03 Å and 1.5 oxygen atoms at an average Fe(III)-O 

distance of 2.14 Å. PB analogues have archetypal hexacyanometalate framework structures and 

can be described by the general formula AxMy[Fe(CN)6]z·nH2O, where A is an alkali metal ion, M 

is a transition metal other than Fe, and x, y, z, and n are the stoichiometric values of various 
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components.15,16 Furthermore, the materials framework can hold significant amount of adsorbed 

and structurally bound water. During the charge and discharge process, alkali ions such as lithium, 

sodium or potassium can reversibly inserted/removed into/from the materials’ framework 

structure. The size of channels in the crystal connecting vacancy sites can easily accommodate the 

size of alkali ions such as the electrochemical insertion/removal process only cause a minimal 

strain in the lattice.17 Therefore, compared to other redox materials, PB and Prussian blue 

analogues (PBAs) have their unique advantages in practical applications, such as high cyclability 

with chemical and structural stability. 

In this paper, we describe the synthesis of PB and use X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy to characterize the 

oxidation state and local structure of Fe in PB and two of its commercially obtained analogues, 

namely, K4Fe(CN)6·3H2O and K3Fe(CN)6. The gained insight from this ex situ study will be used 

to guide the analysis of the in situ XAS of mediators’ enhanced solid-state supercapacitors and 

understand the mechanistic origin of pseudocapacitance in these devices, which will be described 

in another article.18 

 

Experimental 

Materials Synthesis: 

Potassium ferrocyanide trihydrate (K4Fe(CN)6•3H2O) and potassium ferricyanide 

(K3Fe(CN)6) materials in powder form were commercially obtained from Sigma-Aldrich with 

chemical purity of 98.5-102% and ≥ 99%, respectively. According to the manufacturer, a reason 

to have the purity greater than 100% for the former compound can be based on the water of 

hydration. If the substance was exposed to a dry environment for several hours, a small amount of 
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the water of hydration could be lost, resulting in a mass-normalized calculation to have a higher 

purity. In the scenarios where the value is greater than 100 % the material is simply treated as 

being 100 % pure. 

Our PB in powder form was synthesized using the following procedure. A mass of 1.62 g 

of Fe(III) chloride (FeCl3) (100%, EMD) were dissolved in 100 mL deionized water while 

magnetically stirring at room temperature to prepare Solution 1. Then, a mass of 4.22 g 

K4Fe(CN)6•3H2O were dissolved in 100 mL deionized water while magnetically stirring at room 

temperature to prepare Solution 2. These two solutions were then added dropwise into 100 mL 

deionized water while magnetically stirring at room temperature. Precipitates formed immediately 

and the suspensions were magnetically stirred for another 2 hours. Then, the precipitates were 

centrifuged at 6500 rpm, washed with deionized water three times, and dried in nitrogen-filled 

glovebox at 50°C for 1 day. The raw product was ground in a mortar with a pestle and stored in a 

nitrogen-filled glovebox. 

 

XRD MEASUREMENTS 

The crystalline structure and phase purity of the material was examined by powder X-ray 

diffraction (XRD). The XRD data were collected using the Bruker D8 Advance diffractometer 

with Cu Kα X-rays (λ = 1.5404 Å).  

 

Energy Dispersive X-ray Spectroscopy (EDXS) 

EDXS spectra were collected using energy dispersive analysis of X-rays (EDAX) Apollo 

40 SDD detector integrated within a Hitachi SU6600 Scanning Electron Microscopy (SEM) 

analysis was conducted. The PB powder was mounted using conductive tape onto strips of Ni 
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metal for analysis. The powder was not coated with a conductive film prior to analysis. A typical 

analysis utilized an accelerating voltage of 15 kV at a working distance of 15 mm. EDXS analysis 

was conducted in three regions under a magnification of 5000x and the average composition was 

given. 

 

XPS Measurements and Analysis 

The samples were stored in the glovebox, mounted on double-sided tape and transferred to 

the XPS analysis chamber without exposure to ambient conditions to protect the chemical integrity 

of the material using specially designed sample transfer chamber. The XPS spectra were collected 

using the Physical Electronics VersaProbe II Scanning XPS Microprobe equipped with 

monochromatic Al Kα (1486 eV) X-ray source operated at 15 kV and 50 W while the analysis 

chamber pressure was below 2 x 10-8 Torr. A 200-micron focused X-ray beam was rastered over 

the analyzed region of 200 microns by 1000 microns to minimize sample damage by the X-rays. 

The samples were mounted on double-sided insulating tape for XPS analysis. Low-resolution 

survey spectra were collected to identify the elements present in the surface region. First, a ~12 

minute survey scan was collected, which identified C, N, O, K and Fe to be present in the surface 

region in agreement with nominal stoichiometry. Since, it is well established in the literature that 

photoreduction may occur in this class of materials when Fe(III) is present,19 three sets of 

multiplexes of the identified elements were acquired. The first and third sets of multiplexes were 

acquired with a total acquisition time of 5.9 minutes (1 cycle) while the second set was acquired 

with an acquisition time of 59 minutes (10 cycles) to monitor the extent of photoreduction, if any, 

in our samples. All spectra were collected at an electron emission angle of 45o. A dual low energy 

electron beam (~1 eV) and low energy Ar ions (~ 15 eV) were used to offset sample charging. 
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Final adjustment to the binding energy scale is usually made by calibrating the C 1s line for 

hydrocarbon with its known binding energy at 284.8 eV. However, in our case, due to overlap of 

the hydrocarbon and carbon from the cyanide group, the C 1s line was not ideal to calibrate the 

binding energy scale. Instead, in this study, the binding energy scale was calibrated relative to the 

literature reported binding energy of the N 1s line for the cyanide group, as its value in this class 

of material falls within a narrow range near 398.0 eV.20 The N1s binding energies for K3Fe(CN)6 

and K4Fe(CN)6 were reported to be 398.1 and 398.0 eV,21,22 respectively, and a value of 397.8 eV 

was reported for K4Fe(CN)6 in another study23. The concentrations of various elements were 

determined using the integrated areas under each component and the sensitivity factors provided 

by the Manufacturer of our VersaProbe II Scanning XPS Microprobe for the C 1s, N 1s, O 1s, K 

2p, and Fe 2p3/2 regions. Deconvolution of multiple chemistries for each line was performed using 

the manufacturer provided MutiPak Software version 9.6.0.15 employing a combined Gaussian-

Lorentzian line shape and an iterated Shirley model for the background portion of the spectrum. 

 

XAS Measurements and Analysis 

For the XAS measurements, the K4Fe(CN)6·3H2O, K3Fe(CN)6 and PB powder materials 

were ground into fine particles and sifted through a 20-micron size mesh to select particles with 

less than 20-micron diameter in order to minimize the particle-size effect distortions on EXAFS 

amplitudes.24 Then, few milligrams of the sifted powder were then diluted with about 70 

milligrams of inert boron nitride (BN) and pressed into self-supporting pellets. Based on the 

measured XAFS spectra, the Fe K-edge absorption jump for the Fe/BN pellets for all samples were 

in the range 1.0-1.1, which is below the recommended maximum value of 1.5 required to minimize 

the thickness/loading distortion effects on EXAFS amplitudes.25 Another set of activated carbon 
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electrodes loaded with K4Fe(CN)6·3H2O and K3Fe(CN)6 with an edge jump of 0.41 and 0.45, 

respectively, were also prepared and analyzed in the pristine state. These electrodes are suitable 

for building mediator enhanced supercapacitors and are used to examine the electrode synthesis 

procedure on the stability of the mediators. The loading in these electrodes was intentionally kept 

low in order for the total absorption above the Fe K-edge by the electrochemical cell during the in 

situ characterization not to exceed 2.6. The results of a pristine electrode with PB along with in 

situ characterization in a supercapacitor are included in a forthcoming article.18 The XAS 

measurements were carried out on beamline 20-BM of Argonne’s Advanced Photon Source in the 

transmission mode at room temperature. The incident beam was monochromated using a Si (111) 

fixed-exit, double-crystal monochromator. Harmonic rejection was accomplished using Rh-coated 

mirror. Additional harmonic rejection was implemented by detuning the crystals to reduce the 

incident X-ray intensity by 15%. The incident and transmitted X-ray intensities were monitored 

with ionization chambers under continuous nitrogen flow. A 4-micron thick iron foil placed 

between the second and third ionization chambers was used to calibrate the monochromator energy 

scale. The energy scale was calibrated with respect to the first inflection point energy of the Fe 

foil, which was assigned a value of 7110.8 eV.26 The spectra were collected over the energy range 

6961-8342 eV in steps of 5 eV, 0.5 eV and 0.05 Å-1 in the pre-edge region (6961-6991 eV), in the 

XANES region (6991-7151 eV) and the EXAFS region (7151-8342), respectively. The integration 

times were set to 0.5 seconds in the pre-edge and XANES regions but it varied in the EXAFS 

region with respect to the wave number and spanned the range of 0.5 to 2.83 seconds. Analyses of 

the XAS data were carried out using the IFEFFIT suite of programs.27,28 

 

Results and Discussion 
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XRD 

The commercially obtained K4Fe(CN)6•3H2O was found to consist of a major phase and a 

minor phase. The major phase is consistent with that reported in PDF 04-015-5402 for a material 

with the same composition, which crystallizes in the monoclinic lattice with space group C2/c.29 

The monoclinic lattice parameters for this phase are listed as a = 9.395 Å, b: 16.86 Å, c: 9.413 Å 

and β: 90.05°. The minor phase is consistent with that reported in PDF 00-032-0801 for the less 

hydrated or anhydrous form K4Fe(CN)6 prepared by heating reagent ''K4Fe(CN)6·H2O'' at 115oC 

for 3 weeks, which crystallizes in the orthorhombic lattice with space group Bmmm.30 The 

orthorhombic lattice parameters for this phase are listed as a = 14.010 Å, b = 21.027 Å, c: 4.175 

Å, α = β = γ = 90.00°. The orthorhombic phase likely represents a less hydrated or anhydrous 

form of K4Fe(CN)6. Hereafter, we will refer to this material as K4Fe(CN)6•xH2O where x is less 

than 3. 

The commercially obtained K3Fe(CN)6 was found to consist of the well-established 

orthorhombic form with space group Pnca reported in PDF 04-014-1249 with lattice parameters 

given as a = 13.422, b = 10.396and c = 8.381.12 None of the monoclinic forms reported in PDFs 

04-014-124912, 00-022-081831, or 04-012-860432 provided adequate match to the measured XRD 

data.  

Our synthesized PB material was found to consist of a single phase with structure 

consistent with that reported in PDF 04-016-2997 for a material with composition listed as 

K0.525Fe1.75(CN)4.5(OH)0.525(H2O)2.98 as shown in Figure 1.33 The reported composition can also 

be written as K2.1Fe4(III)Fe3(II)(CN)18(OH)2.1·11.9H2O or (KOH)0.7Fe4/3(III)Fe(II)(CN)6·4.0H2O. 

The material crystallizes in the cubic lattice with space group 𝐹𝑚3̅𝑚. The cubic lattice parameters 

for this phase are given as a = b = c = 10.178 Å and α = β = γ = 90.00°. Based on this 
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composition and ignoring hydrogen in order to accurately compare with composition based on 

XPS and EDXS analyses, which do not detect hydrogen, the K atomic % is estimated to be 3.55.  

 

XPS:  

The XPS spectra of the N 1s, C 1s/K 2p, Fe 2p and O 1s spectra for K4Fe(CN)6·xH2O, 

K3Fe(CN)6, and PB are shown in Figure 2 a, b, c, and d respectively. The atomic concentrations 

of various elements along with the K/Fe, N/Fe and O/Fe ratios are summarized in Table 1. In 

addition, the surface composition was also included after normalizing the N stoichiometry to 6 

since it has the least degree of surface contamination relative to all other components as will be 

discussed later in the text. To some degree, the trends in the surface stoichiometry of the elements 

qualitatively follow those based of nominal bulk stoichiometry. The carbon stoichiometry of the 

surface differ the most from bulk stoichiometry since carbon is almost always present on most 

surfaces as a surface contamination in the form of carbon-oxygen functional groups. Considering 

the semi quantitative nature of XPS analysis, the N/Fe ratios for the three samples are in qualitative 

agreement with the values based on the nominal stoichiometry. The K/Fe ratios for the 

K4Fe(CN)6·xH2O and K3Fe(CN)6 material are also qualitatively close to the values derived on the 

basis of their nominal stoichiometry. The variations between the ratios derived based on XPS 

results and those based on nominal stoichiometry may be related to some degree to a difference in 

the composition of the surface relative to that of the bulk region in each compound. In the case of 

PB, however, the XPS determined K content of 0.54 % is significantly lower than that derived 

based on XRD derived stoichiometry, which is 3.55 % as discussed above. Moreover, the K/Fe 

ratio based on XPS analysis of 0.042 is significantly lower than the value based on XRD derived 

stoichiometry, which is 0.3. It is also to be noted that the K/Fe ratio based on composition analysis 
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using energy dispersive spectroscopy (EDXS), which is a bulk sensitive tool, is 0.087. Thus, the 

EDXS estimated K/Fe ratio is closer to the XPS determined ratio (0.042) than that estimated based 

on XRD analysis (0.3). We believe that the K/Fe ratio estimated based on EDXS analysis is likely 

closer to the actual value due to EDXS bulk sensitivity while the XPS estimated ratio represents 

that of the surface region. The departure from the nominal composition based on XRD analysis is 

because XRD is significantly more sensitive to the cubic lattice parameters of repeated units of 

Fe(II)-C-N-Fe(III) rather than counter-ions such as K+, OH- or water molecules residing within the 

framework channels, especially if they associated with high degrees of disorder. Hereafter, we will 

refer to the composition of our synthesized PB material as (KOH)xFe4/3(III)Fe(II)(CN)6·zH2O 

where x < 0.7 and z is < 4.0.  

Oxygen was detectable in all samples including K3Fe(CN)6, which based on its nominal 

stoichiometry it does not contain oxygen from H2O. However, in addition to H2O, the oxygen 

signal can be related to the presence of carbon-oxygen functional groups as contaminants 

commonly detected by XPS on surfaces of most materials. The lower O/Fe ratio for 

K4Fe(CN)6·xH2O can be related at least in part, to the presence of the less hydrated or anhydrous 

phase, which was confirmed based on XRD analysis. The O/Fe ratio for PB is also lower than the 

value derived from the XRD derived stoichiometry (see Table I). In both cases, the O/Fe ratio 

based on XPS analysis are lower relative to values derived based on nominal stoichiometry despite 

the fact that some of the oxygen is present as contaminants in the form of carbon-oxygen functional 

groups on the surface. The lower O/Fe ratio for both K4Fe(CN)6·xH2O and PB could be to some 

extent because some of the water is loosely bound in the crystal and is removed under the ultrahigh 

vacuum of the XPS analysis chamber. It is to be noted that the carbon concentrations are greater 

than the nitrogen concentrations for all samples, which indicate that the main carbon peak includes 
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contributions from adventitious hydrocarbon in addition to the cyanide group. Furthermore, the C 

1s region includes contributions at higher binding energies from surface contaminants in the form 

of carbon-oxygen functional groups as will be discussed hereafter.  

As mentioned and described in the experimental section, as part of chemical state analysis, 

the spectra were deconvoluted into various components, which correspond to unique chemistries 

and the results are summarized in In Table II., we summarize the binding energy (BE), full-width-

at-half-maximum (FWHM), and the area percentages for each deconvoluted component of each 

spectral region. The area percentages along with the composition results in Table were used to 

calculate the atomic percentages (at. %) for each chemical specie, which are also summarized in 

Table II.. The carbon 1s region for K3Fe(CN)6 was adequately deconvoluted into two components. 

The first one with binding energy ~285 eV is dominated by contributions from hydrocarbon and 

the C≡N group. The second one with binding energy ~286 eV is dominated by a contribution from 

carbon singly bonded with oxygen (C-O) and possibly a contribution from carbon singly bonded 

to nitrogen (C-N). The C 1s regions for K4Fe(CN)6·xH2O and PB were adequately deconvoluted 

into three components. The origins of the first and second components are similar to those observed 

for K3Fe(CN)6. However, the concentration of the second component for PB is significantly higher 

than that observed for K4Fe(CN)6·xH2O or K3Fe(CN)6. The third component for both 

K4Fe(CN)6·xH2O and PB with binding energy 288.4-288.8 eV can be related to the presence of 

carbon-oxygen functional groups with a mixture of the carbonyl and the carboxylic groups.  

The nitrogen 1s region is dominated by a single contribution from the cyanide group for 

all samples with K3Fe(CN)6 displaying only this chemistry. However, the K4Fe(CN)6·xH2O 

sample also includes minor contributions from compounds containing NO and nitrate (NO3) type 

of chemistries. On the other hand, the PB sample includes smaller contributions from C-N and NO 
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type chemistries. The oxygen 1s region is dominated by a contribution with binding energy ~532.2-

532.7 eV for all samples, which can be related to structurally bonded H2O but also contains small 

contributions from the carbonyl group (C=O) and NO3 in the case of the PB sample. The O1s 

region for K4Fe(CN)6·xH2O also displays a minor component with binding energy ~531.0 which 

can be related to the presence of the hydroxyl group. The O 1s region for PB also includes a 

contribution with binding energy ~533.5 eV, which can be related to the presence of C-O. The K 

2p region displays a doublet (2p3/2 and 2p1/2) for each unique K chemistry due to the spin-orbit 

splitting of the atomic orbitals and a single doublet is displayed for all samples. To be noted, the 

ratio of the K 2p3/2 to 2p1/2 areas is very close to the theoretical value of 2. The small variations in 

the binding energy of the K 2p3/2 line among the samples are due to variations in the average degree 

of covalency of the K bonding environment with higher binding energy being consistent with 

higher degree of ionic character on a relative basis. 

  Results based on peak deconvolution analysis of the Fe 2p3/2 band for all samples are 

shown in Figure 3. A combined Gaussian-Lorentzian line shape was sufficient to analyze the Fe 

(II) and Fe(III) components and the satellite peaks associated with Fe (III) in the case of 

K4Fe(CN)6·xH2O or K3Fe(CN)6. However, an asymmetric line shape for the Fe(II) component in 

PB provided a better fit (Figure 3d) versus the Gaussian-Lorentzian line shape fit (Figure 3c). As 

mentioned in the experimental section three sets of multiplexes (fast, slow, and fast) were collected 

on each sample to monitor the effect of photo reduction of Fe(III) to Fe(II) due to X-ray exposure. 

The Fe 2p3/2 band for K4Fe(CN)6·xH2O consists of one component with binding energy near 708.8 

eV, which is consistent with values reported in the literature for Fe(II) of various metal 

hexacyanoferrates, 708.3 eV,34  708.4-708.6 eV,35 708.5 eV,36,20 and 708.8 eV37. Hence, in the 

case of K4Fe(CN)6·xH2O, photo reduction is not an issue since it contains only Fe(II). On the other 
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hand, the Fe2p3/2 signal for K3Fe(CN)6 consists of three components. The first with binding energy 

near 708.4 eV is assigned to Fe (II) as is the case for K4Fe(CN)6·xH2O. The second one with 

binding energy near 710.0 eV is assigned to Fe(III), which is consistent with values reported in the 

literature for Fe(III) in K3Fe(CN)6 (709.6 eV,20 and 709.7 eV34) and other metal hexacyanoferrates 

(709.4-710.3 eV35). Since the majority of Fe is present in the Fe (III) state, one could argue that 

the Fe (II) component is due to photo reduction of Fe(III) in the material. However, based on the 

three sets of multiplex spectra, the fraction of Fe(II) in the material was estimated to be 32, 31, and 

29% based on the first, second, and third sets of spectra, respectively. Hence, since the fraction of 

Fe(II) did not increase in the third set relative to the 1st set, it is less likely that photoreduction 

occurred during the XPS data collection in this case. However, photoreduction cannot be ruled out 

completely since the material was exposed to 10 minutes of X-ray exposure during the data 

collection of the survey scan prior to the multiplex scans. Thus, taking into account the XRD and 

XAFS results, the surface but not the bulk region of K3Fe(CN)6 contains Fe(II) in addition to 

Fe(III). The third component with binding energy of 711.3 eV is due to a ligand-metal charge 

transfer mechanism associated with Fe(III) referred to in the literature as  satellite structure.38 The 

charge transfer mechanism is unique to Fe(III) because it requires partially filled t2g states, which 

are present only in low-spin Fe(III) but not low-spin Fe(II). For PB, 4 components were required 

to adequately fit the Fe 2p3/2 region. The first two components were assigned to Fe(II) and Fe(III) 

as described above. The third and fourth components were assigned to satellite structures due to 

charge transfer mechanisms associated with Fe(III) and they could be related to satellites S1 and 

S2 referenced by Nanba and Okada38. It is to be noted that an asymmetric line shape was used to 

model the Fe(II) component (Figure 3d), which yielded a 42.6% for the fraction of Fe(II) in the 

sample, in agreement with the value derived based on XRD analysis of 42.9%.13 The need for the 
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asymmetric line shape to model the Fe(II) component in PB could be related to structural disorder 

associated with the Fe(II) local coordination since 25% of the Fe(II) sites are vacant.   

It is worth noting that the FWHM of the Fe(II) component in the three samples is quite 

similar (~1.4 eV) owing to the similar local coordination geometry for which Fe(II) is coordinated 

with six cyanide groups (C≡N) with similar local arrangements. However, the FWHM of Fe(III) 

in K3Fe(CN)6 (~1.1 eV) is significantly smaller than that of Fe(III) in PB (~3.0 or 3.5 eV depending 

on whether the Gaussian-Lorentzian or the asymmetric line shape was used to model the Fe(II) 

component). These variations in FWHM can be related to differences in the ligand type bonding 

in which Fe(III) in K3Fe(CN)6 is coordinated with six carbon atoms from the cyanide group while 

Fe(III) in PB is coordinated with 4.5 nitrogen atoms from the cyanide group and 1.5 oxygen atoms 

from H2O. Furthermore, as mentioned earlier, Fe(III) in K3Fe(CN)6 and PB is present in the low-

spin and high-spin states, respectively, which can lead to broadening in the case of PB due to final 

state effects. 

 

XAS 

X-ray absorption spectroscopy (XAS) was used to explore the oxidation state and local 

coordination geometry of Fe in K4Fe(CN)6·xH2O, K3Fe(CN)6 and PB. As pointed out by many 

researchers, XAS is uniquely suited to study the local atomic level structure of the central 

absorbing atom in PB and its analogues.39,40,41,42,43,44,45 The XAS spectrum consists of the X-ray 

absorption near edge (XANES) and the extended X-ray absorption fine structure (EXAFS) regions. 

The XANES region probes the density of unoccupied electronic states and is sensitive to changes 

in oxidation state, spin state and local symmetry such as tetrahedral vs. octahedral symmetry of 

the central absorbing atom. In general, the XANES data shift to higher or lower energy upon 

increase or decrease, respectively, in valency of the central absorbing atom. The EXAFS region 
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consists of the oscillatory portion above the XANES region, which is due to single and multiple 

scattering contributions from neighboring atoms and provide information related to local structure 

of the first few coordination spheres. Quantitative analysis of EXAFS spectra provide coordination 

number, distance and the mean square relative disorder (thermal and static).  

In Figure 4, we show a comparison of the XANES data (4a) and their derivative (4b), for 

PB in contrast to those for K4Fe(CN)6·xH2O and K3Fe(CN)6. The main intense feature near 7130 

eV is due to dipole allowed transitions from the 1s core states to the 4p states above the Fermi 

level followed by contributions from final state effects due to single and multiple scattering 

processes. The edge energies at half of the edge step are 7124.7 and 7125.6 eV for 

K4Fe(CN)6·xH2O and K3Fe(CN)6, which corresponds to a shift of 0.9 eV. The shift is more clearly 

prominent in the derivative of XANES data, which display a major peak indicative of Fe(II) near 

7127.1 eV for K4Fe(CN)6·xH2O in agreement with the XPS results. However, the derivative of 

XANES data for K3Fe(CN)6 display a double peak structure with peak energies at 7127.2 and 

7128.1 eV. The first component energy is close to that of Fe(II) in K4Fe(CN)6·xH2O and, thus, 

represent a contribution from Fe(II), which is again in agreement with XPS results. The second 

component with energy at 7128.1 eV represent a contribution from Fe(III), which is also in 

agreement with the XPS results. However, the observed rigid shift in the XANES and its derivative 

for K3Fe(CN)6 relative to K4Fe(CN)6·xH2O and the roughly similar intensities indicate that the 

majority of Fe in K3Fe(CN)6 is present as Fe(III). The rigid shift as measured by the zero-crossing 

of the major intensity in the first derivative of XANES data is estimated 1.2 eV (7129.7-7128.5), 

which is slightly greater than the 0.9 eV shift observed on the basis of the normalized XANES at 

half the edge step as discussed above. In contrast, the XANES data for PB display combination of 

features which are descriptive of Fe(II) and Fe(III). Furthermore, the first derivative of XANES 
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data  also display a double peak structure with energies at 7127.1 and 7128.3 eV corresponding to 

Fe(II) and Fe(III), respectively. However, the first derivative shift of PB relative to 

K4Fe(CN)6·xH2O is not as rigid as that observed in the case of K3Fe(CN)6. Specifically, the 1st 

derivative of XANES data for PB overlap the 1st derivative of XANES data for K4Fe(CN)6·xH2O 

and K3Fe(CN)6. These observations are consistent with the bivalent state of Fe in PB as derived 

based on XRD analysis13 which showed PB consists of 57% of high-spin Fe(III) and 43% of low-

spin Fe(II) and confirmed by an XAS study39. The bivalent state of Fe is also consistent with our 

XPS results, which we described earlier in the manuscript. 

It is to be noted that the observed energy shift between Fe(II) and Fe(III) in this class of 

materials as measured at half-height of about 0.9 eV is significantly less than the shifts observed 

from other classes of materials such as oxides and phosphates. For example, the energy shifts at 

half-height for Fe(III) relative to Fe(II) in FeO is about 4.4 eV in the case of amorphous FeOOH 

and is 4.6 eV in the case of γ-Fe2O3.
46 These shifts for the Fe oxides based on the first major 

inflection point energy are about 4.2 and 4.4 eV, respectively. Furthermore, the shift for Fe(III) in 

FePO4 (the charged product of LiFePO4 in an electrochemical cell) relative to Fe(II) in LiFePO4 

is about 4.4 eV.47 The significantly smaller energy shift between Fe(III) and Fe(II) in PB and its 

analogues of about 0.9 eV relative to that observed in the case of traditional oxides is likely 

responsible for the fast redox activity observed in this class of materials. 

Further evidence of the oxidation states of Fe in K4Fe(CN)6·xH2O and K3Fe(CN)6 is also 

supported by the pre-edge region (Figure 4d). The pre-edge region accounts for transitions from 

the 1s core states to bound unoccupied electronic states with 3d character. These transitions are 

forbidden by dipole selection rules but are allowed by quadrupole selection rules and, hence, the 

weak intensity of these transitions. Enhancements in the intensity of these transitions can occur 
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due to hybridization between the metal 3d and the ligand 2p orbitals and are significantly enhanced 

in the case of tetrahedral symmetry. An alternate approach based on soft XAS at the Fe L3,2-edges 

has been demonstrated to provide unique characteristics of the electronic structure of Fe(II) and 

Fe(III) in K4Fe(CN)6 and K3Fe(CN)6, respectively.48 In this case with octahedral symmetry, the 

transitions from the L-edges to the 3d states are allowed by dipole selection rules and the t2g and 

eg contributions are prominent in the spectra. However, soft XAS investigations do not optimally 

lend themselves to in situ studies during charge and discharge of electrochemical cells and analysis 

of the electronic structure based on hard XAS investigations are warranted.  

As pointed out in the literature,49,50 the pre-K-edge peak A1 (~7112.9 eV) for 

K4Fe(CN)6·xH2O has been assigned to the transition from the 1s core states to the unoccupied eg 

states of low-spin Fe(II). The pre-edge peaks A2 (~7110.2 eV) and A3 (7113.4 eV) for K3Fe(CN)6 

have been assigned to the transition from the 1s core states to the unoccupied t2g and eg bands, 

respectively, of low-spin Fe(III). However, the A3 component for K3Fe(CN)6 also contains a 

contribution for the 1s core state to the eg states of low-spin Fe(II) which is present in small amount 

based on our XPS and XAS results. The intensities of the A2 and A3 peaks correlate qualitatively 

with the number of unoccupied t2g and eg states of 1 and 4, respectively, for low-spin Fe(III) and 

0 and 4, respectively, for low-spin Fe(II).  

Based on XRD13 and EXAFS39 analysis, PB consists of about 43% of low-spin Fe(II) and 

57% of high-spin Fe(III). Since, PB contains a significant amount of high-spin Fe(III), its pre-edge 

region includes contributions due to transitions from the 1s core states to the unoccupied states of 

the t2g and eg bands, which we labeled as A4 and A5 with peak energies at 7113.4 and ~7116.5 eV 

(Figure 4c). The peak energy of the A5 component is not well defined and it represents the 

maximum in the derivative of XANES data. Due to the significantly higher binding energy for the 
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A4 component relative to that of the A2 component for K3Fe(CN)6, the presence of low-spin Fe(III) 

in PB can be ruled out. In analogy to assignments made for high-spin and low-spin Fe(III) and Fe 

(II) complexes for some model compounds,49 the A4 component for PB is assigned to transitions 

from the 1s core states to the eg band of low-spin Fe(II) and the t2g band of high-spin Fe(III). On 

the other hand, the A5 component is assigned to transitions from the 1s core states to the eg states 

of high-spin Fe(III). It is to be noted that the shoulder C accounts for the onset of dipole allowed 

transitions from the 1s core states to unoccupied states with 4p character associated with ligand 

metal charge transfer processes.  

In  

Figure 5, we show k2-weighted EXAFS spectra and the corresponding Fourier transforms 

(FTs) for K4Fe(CN)6·xH2O and K3Fe(CN)6 and our synthesized PB. The wave number (k) was 

defined with respect to the inner potential assigned to the edge energy at half of the normalized 

edge step (i.e., 0.5). Clearly, the EXAFS spectra are of high signal to noise ratio and show a great 

deal of similarity in the spectra between K4Fe(CN)6·xH2O and K3Fe(CN)6 indicating similar local 

coordination geometry in agreement with local coordination parameters based on XRD results. In 

the case of K4Fe(CN)6·xH2O and K3Fe(CN)6, the FTs display prominent contributions in the 0.9-

1.8 and 1.8-3.0 Å regions, which correspond to contributions from Fe-C and Fe-N shells as one 

would expect based on previously derived XRD structures. The strong contribution from the 

second shell of Fe-N is due to focused multiple scattering effects because of the linearity of the 

Fe-C-N coordination as has been reported in many previous efforts.40,41,42,43 The local coordination 

geometry of Fe(II) and Fe(III) in K4Fe(CN)6·xH2O and K3Fe(CN)6, respectively, is essentially the 

same.  
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In the case of PB, the FT includes the sum of contributions from 43% Fe(II) and 57% 

Fe(III). The amplitude of the 0.9-3.0 Å region of the FT for PB is reduced relative to the amplitudes 

of FTs for K4Fe(CN)6·xH2O and K3Fe(CN)6 due to overlapping contributions from Fe(II) and 

Fe(III) with slightly different coordination numbers and distances. The 0.9-2.0 Å region of the FT 

for PB includes contributions from Fe(II)-6C and Fe(III)-4.5N/1.5O. The Fe-O contribution is 

relevant only in the case of PB because water replaces the N atoms associated with the Fe(II) 

vacant sites. No Fe-O contributions are expected in the case of K4Fe(CN)6·xH2O or K3Fe(CN)6 

Fourier transforms in the 1.0-3.0 Å range. On the other hand, the 2.0-3.0 Å region includes 

contributions from Fe(II)-6N and Fe(III)-4.5C as well as several multiple scattering contributions. 

Moreover, the 4.2-5.0 Å region includes contributions from Fe(II)-6Fe(III) and Fe(III)-4.5Fe (II) 

and its high intensity also is due to a superfocusing multiple scattering effect.  

 Quantitative analysis of the FTs of K4Fe(CN)6·xH2O and K3Fe(CN)6 proceeded using the 

Artemis software package.27,28 The goal is to test how well XAFS determined coordination 

distances compare with those derived from the well-established XRD structural models, which 

include the monoclinic with space group C2c for K4Fe(CN)6·3H2O29 and the orthorhombic with 

space group Pnca for K3Fe(CN)6
12

. As mentioned earlier based on XRD analysis, our commercially 

obtained K3Fe(CN)6 consist of the orthorhombic form rather than the monoclinic form. In addition, 

XAFS analysis provides information about the mean-square relative displacement (σ2) for each 

coordination sphere, which includes both thermal and static disorder. Using these structural 

models, the backscattering amplitudes and phase shifts for all single and multiple scattering 

contributions were calculated using the FEFF6 Code version within the Artemis software 

package27,28 and are used to simulate the fit data. The coordination numbers (N_XRD) and average 

distances (R_XRD) derived from these models are listed in Table III for comparison purposes with 
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the XAFS refined values. The 1-3 Å region of the FTs was fitted using the two single scattering 

contributions from Fe-C and Fe-N along with all multiple scattering contributions that have the 

same distance as that of the second shell of Fe-N. The FTs were generated with k-, k2-, k3-weighted 

EXAFS spectra over the range of 3-13 Å-1 with a hanning window of 1.0 Å-1 and the three data 

sets were fitted simultaneously. The coordination number for each shell was constrained to its 

value derived from XRD, which is shown in Table III for only the single scattering contributions. 

The XAFS determined distance was related to the average XRD distance for both shells through a 

correction factor determined alpha according to the equation R_XAFS = (alpha+1)*R_XRD where 

alpha is used as a free global parameter during the fit procedure. The mean-square relative 

displacements (σ2) for the first and second shells also were used as free parameters during the fit 

procedure. The mean-square relative displacement for all multiple scattering paths were 

constrained to be equal to that of the second shell since they have the same distance. A global inner 

potential correction parameter (E0) was used as a free parameter to make the final adjustment to 

the inner potential and the EXAFS background was optimized during the fit procedure. The many 

body amplitude reduction factor, which is used to calibrate the amplitude of the theoretical data to 

the experimental data was determined to be 0.81±0.06 based on analysis of EXAFS data of a Fe 

reference foil. To be noted, the number of free parameters was well below the number of 

independent data points in each fit. The quality of each fit was measured by the value of the 

R_factor, which represents the sum of the square of residuals between measured and model data 

normalized to the magnitude of the measured data, which is also listed in Table III. A comparison 

of the measured and fit data of the magnitude and the real part of the FTs are shown in Figure 6.  

Clearly, the fit data using the structural models described above reproduce the majority of 

the structural features in the measured FTs. However, the quality of the fit data using the 
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orthorhombic (Pnca) for K3Fe(CN)6 is superior to that of the fit data for K4Fe(CN)6·xH2O using 

the monoclinic (C2/c) model as can be confirmed both visually and through comparison of the 

values of the R_factor for both fits. The higher value of the R_factor for K4Fe(CN)6·xH2O is likely 

due to the presence of the anhydrous or less hydrated form, which was confirmed on the basis of 

XRD analysis. However, despite the higher value of the R_factor, the R_XAFS values for the Fe-

C and Fe-N single scattering paths are almost identical to the R_XRD values. In the case of 

K3Fe(CN)6, it can also be seen that the R_XAFS for the Fe-C and Fe-N shells are close to the 

R_XRD values derived on the basis of the orthorhombic structural model. Hence, one is able to 

conclude that the XAFS determined distances of the first and second coordination spheres of 

Fe(II)-C and Fe(II)-N as well as Fe(III)-C and Fe(III)-N for K4Fe(CN)6·xH2O and K3Fe(CN)6, 

respectively, are in excellent agreement with those derived on the basis of the well-established 

XRD structural models. Furthermore, the Fe(II)-C and Fe(III)-C coordination distances are similar 

within the uncertainty in the data despite the difference in the oxidation state of Fe in both 

compounds and also both having the same octahedral geometry. The similarity in the distances are 

consistent with previously reported results by Bianconi et al.51 Based on their analysis of EXAFS 

spectra with limited k-range (4-8 Å-1), they reported the similarity to be within a range of ±0.02 

Å. The similarity has been attributed to the fact that both Fe(II) and Fe(III) have somewhat similar 

electron densities due to electron back donation from Fe(II) to the CN ligand.48 Furthermore, based 

on the Fe(II)/Fe(III)-C and the Fe(II)/Fe(III)-N bond distances and taking into account the 

collinearity of the Fe-C-N local coordination geometry, the average C-N bond distance was 

estimated to be 1.151±0.033 Å and 1.157±0.015 Å for the Fe(II) and Fe(III) systems, respectively. 

These values are in good agreement with the values of 1.151 and 1.154 Å based on the XRD, 

respectively. Thus, the difference in the EXAFS determined C-N distance for the Fe(III) system 
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relative to the Fe(III) system is -0.006±0.036 Å, which is within the uncertainty in the data is 

consistent with the value of -0.034 Å derived utilizing the multiple scattering approach employed 

by Bianconi et al.51 To be noted, based on the XRD structural model, the second coordination 

sphere of Fe(II)-N for K4Fe(CN)6·xH2O is split into two contributions with 1 Fe(II)-N at slightly 

smaller distance than that of the 5 Fe(II)-N contribution. 

Furthermore, within the uncertainty in the data, the disorder for the first shell of Fe(II)-C 

in K4Fe(CN)6·xH2O is similar to that of Fe(III)-C in K3Fe(CN)6. On the other hand, the disorder 

for the second shell of Fe(II)-N is somewhat greater than that of  Fe(III)-N. As pointed out in an 

earlier operando XAS study of iron hexacyanocobaltate (K0.44Fe1.56Co(CN)6) during charge and 

discharge,42 the change in the first shell of Fe-N distance was very small upon going from the 

charged state to the discharged state but the change in the disorder parameter for the first Fe-N 

shell was significant and proved to be a better indicator of redox activity in this material. Due to 

the complexity of the structure of PB, quantitative analysis of the local structure of Fe(II) and 

Fe(III) was investigated using the site selective approach of EXAFS spectroscopy and was not 

attempted in this investigation.39 

Since our objective is to use these compounds as fast redox active material loaded in 

electrodes for supercapacitors,18 we also investigated the stability of some of these compounds 

under the synthesis procedure commonly used to cast electrodes for supercapacitors. Comparisons 

of normalized XANES data of K4Fe(CN)6·xH2O and K3Fe(CN)6 loaded in the form of a boron 

nitride pellet and loaded in the form of an electrode suitable for use in supercapacitors are shown 

in Figure 7. Clearly, the K4Fe(CN)6·xH2O material loaded in the electrode retained its structural 

and chemical stability and potentially can be used as an active electrode material with redox 

activity due to the Fe(II)/Fe(III) couple. On the other hand, the K3Fe(CN)6 suffered significant 
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structural and chemical modification as a result of the electrode synthesis procedure and these 

changes must be fully understood in order to evaluate its suitability as an active redox material for 

supercapacitors and batteries. The mechanistic origin of the reduction of K3Fe(CN)6 as a result of 

electrode synthesis procedure requires detailed analysis of XANES spectra as well as quantitative 

analysis of the EXAFS spectra, which are the subject of a forthcoming paper. A proposed 

mechanism of the reduction of K3Fe(CN)6 incorporated in a Nafion membrane has been reported 

to occur via a sulfonate–coupled interaction by Parthasarathy et al.52 In the case of PB, the material 

proved to be stable under the electrode synthesis procedures and its redox activity under in situ 

conditions will be discussed in a separate article.18 One could argue that the electrode synthesis 

procedures should also induce at least partial reduction of Fe(III) in PB. However, our 

experimental evidence based on XANES analysis clearly showed no such reduction took place.18 

The lack of Fe(III) reduction in the case of PB could be related to differences in local atomic 

structure of Fe(III) in both materials. Fe(III) is present in the high-spin state and resides next to 

nitrogen in the case of PB as opposed to low-spin Fe(III), which resides next to carbon in the case 

of  K3Fe(CN)6. 

 

Conclusions 

Based on XRD analysis, commercially obtained K4Fe(CN)6·3H2O was found to consist of 

K4Fe(CN)6·3H2O which crystallizes in the monoclinic lattice with space group C2c and a less 

hydrated or anhydrous phase of K4Fe(CN)6 which crystallizes in the orthorhombic lattice with 

space group Bmmm. Our commercially obtained K3Fe(CN)6 was found to consist of a pure phase 

which crystallizes in the orthorhombic lattice with space group Pnca. The XRD of our synthesized 

PB was found to consist of a single phase with composition (KOH)0.7Fe(III)4/3Fe(II)(CN)6·4.0H2O 
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which crystallizes in the cubic lattice with space group 𝐹𝑚3̅𝑚. Both XPS and XAS confirmed the 

presence of ferrous Fe(II) at the surface and bulk levels in K4Fe(CN)6·xH2O. However, XPS 

revealed the presence of majority (70%) ferric Fe(III) and minority (30%) Fe(II) in the surface 

region of K3Fe(CN)6 while XAS confirmed the presence of mostly Fe(III) at the bulk level. Both 

XPS and XAS confirmed the presence of Fe(II) and Fe(III) in the surface and bulk regions of PB. 

Based on XPS results, the fraction of Fe(II) was estimated to be near 43% in our synthesized PB 

in agreement with previously reported XRD results. Based on XPS and energy dispersive 

spectroscopy (EDXS) of PB, the K content was significantly below the value derived on the basis 

of XRD analysis and its composition stoichiometry is closer to (KOH)xFe(III)4/3Fe(II)(CN)6·4H2O 

where x is significantly below < 0.7. Analysis of the pre-edge region in the X-ray absorption near 

edge structure confirmed the presence of high-spin Fe(III) in PB. The Fourier transforms for 

K4Fe(CN)6·xH2O and K3Fe(CN)6 were qualitatively similar displaying clear contributions from 

the first two shells of Fe-C and Fe-N. However, the Fourier transform of PB is more complex 

displaying contributions from Fe(II)-C and Fe(II-N) and Fe(III)-N/O and Fe(III)-C as well as 

strong Fe-Fe contribution because of the super focusing multiple scattering effect as has been 

confirmed in a previous XAFS study.39  

Quantitative analysis of the of the Fourier transforms revealed local coordination distances 

for the Fe(II)-C and Fe(II)-N in K4Fe(CN)6·xH2O and Fe(III)-C and Fe(III)-N in K3Fe(CN)6 that 

are consistent with those based on the well-established XRD monoclinic and orthorhombic 

structural models, respectively. The disorder parameters, which include the sum of thermal and 

static disorders, were also estimated for the Fe-C and Fe-N single scattering contributions for both 

K4Fe(CN)6·xH2O and K3Fe(CN)6 and were found to be similar within the uncertainty in the data. 

Accurate determination of the disorder parameters may prove essential to follow redox activity in 
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situations where the changes in the first shell distance and the energy shift in the XANES data 

versus redox activity are very small.  

The stability of these compounds under the synthesis procedures used to cast electrodes for 

supercapacitors and batteries must be understood in order to better understand their potentials as 

redox active centers. This ex situ XAS study will be used to guide the analysis of in situ XAS data 

collected from a PB containing supercapacitor to understand the mechanistic origin of 

pseudocapacitance in these devices, which will be published in a separate article.18 
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Table I. Summary of XPS atomic percentages for K4Fe(CN)6·xH2O, K3Fe(CN)6 and PB as 

determined based on the integrated areas and the sensitivity factors for the C 1s, N1s, O 1s, K 2p 

and Fe 2p3/2 regions. The values in parenthesis for the K/Fe, N/Fe and O/Fe ratios were derived 

based on nominal stoichiometry as listed in the table where the XRD determined stoichiometry for 

PB was used. The surface composition was also included after normalizing the N stoichiometry to 

6 since it has the least surface contamination relative to all other components.  

 

Sample K4Fe(CN)6·xH2O K3Fe(CN)6 
PB 

(KOH)xFe2.33(CN)6·zH2O 

Atomic  % C 40.7 43.8 46.1 

Atomic  % N 22.8 26.5 27.2 

Atomic  % O 9.8 6.6 13.3 

Atomic  % K 22.5 18.5 0.54 

Atomic  % Fe 4.2 4.7 12.9 

K/Fe ratio 5.3 (4) 4.0 (3) 0.042 (0.3) 

N/Fe ratio 5.4 (6) 5.7 (6) 2.1 (2.6) 

O/Fe ratio 2.3 (3) 1.4 (0) 1.0 (2.0) 

Surface 

composition 
K5.9Fe1.1C10.9N6.0O2.6 K4.2Fe1.1C9.9N6.0O1.5 K0.1Fe2.8C10.7N6.0O2.9 
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Table II. Summary of XPS deconvolution results, which includes binding energy (BE) full-

width-at-half-maximum (FWHM) and atomic percentages for each deconvoluted chemical state. 

Sample K4Fe(CN)6·xH2O K3Fe(CN)6 PB 

(KOH)xFe2.33(CN)6·zH2O 

 

XPS Region BE (FWHM) Area/At.% BE (FWHM) Area/At.% BE (FWHM) Area/At.% Chemistry 

C 1s 285.02 (1.41) 91.8/37.3 

286.36 (1.09) 3.4/1.4 

288.35 (1.56) 4.8/2.0 

284.84 (1.21) 96.7/42.4 

286.02 (1.09) 3.3/1.4 

284.90 (1.34) 65.5/30.2 

286.21 (1.50) 23.6/10.9 

288.77 (1.94) 10.9/5.0 

C-H, C≡N 

C-O, C-N 

O-C=O, C=O  

N 1s 398.00 (1.40) 92.7/21.1 

 

402.18 (1.13) 2.9/0.7 

407.25 (1.13) 4.3/1.0 

398.00 (1.15) 100/26.5 

 

398.00 (1.28) 79.9/21.7 

399.62 (2.00) 15.1/4.1 

402.45 (1.39) 5.0/1.4 

C≡N 

C-N 

NO 

NO3 

O 1s 531.02 (1.36) 15.5/1.5 

532.71 (1.69) 84.5/8.3 

 

532.29 (2.38) 100/6.6 

 

532.23 (1.87) 84.0/11.2 

533.52 (1.76) 16.0/2.1 

OH group 

H2O,NO3, 

C=O 

C-O 

K 2p3/2 

K 2p1/2 

293.21 (1.48) 67.0/15.1 

295.98 (1.48) 33.0/7.4 

292.76 (1.24) 66.6/12.3 

295.53 (1.22) 33.4/6.2 

293.74 (1.16) 70.8/0.38 

296.53 (1.10)  29.2/0.16 

K(I) 

K(I) 

Fe 2p3/2 708.79 (1.43) 100/4.2 708.43 (1.38) 29.1/1.4 

709.97 (1.11) 52.2/2.4 

711.34 (1.35) 18.6/0.9 

708.82 (1.33) 30.2/3.9 

710.37 (3.03) 48.6/6.2 

712.56 (2.19) 8.6/1.1 

715.07 (3.26) 12.6/1.6 

Fe (II)1 

Fe (III) 

Fe(III) satellite 

Fe(III) satellite 

Fe 2p3/2   708.78 (1.21) 42.7/5.5 

710.33 (3.45) 38.2/4.9 

712.34 (2.67) 8.6/1.1 

715.24 (3.06) 10.5/1.4 

Fe (II)2 

Fe (III)  

Fe(III) satellite 

Fe(III) satellite 
1 A combined Gaussian Lorentzian line shape was used to fit this component, which resulted in a 

χ2 value of 2.07. Based on this fit the fraction of Fe(II) is 19.5%, which is well below the value 

expected based on XRD analysis for PB of 42.9%. 

2 An asymmetric line shape was used to fit this component, which resulted in a χ2 value of 1.31 

significantly below that of the combined Gaussian Lorentzian line shape. Based on this fit, the 

fraction of Fe(II) is 42.6%, which is in close agreement with the value expected based on XRD 

analysis for PB of 42.9%. 
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Table III. Summary of quantitative analysis of XAFS spectra listing the structural parameters from 

XAFS and XRD for comparison purposes. 

Sample Model X-Y Pair N_XRD R_XRD 

(Å) 

R_XAFS 

(Å) 

103 x σ2 

(Å2) 

E0 

(eV) 

R_Factor 

K4FeCN)6·xH2O Monoclinic 

S.G: C2c 

Fe(II)-C 

Fe(II)-N 

Fe(II)-N 

6 

1 

5 

1.922 

3.042 

3.077 

1.924(0.017) 

3.046(0.028) 

3.081(0.028) 

3.9(2.4) 

6.0(2.2) 

6.0(2.2) 

-5.1( 2.1) 0.098 

K3Fe(CN)6 Orthorhombic 

S.G: Pnca 

Fe(III)-C 

Fe(III)-N 

6 

6 

1.936 

3.083 

1.946(0.008) 

3.100(0.013) 

2.2(1.1) 

3.7(1.0) 

-1.6(1.8) 0.040 

 

N_XRD is the coordination number derived from XRD data and was used as constant during the 

fit. Structural parameters, which were free to vary during the fit procedure include the coordination 

distance (R_XAFS), mean square relative displacement (σ2) of the first and second shells, and the 

inner potential parameter (E0), which is used to define the electron wave number. The many body amplitude 

reduction factor (S0
2), which is normally used to calibrate the amplitudes of the experimental and theoretical 

XAFS spectra was estimated to be 0.81±0.06 from analysis of XAFS spectra of a Fe reference foil. 
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Figure 1. XRD data of our synthesized PB powder material along with the position of Bragg 

diffraction peaks from PDF 04-016-2997 for a material with composition listed as 

K0.525Fe1.75(CN)4.5(OH)0.525(H2O)2.98, which can be written as (KOH)0.7Fe2.33(CN)6·4.0(H2O).  
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Figure 2. Comparison of N 1s (a), C 1s and K 2p (b), Fe 2p (c), and O 1s (d) XPS spectra for 

K4Fe(CN)6·xH2O, K3Fe(CN)6 and PB ((KOH)xFe2.33(CN)6·zH2O). 
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Figure 3. Curve fit analyses displaying the measured (solid black curve) and simulated (dash blue 

curve) along with the deconvoluted components for the Fe 2p3/2 region of K4Fe(CN)6·xH2O (a)  

K3Fe(CN)6 (b) and PB (c) and (d). The spectra were deconvoluted using a combined Gaussian 

Lorentzian line shape for all components except in (d) where an asymmetric line shape was used 

for the Fe(II) component, which yielded significantly lower χ2 value of residuals relative to the fit 

in (c). 
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Figure 4. Comparison of normalized XANES (a), their derivative (b), and an expanded view of 

the pre-edge region (c) for K4Fe(CN)6·xH2O, K3Fe(CN)6 and PB.  
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Figure 5. Comparison of normalized k2-weighted EXAFS spectra (a) and their Fourier transforms 

(b) for K4Fe(CN)6·xH2O, K3Fe(CN)6 and PB material loaded in the form BN pellets. The Fourier 

transforms were performed over the k-range 3.0-13.83 Å-1 and a Hanning window of 1.0 Å-1. The 

Fe-O contribution is relevant only in the case of PB because water replaces the N atoms associated 

with the Fe(II) vacant sites. No Fe-O contributions are expected in the case of K4Fe(CN)6·xH2O 

and K3Fe(CN)6 Fourier transforms in the 1.0-3.0 Å range. 
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Figure 6. Comparison of the magnitude (a and c) and real part (b and d) of Fourier transforms 

derived from the measured data (solid line) and fit data (dash line) for K4Fe(CN)6·xH2O using 

backscattering amplitudes and phase shifts generated from the monoclinic lattice with space group 

C2c (a and b) and for K3Fe(CN)6 using backscattering amplitudes and phase shifts generated from 

the orthorhombic lattice with space group Pnca (c and d). The Fourier transforms were generated 

from k3-weighted EXAFS spectra over the range 3-13.0 Å-1 with a Hanning window of 1.0 Å-1 and 

the fitted range in r-space was 1.0-3.0 Å.  
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Figure 7. Comparison of normalized XANES data of K4Fe(CN)6·xH2O (a) and K3Fe(CN)6 

loaded in the form of a boron nitride pellet (_BN) and loaded in the form of an electrode 

(_Electrode) suitable for use in a supercapacitor. 
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