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Prussian white (PW), Na2Fe [Fe(CN)6], is a highly attractive cathode material for sustainable sodium-ion batteries due to its high theoretical capacity of ∼170 mAhg−1 and low-cost synthesis. However, there exists significant variability in the reported electrochemical performance. This variability originates from compositional flexibility possible for all Prussian blue analogs (PBAs) and is exasperated by the difficulty of accurately quantifying the specific composition of PW. This work presents a means of accurately quantifying the vacancy content, valence distribution, and, consequently, the overall composition of PW via Mössbauer spectroscopy. PW cathode material with three different sodium contents was investigated at 295 and 90 K. The observation of only two iron environments for the fully sodiated compound indicated the absence of [Fe(CN)6]4- vacancies. Due to intervalence charge transfer between iron centers at 295 K, accurate determination of valences was not possible. However, by observing the trend of spectral intensities and center shift for the nitrogen-bound and carbon-bound iron, respectively, at 90 K, valence mixing between the iron sites could be quantified. By accounting for valence mixing, the sum of iron valences agreed with the sodium content determined from elemental analysis. Without an agreement between the total valence sum and the determined composition, there exists uncertainty around the accuracy of the elemental analysis and vacancy content determination. Thus, this study offers one more stepping stone toward a more rigorous characterization of composition in PW, which will enable further optimization of properties for battery applications. More broadly, the approach is valuable for characterizing iron-based PBAs in applications where precise composition, valence determination, and control are desired.
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INTRODUCTION
Sodium-ion batteries (NIBs) are rapidly attracting interest as a viable alternative to lithium-ion batteries primarily based on cost and sustainability. To leverage the competitive advantage that NIBs bring, the various battery components must be designed with sustainability in mind, from elemental components to production. Subsequently, iron- and manganese-based Prussian blue analogs (PBAs) are highly attractive options for cathodes in NIBs. PBAs can be described by the general formula AxM [M′(CN)6]1−y□ynH2O, where A is an alkali metal cation, M and M′ are frequent transition metals, and □ denotes a [M′(CN)6]n− vacancy. The compositional flexibility of PBAs is a boon for designing the material class for a broad range of applications. However, it introduces several challenges when being utilized as a battery material, specifically that the composition is highly sensitive to the synthesis parameters, which can have a negative impact on properties (You et al., 2014; You et al., 2015; Rudola et al., 2017; Chen et al., 2018; Li et al., 2019). For example, Prussian white (PW) with ideal composition Na2Fe [Fe(CN)6] has a theoretical capacity of 170 mAh g−1 and an average voltage output of ∼3.2 V, which is comparable with the specific energy density achievable for LiFePO4 (Wang et al., 2015; Logan et al., 2020). However, achieving this capacity is extremely difficult due to the presence of [Fe(CN)6]n− vacancies (Hurlbutt et al., 2018). Furthermore, the presence of severe phase transitions which damage the structure during operation in a battery is strongly dependent on the A+ cation and [M′(CN)6]n− vacancy content (Rudola et al., 2017; Tapia-Ruiz et al., 2021; Boström and Brant 2022). Despite the importance of PBAs, their accurate and consistent compositions are rarely reported. This was highlighted by a recent meta-study on the reported structures of PBAs as a function of composition (Boström and Brant 2022). When clear trends emerged, quantitative conclusions became difficult to be drawn due to uncertainties on the reported compositions. One means through which the composition determination of PBAs can be improved is to adapt characterization tools to study them. One such method that displays promise for supporting analysis of composition is Mössbauer spectroscopy.
Mössbauer spectroscopy has been particularly advantageous for investigating the presence of vacancies in iron hexacyanoferrates. As already mentioned, quantification of the [M′(CN)6]n− vacancy content is critical for PBAs applied as electrodes in battery applications. If different transition metals occupy the M and M’ sites, this information can be extracted from cation ratios via methods such as inductively coupled plasma optical emission spectrometry (ICP-OES) (Xi and Lu 2021). However, in the case of AxFe[Fe(CN)6], the exact composition becomes more ambiguous. Fortunately, Mössbauer spectroscopy has been able to provide clear evidence for only two octahedral Fe environments in NaxFe [Fe(CN)6]. In other words, one Fe coordinated exclusively by six carbon atoms and the other by six nitrogen atoms (Brant et al., 2019; Ojwang et al., 2020; Ojwang et al., 2021). Two Fe environments are only possible if the vacancy content is lower than the detection limit of the measurement. With sufficient vacancies, other iron environments with a mixed coordination or lower coordination number would be observed (Reguera et al., 1999; Yang et al., 2015; You et al., 2015; Yang et al., 2020). Although identification of unique Fe environments by Mössbauer spectroscopy has become possible, occasionally there has been some ambiguity with regards to the oxidation states on each Fe center. This has led to the disagreement with X-ray diffraction results regarding the exact A-site content required to charge balance the transition metals (Ojwang et al., 2021). Part of this ambiguity may lie in the rapid intervalence charge transfer process between iron centers connected via a cyanide bridge creating a mixed valence configuration at room temperature (Robin and Day 1968). Naturally, if one assumes that no such valence mixing is occurring, extraction of absolute valence contributions will be inaccurate. The issue is further exacerbated by peak overlap and broadening in samples exhibiting valence mixing. However, intervalence charge transfer in PBAs has been shown to be temperature-dependent (Li et al., 2008) with better-resolved spectra observable at lower temperatures (Martínez-García et al., 2006). Therefore, there is a potential for Mössbauer spectroscopy to provide accurate data on both composition and valence distribution in iron-based PBAs.
In the present work, accurate determination of oxidation states in NaxFe [Fe(CN)6] by Mössbauer spectroscopy was explored at lower temperatures. By observing trends in spectral intensities and the center shift between 295 and 90 K and as a function of composition, this work presents a guide for extracting accurate information on the composition of iron hexacyanoferrates.
EXPERIMENT
Mössbauer measurements were carried out at 295 and 90 K on a spectrometer with a constant acceleration type of vibrator and a57CoRh source. PW samples prepared previously (Ojwang et al., 2020; Ojwang et al., 2021) were investigated. PW powder was ground together with BN and enclosed into sealed aluminum pockets. The so-formed absorbers had a concentration of [image: image] 10 mg/cm2. Calibration spectra were recorded at 295 K using natural Fe metal foil as a reference absorber. The PW spectra were recorded at 295 K and at 90 K using an Oxford gas flow cryostat. The temperatures were stable within less than 1°. 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 |QS|, the full-width at half-maxima Γ of the Lorentzian absorption lines, and the spectral intensities I. The nominal x-values, references for the synthesis, chemical formulas, and structural details for the samples are as given in Table 1. Valence information for the high-spin FeN was determined from the relative spectral areas of the FeN3+ and FeN2+ contributions. For the low-spin FeC site, since the spectrum is a broad single line, valence mixing is found from the isomer shift values. Assuming a linear shift between the isomer shift for FeC2+ and FeC3+, intermediate shift values indicate the valence distribution.
TABLE 1 | Sample compositions, structures, and original references.
[image: Table 1]RESULTS AND DISCUSSION
For details on sample composition, structure, and morphology, the reader is directed to previous work performed on the same samples (Table 1). Representative Mössbauer spectra are shown in Figure 1, and fitted results are presented in Table 2. The line intensities reveal no Fe vacancies on any of the two Fe sites within experimental errors. The Fe occupancies, I, at different sites are proportional to the spectral areas, A, in the Fe Mössbauer spectra. However, the spectral areas are also dependent on the Lamb–Mössbauer factor f. In fact, A is proportional to the product I•f. The f-factor is dependent on temperature and the Debye temperatures for the different sites. In the present case, the obtained spectral areas A (FeC) and A (FeN) are equal to 50 (1) % both at 295 and 90 K. This is a strong indication that the f-factors for FeC and FeN are within the experimental error and are the same especially at 90 K. Thus, it is safe to claim that the obtained spectral areas are good measures of the Fe occupancies I, as presented in Table 2.
[image: Figure 1]FIGURE 1 | Mössbauer spectra of NaxFe [Fe(CN)6].nH2O at 295 K (left panel) and 90 K (right panel). (A,B) are x = 1.8 (C,D) are x = 1.0, and (E,F) are x = 0.5. Blue sub-spectra represent low-spin FeC2+, red sub-spectra represent high-spin FeN2+, and green sub-spectra represent high-spin FeN3+.
TABLE 2 | Results from the fitting of NaxFe [Fe(CN)6].nH2O spectra at 295 K and at 90 K. The center shift CS, the magnitude of the electric quadrupole splitting [image: image], and the individual Lorentzian line width Γ at FWHM are given in mm/s and the spectral intensity I in %. Experimental errors in CS, [image: image], and Γ are ±0.005 mm/s and in I ± 1%. The C-coordinated Fe (FeC) are in a low-spin state while the N-coordinated Fe (FeN) are in a high-spin state.
[image: Table 2]The 295-K spectrum in Figure 1 for high Na content, [image: image], shows the well-known pattern for monoclinic PW with a non-resolved doublet for low-spin Fe2+ coordinated to 6 C in an octahedral environment and a resolved doublet for high-spin Fe2+ coordinated to 6 N in an octahedral environment, denoted as FeC and FeN (1), respectively. For [image: image], the 295 K spectrum reveals a broad doublet called high-spin FeN (2). Finally, for [image: image], the Mössbauer spectrum shows two non-resolved structures assignable to low-spin FeC and high-spin FeN (2). The 90 K spectra are more resolved. The difference in the center shift between 295 and 90 K is on average +0.072 and +0.098 mm/s for FeC and FeN, respectively, which are in line with what is expected due to the second-order Doppler shift. The magnitude of the electric quadrupole splitting [image: image] for the FeN (1) site is notably at 90 K, being around 1.60 mm/s (x = 1.8) and 2.19 mm/s (x = 1). This will be discussed in more detail as follows.
Considering the intensities and line widths for the sample with x = 1.0, it is clear that the differences between the 295 and 90 K are large. At 295 K, the line widths are broader, and the resolution between the two FeN doublets is worse than that for the 90 K spectrum. Electron valence hopping at 295 K would give rise to the broadening of the resonance lines due to a mixed valency. This would make it difficult to assign the two FeN doublets to a specific Fe valence (Robin and Day 1968). As heating can induce electron valence hopping, the effect can be minimized through cooling (Martínez-García et al., 2006). At 90 K, the electron hopping time is increased and is longer than the Mössbauer observation time of around 100 ns. This gives rise to the better defined Fe spectra and thus provides more reliable ascriptions to Fe valences. Subsequently, the hyperfine parameters for the two FeN doublets are clearly representatives of 2+ and 3+, respectively. In determining the proportions of different valences on the high-spin FeN, the low-temperature intensities are, therefore, more trustworthy. It is interesting to note that there still exists a relatively large amount of FeN2+ at x = 1. The prevalent prediction is that all Fe at the high-spin site would be oxidized to Fe3+ at x = 1 (Wang et al., 2015). Consequently, this prediction has to be modified. From the line intensities in the spectrum for x = 1, a mixture of Fe0.66(2)3+ and Fe0.34(2)2+ at the high-spin FeN site can be calculated.
Turning on to the result for the FeC site, for x = 0, it has been shown that the center shift at 295 K for FeC3+ is −0.17 (1) mm/s (Ojwang et al., 2020), while for [image: image] the center shift for FeC2+ is −0.08 (1) mm/s (Brant et al., 2019; Ojwang et al., 2020; Ojwang et al., 2021). The present result for x = 1.0 is −0.104 (5) mm/s, a value in between the extremes but closer to the value for Fe2+. Using a linear relationship for the Fe valences versus the center shift gives a mixture of Fe0.27(5)3+ and Fe0.73(5)2+ at the low-spin FeC site. The aforementioned results for the Fe valence distributions on the FeC and FeN sites agree well with each other, and a chemical formula can be consequently put forward, as given in Table 3 and in Figure 2.
TABLE 3 | Result for the Fe valence distribution as measured at 90 K in the studied samples from the analysis given in the text.
[image: Table 3][image: Figure 2]FIGURE 2 | Valence distribution found for NaxFe [Fe(CN)6].1.8H2O for varying x-values. At x = 0, all Fe on both sites are Fe3+, while at x > 1.8, all Fe on both sites are Fe2+. Data are measured at 90 K.
The same analysis can be made for the spectrum at x = 0.5, arriving at the valence distribution given in Table 3 and shown in Figure 2. It is worth mentioning that these results lie within two standard deviations of the expected charge balance based on the measured sodium content. In other words, the valence balance from the formulas given in Table 3 are in deficit of -0.20 (13) for x = 1.8, in deficit of −0.34 (33) for x = 1.0, and in excess of +0.05 (34) electronic units for x = 0.5. Furthermore, while the valence distribution shown in Table 3 and Figure 2 was extracted from data at 90 K, it is a representative of the room-temperature valence distribution.
The remarkably large change in [image: image] for FeN (1) for x = 1 between 295 and 90 K is considerably astonishing. The crystal structure is cubic and, in this case, FeN would be surrounded by a regular octahedra of N ions. The ligand contribution to [image: image] would, therefore, be 0 if only the nearest surrounding atoms are considered. The valence contribution to [image: image] is for the high-spin 3 d6 orbitals in Fe2+, emanating from the single paired d-electron. The other 5 d electrons are distributed over the five t2g and eg levels, giving rise to spherical symmetric cloud with no field gradient at the Fe nucleus. At 90 K, FeN (1) has the valence Fe2+, as has been shown earlier. At 295 K, the single unpaired d-electron for the FeN (1) site fluctuates between the t2g and eg states with a relaxation time much shorter than the Mössbauer observation time, which reduces the [image: image] value. In comparing the [image: image] values at 90 K between the x = 1.8 and x = 1.0 samples, one has to bear in mind that these two samples have different crystal structures. In the x = 1.8 sample, the structure is monoclinic, and the local structure for the FeN2+ site is a distorted octahedron of N ions. This distortion induces a contribution to the [image: image] value which is opposite in sign to the valence contribution. This explains the lower absolute value for [image: image] in the monoclinic structure for x = 1.8 than in the cubic structure for x = 1.
CONCLUSION
It has been possible from the Mössbauer spectra to reveal the Fe valence distribution in the three studied samples by using the spectral intensities for FeN and the center shift for FeC. The reliability of this result increases strongly if the electronic relaxation time in the samples is slowed by performing the Mössbauer study at low temperature. Consequently, contrary to expectations from electrochemical cycling, a valence distribution across the two iron centers was observed. This distribution between the iron sites is consistent with each other, and their sum is consistent with the sodium content determined via elemental analysis. This study provides another avenue for confirming the composition and studying valence changes in electroactive PBAs. This approach will be essential for adequately characterizing and interpreting the performance of iron-based PBAs for application in sodium-ion batteries.
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