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Abstract:



Recently, Prussian blue analogues (PBAs) have been reported to exhibit a low voltage charge/discharge behavior with high capacity (300–545 mAh/g) in lithium-ion secondary batteries (LIBs). To clarify the mechanism of low voltage behavior, we performed ex situ synchrotron radiation X-ray diffraction (XRD) and ex situ X-ray absorption spectroscopy (XAS) of a film of Na1.34Mn[Fe(CN)6]0.84·3.4H2O without air exposure. After the 1st discharge process, the XRD patterns and X-ray absorption spectra around the Fe and Mn K edges reveal formation of Fe and Mn metals. After the charge process, the XRD pattern reveals formation of Fe2O3. Based on these observations, we ascribed the low voltage behavior mainly to the conversion reaction of Fe2O3: 6e- + Fe2O3 + 6Li+⇌ 2Fe +3Li2O.
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1. Introduction


Nanoporous materials [1] have been attracting increasing interest due to their functionalities for lithium-ion secondary batteries (LIBs), hydrogen storage, molecular storage, and gas separation. Among nanoporous materials, transition metal hexacyanoferrates or Prussian blue and its analogues (PBAs), denoted as [image: there is no content]M[Fe(CN)6]y (A and M, are the alkali and transition metals, respectively), are most intensively investigated for LIBs [2,3,4,5,6,7,8] and sodium-ion secondary batteries (SIBs) [9,10,11,12,13]. The PBAs consist of three-dimensional cyano-bridged networks (jungle-gym type networks) of the transition metal, –M–NC–Fe–CN–M–, with periodic nano-cubes of 5 Å on each side [14,15]. Thin films of Li1.32Mn[Fe(CN)6]0.83·3.5H2O show a high capacity of 128 mAh/g, good cyclability and an average operating voltage of 3.6 V against Li/Li+ [5]. Goodenough’s group [7] reported charge/discharge properties of the SIB cathodes in a K–M–Fe(CN)6 system (M = Mn, Fe, Co, Ni, Cu, Zn) even though their coulomb efficiency is poor. The coulomb efficiency is significantly improved in thin films of Na1.32Mn[Fe(CN)6]0.83·3.5H2O [8], and Na1.6Co[Fe(CN)6]0.9·2.9H2O [9]. They show high capacities of 109 and 135 mAh/g and average operating voltages of 3.4 and 3.6 V against Na/Na+, respectively.



Recently, PBAs have been reported to show reversible low voltage charge/discharge behavior with high capacity (300–545 mAh/g) in LIBs [16,17,18,19,20]. Shokouhimehr et al. [16] demonstrated that the Co-PBA nanoparticles show a reversible capacity of 544 mAh/g in the 0.01–3.0 V range against Li/Li+ at current density of 100 mA/g. Nie et al. [17] investigated the anode performance of Co32+[Co3+(CN)6]2·nH2O and Mn32+[Co3+(CN)6]2·nH2O. They found that Co32+[Co3+(CN)6]2 exhibits a reversible capacity of 300 mAh/g in the 0.01–3.0 V range against Li/Li+. They ascribed the behavior to the redox process of Co3+/Co2+ and Co2+/Co+. Xiong et al. [18] reported that Mn2+[Fe3+(CN)6]2/3·nH2O shows a reversible capacity of 296 mAh/g and average voltage of 0.5 V with good cyclability. They ascribed the behavior to the redox process of Fe3+/Fe2+. On the other hand, Piernas-Muñoz et al. [19] reported that K0.88Fe1.04[Fe(CN)6]·yH2O shows a reversible capacity of 400 mAh/g in the 0.005–1.6 V range against Li/Li+. Based on the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) observation, they tentatively ascribed the behavior to a conversion reaction: K1-xFeIII1+x/3[FeII(CN)6]·yH2O + (5 + x)Li+ + (5 + x)e- → (2 + x/3)Fe + (5 + x)LiZ + (1 − x)KZ (Z = CN-, OH-, F-, ...). Sun et al. [20] reported that Ti0.75Fe0.25[Fe(CN)6]0.96·1.9H2O shows a reversible capacity of 350 mAh/g in the 0–3.0 V range against Li/Li+ with good cyclability and rate performance. They found that the X-ray diffraction (XRD) patterns of PBA electrode disappeared after discharge, and then the XRD patterns of PBA electrode did not appear after charging. Therefore, they ascribed the behavior to a conversion reaction: Tix[Fe2-x(CN)6]·2H2O + 6Li+ + 6e- → xTi + (2 − x)Fe + 6LiCN + 2H2O and 2H2O + 4Li + 4e- → H2 + 2Li2O (first discharge), and Tix[Fe2-x(CN)6] + 6Li+ + 6e- ⇌ xTi + (2 − x)Fe + 6LiCN (following cycles). The experiments performed by Piernas-Muñoz et al. [19] and Sun et al. [20] imply that the low voltage charge/discharge behavior is ascribed to Fe metal. Thus, the mechanism of the low voltage behavior is controversial even though the high reversible capacity and low voltage are promising. To clarify the mechanism, careful and systematic X-ray methods, such as XRD and X-ray absorption spectroscopy (XAS), are indispensable.



In this paper, we carefully investigated the low voltage charge/discharge behavior observed in the thin film of Na1.34Mn[Fe(CN)6]0.84·3.4H2O (abbreviated as Mn-PBA) by means of ex situ synchrotron radiation XRD and XAS at Fe and Mn K edges without air exposure.



Our careful experiment revealed that the low voltage charge/discharge behavior has no relation to the Mn-PBA itself, but is ascribed to the byproducts, i.e., Fe and Mn metals, made by the reduction process of the Mn-PBA. We proposed that the low voltage behavior is mainly ascribed to the conversion reaction: 6e- + Fe2O3 + 6Li+⇌ 2Fe +3Li2O.




2. Results


2.1. Scanning Electron Microscopy Image


Figure 1 shows SEM image of the as-grown and discharged films. The as-grown film consists of cubic particles of 1 [image: there is no content]m in size, reflecting the face-centered cubic structure of Mn-PBA. The discharge process completely alters the particle shape. The discharged film consists of spherical particle of 0.5 [image: there is no content]m in diameter. In addition, the color of the film changes from colorless (as-grown) to black (discharged). These observations suggest that the low voltage discharge process electrochemically decomposes Mn-PBA into another material. In other words, Mn-PBAs are just an initial reactant, and the resultant film (after the 1st discharge) is a porous film dispersed by Fe and Mn metals (vide infra).


Figure 1. Scanning electron microscopy (SEM) images of (a) as-grown and (b) discharged films. Insets show pictures of the films.
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2.2. Charge/Discharge Curves and Framework Structure


Figure 2a shows the charge/discharge curves of the Mn-PBA film in LIB. In the 1st discharge process, we observed irreversible capacity of 1400 mAh/g at voltage of 0.5 V. The capacity (=1400 mAh/g) of the 1st discharge process is slightly higher than those reported in literatures: 1000 mAh/g [16], 600 mAh/g [17], 1100 mAh/g [18], 1000 mAh/g [19], and 850 mAh/g [20]. The high irreversible capacity is probably ascribed to the thin film electrode and complete reduction reaction of PBA. After the 1st discharge process, reversible capacity of 370 mAh/g is observed. Figure 2c shows the XRD patterns of as-grown and discharged films in LIB. In the as-grown films, the all diffraction peaks can be indexed with face-centered cubic ([image: there is no content]: Z = 4) structure [21,22]. The lattice constant [a = 10.54267(13) Å] was refined by the Rietveld method (Rietan-FP [23]). In the discharged films, the diffraction peaks due to Mn-PBA completely disappear, indicating that the jungle-gym type network of PBA is completely destroyed. We, however, notice several weak additional peaks, suggesting formation of byproducts made by the reduction process of the Mn-PBA. The diffraction peaks due to Mn-PBA do not appear even in the 1st charged film. These observations indicate that the low voltage charge/discharge behavior has no relation to the Mn-PBA itself, but should be ascribed to the byproducts.


Figure 2. Charge/discharge curves of the Mn-PBA films against (a) Li and (b) Na; (c) X-ray diffraction (XRD) patterns of as-grown and discharged films in lithium-ion secondary battery (LIB); and (d) XRD patterns of the as-grown and discharged films in sodium-ion secondary battery (SIB). The wavelength of the incident X-ray was 0.69923 Å. The parentheses represents the index with face-centered cubic ([image: there is no content]: Z = 4) structure.
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Figure 2c shows the charge/discharge curves of the Mn-PBA film in SIB. No detectable capacity is observed in the case of the larger Na+, making a sharp contrast with the case of smaller Li+. Figure 2d shows XRD patterns of as-grown and discharged films in SIB. The XRD pattern of the charge film is essentially the same as the as-grown film. The significant ion dependence suggests that the intercalation of smaller Li+ causes the electrochemical decomposition of Mn-PBA.




2.3. Synchrotron–Radiation X-ray Absorption Spectroscopy Measurement


Figure 3a shows X-ray absorption spectra of the discharged and charged films around the Fe K edges. The absorption edge of the charged film is the same as that of Fe metal (downward arrow), suggesting that Fe is reduced to metal after the discharge process. The spectral weight around the absorption edge significantly decreases in the charged film, suggesting that the Fe metal is oxidized in the charge process. However, the overall spectral profile of the discharged and charged films seriously differs from that of Fe metal. In particular, peak structures are observed at 7122 eV in both the films, suggesting residual [Fe(CN)6] species [24,25]. We decomposed the Fe K edge spectra of the 1st discharge (Figure 3c) and 1st charge (Figure 3d) films into the spectra of the as-grown film, [image: there is no content]-Fe2O3 and Fe metal. The decomposition suggests that the discharge film consists of 80% Fe metal and 20% [Fe(CN)6], while the charge film does 35% Fe metal, 45% [image: there is no content]-Fe2O3, and 20% [Fe(CN)6]. Thus, the XAS data clearly demonstrates that Fe metal is converted into [image: there is no content]-Fe2O3 after the charge process. We note that the residual [Fe(CN)6] cannot contribute the redox reaction ([Fe2+(CN)6]/[Fe3+(CN)6]) in the charge/discharge process because the corresponding redox potential (≈3.5 V versus Li/Li+) is above the upper cut-off voltage (=3.0 V).


Figure 3. X-ray absorption spectra of discharged and charged films around the (a) Fe and (b) Mn K edges. The spectra of metal and oxides are also shown. Downward arrows indicate the absorption edge of the metal. Decomposition of Fe K edge spectra of (c) discharge and (d) charge films into the spectra of the as-grown film, [image: there is no content]-Fe2O3 and Fe metal.
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Figure 3b shows X-ray absorption spectra of the discharged and charged films around the Mn K edges. The absorption edge of the charged film is the same as that of Mn metal (downward arrow), suggesting that Mn is reduced to metal. We found that the spectral weight around the Mn K edge slightly decreases in the charged film. This suggests that a part of the Mn metal is oxidized after the charge process.




2.4. Synchrotron Radiation X-ray Diffraction Measurement


In order to specify the chemical products after the discharge and charge processes, we compared the observed XRD patterns with the simulated patterns of possible products, i.e., metals, oxides and hydrides. Figure 4a shows XRD patterns of the discharged film. All of the reflections can be ascribed to those of Fe metal (see the simulation at the bottom) except for the weak 34∘ reflection. Actually, the diffraction pattern of the experiment data is nearly the same as the simulation. Thus, we confirmed that the chemical product after the discharge process is Fe metal. It may be curious that no trace of Mn is discernible in the XRD pattern even though the XAS data suggest Mn metal. This is probably because the size of Mn metal is too small to be detected by XRD.


Figure 4. (a) XRD pattern of discharged film together with the simulated pattern of Fe; (b) XRD pattern of the charged film together with the simulated pattern of [image: there is no content]-Fe2O3. Fe, [image: there is no content] , [image: there is no content], [image: there is no content]OH and [image: there is no content]OH represent Fe metal, [image: there is no content]-Fe2O3, [image: there is no content]-Fe2O3. [image: there is no content]-FeOOH and [image: there is no content]-FeOOH, respectively; (c) cycle dependence of the intensities of the Fe peaks; and (d) cycle dependence of the intensities of the [image: there is no content]-Fe2O3 peaks.
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Figure 4b shows an XRD pattern of the charged film. Most of the reflections can be ascribed to those of [image: there is no content]-Fe2O3 (see the simulation at the bottom). However, there exist other products such as [image: there is no content]-Fe2O3, [image: there is no content]-FeOOH and [image: there is no content]-FeOOH. The diffraction pattern seriously deviated from the simulation, probably due to the orientation effect of thin film.



Figure 4c shows cycle dependence of the intensities of the Fe peaks. The intensities decrease after the 1st charge process, increase after the 2nd discharge process, and then increase after the 2nd charge process. Figure 4d shows cycle dependence of the intensities of the [image: there is no content]-Fe2O3 peaks. The intensities increase after the charge process and decrease after the discharge process. These cycle dependences clearly demonstrate reversible conversion reaction between Fe metal and [image: there is no content]-Fe2O3.





3. Discussion


Now, let us propose a mechanism of the reversible low voltage charge/discharge behavior of Mn-PBA (see Figure 5). The XRD and XAS clearly demonstrate reversible conversion reaction between Fe metal and [image: there is no content]-Fe2O3. Then, the most plausible chemical reaction is the conversion reaction of [image: there is no content]-Fe2O3 [26]: 6e- + Fe2O3 + 6Li+ ⇌ 2Fe + 3Li2O. Here, we note that detection of Li2O in the XRD pattern is difficult because the compound consists of only light elements. According to the electrochemical reaction, the ideal capacity of Mn-PBA is 260 mAh/g with use of the initial weight of Mn-PBA. The observed reversible discharge capacity (=370 mAh/g) is comparable but slightly higher than the ideal value (=260 mAh/g). The additional capacity is probably ascribed to the redox reaction of Mn metal, e.g., Mn/Mn2+ or Mn/Mn3+. Actually, the spectral weight around the Mn K edge slightly decreases in the charged film (Figure 3b), suggesting that a part of the Mn metal is oxidized after the charge process.


Figure 5. Schematic illustration for the reversible low voltage charge/discharge process. PBA: Prussian blue analogue.
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Tarascon’s group [27] reported the capacity of the conversion reaction of [image: there is no content]-Fe2O3, whose size is 0.5 [image: there is no content]m in diameter. However, the reversible discharge capacity (≈80 mAh/g) is much lower than the ideal value (=1007 mAh/g with use of the weight of [image: there is no content]-Fe2O3). The high discharge capacity observed in our experiment may be ascribed to the nanoporous Fe metal state formed by the electrochemical decomposition process of Mn-PBA. We further investigated cycle properties of discharge capacity: 370 mAh/g at the 2nd, 301 mAh/g at the 4th, 260 mAh/g at the 6th, 200 mAh/g at the 8th, 120 mAh/g at the 10th, 70 mAh/g at the 12th, 40 mAh/g at the 14th, 30 mAh/g at the 16th, 20 mAh/g at the 18th, and 10 mAh/g at the 20th cycle. The rather poor cycle properties may be ascribed to the aggregation of the nanoparticle or surface degradation during the conversion process.




4. Materials and Methods


4.1. Film Preparation and Characterization


Mn-PBA films were electrochemically synthesized on indium tin oxide (ITO) transparent electrodes under potentiostatic conditions at −0.45 V versus a standard Ag/AgCl electrode [5]. The electrolytes were aqueous solutions containing 1.0 mmol/L K3[Fe(CN)6], 1.5 mmol/L MnCl2, and 1 mol/L NaCl. The obtained film was colorless with a thickness of 1.5 [image: there is no content]m. Before the film synthesis, the surface of the ITO electrode was purified by the electrolysis of water for 1 min. The chemical composition of the as-grown film is Na1.34MnII[FeII(CN)6]0.84·3.4H2O, which was determined by the inductively coupled plasma (ICP) method and CHN organic elementary analysis. Calculated: Na, 9.7; Mn, 16.9; Fe, 14.5; C, 18.7; H, 2.1; N, 21.8%. Found: Na, 10.06; Mn, 16.8; Fe, 14.7; C, 18.2; H, 2.1; N, 20.9%. Please define or full spell the acronym for its first appearance, if possible. The mass of each film was evaluated from the film thickness of the experimentally determined film density (71% of the ideal density). The morphologies of the films were investigated by SEM images using Mighty-8 (TECHNEX Mighty-8, Tokyo, Japan). The acceleration voltage was 2 keV.




4.2. X-ray Diffraction and X-ray Absorption Spectroscopy


The XRD pattern of the Mn-PBA films were obtained using the synchrotron radiation X-ray source at the BL02B2 beamline [28] of SPring-8. The films were carefully removed by a microspatula in an Ar-filled grove box. The powders were filled into [image: there is no content] = 0.3-mm borosilicate capillaries without air exposure and were placed on a Debye–Scherrer camera. The exposure time was 10 min. The X-ray wavelength (=0.69923 Å) was calibrated using the lattice constant of standard CeO2 powder.



To investigate the valence state of Fe and Mn, XAS was performed at the BL01B1 beamline of SPring-8 in a transmission configuration. In the XAS measurements, we used the same powder samples filled in [image: there is no content] = 0.3-mm borosilicate capillaries. The background subtraction and normalization were done using the ATHENA program [29].




4.3. Electrochemical Measurement


The electrochemical measurements were carried out with potentiostat (HokutoDENKO HJ1001SD8, Tokyo, Japan) in an Ar-filled glove box using a beaker-type cell. In the LIB, the cathode, anode, and electrolyte were the thin film, ethylene carbonate (EC)/diethyl carbonate (DEC) solution containing 1 mol/L LiClO4, and Li metal, respectively. The charge/discharge current density was 25 [image: there is no content]A/cm2. The lower and upper cut-off voltages were 0.01 and 3.0 V, respectively. In the SIB, the cathode, anode, and electrolyte were the thin film propylene carbonate (PC) solution containing 1 mol/L NaClO4, and Na metal, respectively. The active area was 2.0 cm2. The charge/discharge current density was 4.8 [image: there is no content]A/cm2. The lower and upper cut-off voltages were 0.01 and 3.0 V, respectively. We note that the as-grown Mn-PBA film shows Li+/Na+ deintercalation [5,8] at ≈3.5 V versus Li/Li+ and ≈3.3 V versus Na/Na+. These redox potentials are above the upper cut-off voltage (=3.0 V), and, hence, the Mn-PBA does not show Li+/Na+ deintercalation.





5. Conclusions


We performed ex situ synchrotron radiation XRD and XAS measurements of a film of Na1.34Mn[Fe(CN)6]0.84·3.4H2O without air exposure. Based on the careful analyses of the XRD and XAS data, we proposed that the low voltage behavior of the Mn-PBA film is mainly ascribed to a conversion reaction: 6e- + Fe2O3 + 6Li+⇌ 2Fe + 3Li2O. Thus, the careful electrochemical experiment combined with the XRD and XAS analysis revealed that the low voltage charge/discharge behavior has no relation to the Mn-PBA itself, but is ascribed to the byproduct, i.e., Fe and Mn metals, made by the reduction process of the Mn-PBA. It is dangerous to rely only on electrochemical measurements for PBA studies because it misled us into regarding the low voltage properties of PBA.
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