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Abstract:

 Manganese hexacyanoferrate (Mn-PBA) is a promising cathode material for sodium-ion secondary battery (SIB) with high average voltage (=3.4 V) against Na. Here, we find that the thermal decomposition of glucose modifies the surface state of Mn-PBA, without affecting the bulk crystal structure. The glucose treatment significantly improves the rate properties of Mn-PBA in SIB. The critical discharge rate increases from 1 C (as-grown) to 15 C (glucose-treated). Our observation suggests that thermal treatment is quite effective for insulating coordination polymers.
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1. Introduction

Coordination polymers are promising cathode materials for lithium-ion secondary batteries (LIBs), due to their robust nature of the frameworks against Li+ intercalation/deintercalation. Among the coordination polymers, transition metal hexacyanoferrates or the Prussian blue analogues (PBA) [1], [image: there is no content][Fe(CN)6]y (A and M are the alkali and transition metals, respectively), are most intensively investigated as cathode materials for LIBs. The compounds show three-dimensional (3D) jungle-gym-type framework with periodic cubic nanopores, 0.5 nm at the edge.Imanishi et al. [2,3] reported Li+ intercalation behaviors in Fe[M(CN)6]y (M = V, Mn, Fe, Ni, Cu), even though their cyclability is far from satisfactory. The cyclability is fairly improved in K0.10MnII[FeIII(CN)6]0.704.2H2O and Rb0.61MnII[FeIII(CN)6]0.872.2H2O [4]. On the other hand, thin films of Li1.32MnII[FeII(CN)6]0.833.5H2O [5,6], shows a large capacity of 128 mAh/g and an average operating voltage of 3.6 V against Li.

PBAs are also promising cathode materials for sodium-ion secondary batteries (SIBs) [7,8,9,10,11,12,13,14]. Goodenough’s group [7] have reported Na+ intercalation behaviors in a K-M-Fe(CN)6 system (M = Mn, Fe, Co, No, Cu, Zn), even though their coulomb efficiency is very low. The coulomb efficiency is significantly improved in thin films of Na1.32MnII[FeII(CN)6]0.833.5H2O [8], and Na1.6CoII[FeII(CN)6]0.92.9H2O [9]. By a structural optimization, Yang et al. [10] demonstrated that Na1.76Ni0.12Mn0.88[Fe(CN)6]0.98 exhibits an excellent cycle life with a capacity of 118 mAh/g. In addition, Lee et al. [11] reported that Na2MnII[MnII(CN)6] shows an excellent capacity of 209 mAh/g mediated by one- and two-electron reactions per a chemical formula. Wang et al. [12] reported that Rhombohedral Prussian white, Na1.92Fe[Fe(CN)6], works as a cathode material for SIBs.

Unfortunately, the coordination polymer has serious drawback, i.e., low electric conductivity. The low electric conductivity limits the rate performance of the batteries. In insulating LiFePO4 [15,16,17,18,19], the electric conductivity, and hence the rate property, are significantly improved by carbon-coating procedures. Here, we found that the thermal decomposition of glucose modifies the surface state of Mn-PBA, without affecting the bulk crystal structure. The glucose treatment significantly improves the rate property of manganese hexacyanoferrate (Mn-PBA) in SIB.



2. Experimental Section


2.1. Sample Preparation and Characterization

We prepared “as-grown” and “glucose-treated” Mn-PBAs. The as-grown Mn-PBA was synthesized from an aqueous solution containing 40 mM K4[FeII(CN)6], 40 mM MnIICl2, and 4 M NaCl. Chemical composition of the as-grown Mn-PBA is Na1.72MnII[FeII(CN)6]0.932.60H2O, which was determined using an ICP method and a CHN organic elementary analyzer. Calcd: Na, 11.64; Mn, 16.27; Fe, 15.35; C, 19.80; H, 1.55; N, 23.09%. Found: Na, 11.96; Mn, 16.54; Fe, 15.51; C, 19.66; H, 1.52; N, 22.74%. The glucose-treated Mn-PBA was prepared as follows. First, the as-grown Mn-PBA was added 10 wt % glucose and appropriate water. The mixture was well-ground and dried at 60 ∘C. Finally, the dried mixture was heated at 350 ∘C for 4 h in a vacuum. Chemical composition of the glucose-treated Mn-PBA is Na1.88MnII[FeII(CN)6]0.970.99H2O with 0.78 wt % carbon: Calcd: Na, 13.39; Mn, 16.88; Fe, 16.72; C, 22.35; H, 0.62; N,25.15%. Found: Na, 14.37; Mn, 17.68; Fe, 16.30; C, 22.42; H, 1.24; N, 24.56%. Note that the glucose treatment reduces the water content by 1.61H2O per chemical formula.



2.2. Structural Characterization

The scanning electron microscopy (SEM) images were obtained with SU8020 at Faculty of Pure and Applied Science and the OPEN FACILITY, Research Facility Center for Science and Technology, University of Tsukuba. The powder samples were attached with a silver paste on the sample holder. Then, the sample holder was dried in vacuum for several hours. The transmission electron microscopy (TEM) investigation was supported by NIMS microstructural characterization platform (NMCP) as a program of “Nanotechnology Platform” of the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan. The sample powders were well dispersed on the micro grid. TEM and scanning TEM (STEM) images were obtained with JEM-2100F (JEOL Ltd., Tokyo, Japan) and JEM-ARM200F (JEOL Ltd., Tokyo, Japan), respectively. The acceleration voltages were 200 kV.

The X-ray diffraction (XRD) patterns were obtained using an X-ray powder diffractometer (MultiFlex, Rigaku) with the Bragg-Brentano geometry. The X-ray source was the Cu K line at 40 kV and 40 mA. A Si monochromator was used to reduce the scattering by the white X-ray.



2.3. Electrochemical Properties

The paste-type cathode electrodes were prepared as follows. First, Mn-PBA, acetylene black, and polyvinylidene difluoride (PVDF) were well mixed with adding N,N-dimethylformamide (DMF) in a rate of 7:2:1. The mixture was pasted on an Al foil, and well dried in vacuum. The thickness of the electrodes were 58 μm including Al collective electrode (19 μm). The current-perpendicular-plane (CPP) resistivity of the electrodes were 39 Ωcm2 and 22 Ωcm2 for the as-grown and glucose-treated Mn-PBAs, respectively.

The electrochemical properties of the Mn-PBAs were investigated in a beaker-type cell against Na. The electrolyte was 1 M NaClO4 in propylene carbonate (PC). The active area of the films was 1.0 cm2. The lower and upper cut-off voltages were 2.0 and 4.2 V, respectively. In the measurement of the rate and cycle properties, the charge rate was fixed at 0.3 C.




3. Results and Discussion


3.1. Crystal Structure

Figure 1 shows the SEM images of the as-grown and glucose-treated Mn-PBAs. The grain size≈200 nm for both the as-grown and glucose-treated Mn-PBAs. The glucose treatment has negligible effect on the shape and size distribution.

Figure 1. SEM images of (a) as-grown and (b) glucose-treated Manganese hexacyanoferrates (Mn-PBAs).
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Figure 2a shows XRD patterns of the as-grown and glucose-treated Mn-PBAs. For the readers convenience, we show the XRD pattern of a prototypical PBA, Na1.32Mn[Fe(CN)6]0.813.6H2O, in Figure 2b. All the reflections can be indexed in the face-centered cubic setting. A careful comparison of the XRD pattern of the as-grown Mn-PBA (Figure 2a) with that of the cubic PBA (Figure 2b) reveals that the reflections at the (220)C, (420)C, and (440)C, show characteristic spitting while the reflections at (200)C and (400)C remain single peak. Such a feature can be ascribed to the trigonal distortion [20,21]. Actually, all the reflections can be indexed in the hexagonal setting. The XRD pattern of the glucose-treated Mn-PBA shows broadening. Nevertheless, peak splitting is discernible in the 49∘ reflections. Note that the rather broader feature of the 24∘ and 38∘ reflections should be ascribed to the peak splitting. These observation indicate that the glucose-treated Mn-PBA show the trigonal distortion.

Figure 2. (a) XRD patterns of as-grown and glucose-treated Mn-PBAs. The subscripts, H, of the index represent the hexagonal setting; (b) XRD patterns of a prototypical PBA, Na1.32Mn[Fe(CN)6]0.813.6H2O. The subscripts, C, of the index represent the face-centered cubic setting; (c) XRD pattern of Mn-PBA after the heating in air at 300 ∘C for 90 min.
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The cell parameters are refined by the Rietveld analysis (Rietan-PF program [22]) with the trigonal model ([image: there is no content]; Z = 12 in the hexagonal setting). The obtained lattice constants are nearly unchanged:[image: there is no content] = 1.5026(7) nm/[image: there is no content] = 1.776(1) nm and 1.4964(11) nm/1.764(1) nm for the as-grown and glucose-treated Mn-PBAs, respectively. The trigonal distortion was ascribed to the displacement of Na+ from the central position of the cubic nanopore [21]. Thus, the jungle-gym-type framework of Mn-PBA is robust against the thermal treatment in a vacuum.

The Mn-PBA will decompose on heating in air atmosphere. Figure 2b shows the X-ray powder diffraction pattern of Mn-PBAs after the heating in air at 300 ∘C for 90 min. The reflections due to PBA framework disappear, and extra reflections appear at 30∘ and 35∘. The diffraction pattern is similar to that of Fe[Fe(CN)6]3/4 after the heat treatment in air [2].



3.2. Surface State

Figure 3 show the TEM images of (a) as-grown and (b) glucose-treated Mn-PBAs. The glucose-treated particle shows humps of 10–20 nm in diameter. The humps are absent in the as-grown particles. Figure 4 show the (a) bright field (BF)-STEM image of glucose-treated Mn-PBA together with the (b) electron energy loss spectroscopy (EELS) images at the C-K, O-K, and Mn-L edges. The EELS images indicate that the hump consists of a manganese oxide core and a surrounding thin carbon layer. Such a nanoparticle is probably formed by thermal decomposition of the glucose. The oxide-based nanoparticles at the surface are responsible for the good electric contact between the conductive acetylene black and insulating PBA.

Figure 3. Transmission electron microscopy (TEM) images of (a) as-grown and (b) glucose-treated Mn-PBAs.
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Figure 4. (a) Bright field-scanning TEM (BF-STEM) image of glucose-treated Mn-PBA; (b) Electron energy loss spectroscopy (EELS) images at C-K, O-K, and Mn L-edges.
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3.3. Electrochemical Properties

Figure 5a shows the discharge curve at 0.1 C of as-grown and glucose-treated Mn-PBAs. The curves are regarded as open-current-voltage (OCV) curve. To investigate the plateau structure, we plotted voltage-derivative of capacity (−dq/dV; q and V are capacity and voltage, respectively) as red circles. In the as-grown Mn-PBA, the discharge curve shows two plateaus at 3.35 and 3.36 V. The former and the latter plateaus are ascribed to the reduction processes of [Fe(CN)6]4− and Mn2+, respectively [8]. The corresponding plateau structures are observed at almost the same voltages in the glucose-treated Mn-PBAs.

Figure 5. (a) Discharge curve at 0.1 C of as-grown and glucose-treated Mn-PBAs. Red circles are voltage-derivative of capacity (- dq/dV; q and V are capacity and voltage, respectively); (b) Discharge curves at various discharge rate of as-grown and glucose-treated Mn-PBAs. The lower and upper cut-off voltages were 2.0 and 4.2 V, respectively. The charge rate was fixed at 0.3 C.
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Figure 5b shows discharge curves of the as-grown and glucose-treated Mn-PBAs at various discharge rates. The charge rate was fixed at 0.3 C. In the as-grown Mn-PBA, the discharge capacity (Q) rapidly decreases with rate from Q = 88 mAh/g at 0.1 C to 69 mA/g at 1.0 C. The rate properties are significantly improved in the glucose-treated Mn-PBAs: the discharge capacity is discernible even at 15 C. (The absolute value of Q has error of 10% probably due to the imperfect electric constant between the collector electrode and the respective particles. Actually, the Q value of the glucose-treated Mn-PBA exceeds 100 mAh/g in the investigation of the cycle properties.) The improved rate property is ascribed to the oxide-based nanoparticles at the surface, which cause the good electric contact between the conductive acetylene black and insulating PBA. Actually, the glucose treatment reduces the CPP resistivity of the electrodes from 39 Ωcm2 (as-grown) to 22 Ωcm2 (glucose-treated).



In Figure 6, we plotted relative discharge capacity (Q/[image: there is no content]: [image: there is no content] is the value at the first cycle) against the cycle number. The charge rate was fixed at 0.3 C. In the as-grown Mn-PBA, the Q/[image: there is no content] value rapidly decreases with cycle number. The cycle properties are significantly improved by glucose-treatment.

Figure 6. Cycle dependence of the discharge capacity (Q) of as-grown and glucose-treated Mn-PBAs. [image: there is no content] is the discharge capacity of the first cycle. The lower and upper cut-off voltages were 2.0 and 4.2 V, respectively. The charge rate was fixed at 0.3 C.
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4. Conclusions

The thermal decomposition of the glucose modifies the surface state of Mn-PBA, without affecting the bulk crystal structure. The glucose treatment significantly improves the rate property of Mn-PBA in SIB. The critical discharge rate increases from 1 C (as-grown) to 15 C (glucose-treated). Our observation suggests that the thermal treatment is quite effective, even for the insulating coordination polymers.
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