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C@Na3V2(PO4)2F3 samples were obtained by using Cetyl Trimethyl Ammonium Bromide (CTAB) as a surfactant. The optimization of the added amount allowed controlling the eventual nanometric morphology of the particles. The morphological and structural properties of these samples were discussed in the light of solid-state techniques as X-ray diffraction, Raman and XPS spectroscopies, and electron microscopy. Galvanostatic test in sodium half-cells revealed that the nanometric spherical and porous particles provided by the addition of intermediate amounts of CTAB showed excellent cycling stability and superior high rate capability reflected in the minimization of the cell polarization and the determination of a high apparent diffusion coefficient.
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INTRODUCTION

On the verge of a new age for widespread energy production based on renewable energy sources, the implementation of efficient energy storage systems is regarded as a crucial point to ensure safe distribution of electricity [1–3]. Among others, batteries feature undeniable advantages such as modular and flexible layout, relatively fast manufacturing and short response time [4]. Despite the great success of Li-ion batteries, the increased demand for lithium compounds, along to the uneven geographic distribution of constituents elements, may lead to undesirable resource shortages and high manufacturing in the near future [5, 6]. For this reason, the research on electrochemical batteries is envisaging alternative devices that could complement rather than replace excellent performance of Li-ion batteries.

Na-ion battery is an emerging concept which is profiting from the technological similarity to Li-ion ones, which is undoubtedly shortening the time needed to develop commercially viable devices. Sodium features high abundance and environmental friendliness which may counteract the slightly lower redox potential and larger atomic weight than lithium. In fact, these drawbacks are not especially detrimental in large stationary batteries, where the volumetric energy density is not so constraining [7–10]. The reversible insertion of sodium into a host framework is the mechanism responsible for the cell cyclability at the positive electrode pole. Particularly, phosphates containing sodium as migrating species and vanadium as active redox center have recently attracted much attention. Their high operational voltage and theoretical capacity, along to the remarkable structural stability arise from the inductive effect of the [image: image] polyanion and P–O bond strength. For instance, phosphates as Na3V2(PO4)3 [11], pyrophosphates as Na2MnP2O7 [12] and fluorophosphates as Na3V2(PO4)2F3 [13, 14] can be mentioned.

Otherwise, vanadium is a multivalent transition element which valence states from V2+ to V5+ may participate in the electrochemical reaction. This fact is reflected in multi-stage charge and discharge curves delivering capacity at varied potentials as low as 0.3 V in Na3V2(PO4)3 [15] or as high as 4 V for a related Na3VCr(PO4)3 stoichiometry [16]. Particularly, Na3V2(PO4)2F3 has attracted recently more attention as potential cathode for sodium-ion batteries. This electrode material features an open framework which can be briefly described as composed by long chains of [V2O8F3] bi-octahedra as building block running along the c axis. The three-dimensional scaffold is supported by [PO4] tetrahedra linking together these chains. This structure provides suitable pathways for sodium diffusion along a and b axis. The three sodium ions per formula unit are allocated in two distinct sites. Thus, two of them fully occupies triangular prismatic sites, labeled as Na(1) sites, while the third one is filling half of the large triangular prismatic sites attached to the F apex-square pyramid, denoted as Na(2) sites [17, 18].

The use of cetyl trimethyl ammonium bromide (CTAB) as a surfactant to prepare electrode materials with adapted morphology for sodium-ion batteries has been reported elsewhere [19–21]. In the case of polyanionic compounds, CTAB also acts as a carbon source for creating the carbon conductive coating which favors the electrical connectivity among the active material particles. As a soft template, this surfactant serves to adjust the morphology and size of primary particles and promotes the homogeneous dispersion of the active material into the carbon conductive phase.

Although several procedures were proposed to prepare Na3V2(PO4)2F3, such as conventional solid-state reaction [17, 18], solvothermal [22, 23] and sol-gel [24, 25], we propose the use of CTAB as a surfactant for the first time. The as-prepared samples will be characterized by X-ray diffraction, electron microscopy, and X-ray photoemission spectroscopy, the electrochemical behavior was evaluated by galvanostatic tests in sodium half-cells.



EXPERIMENTAL DETAILS

Several C@Na3V2(PO4)2F3 samples were prepared by a microemulsion method using cetyl trimethyl ammonium bromide (CTAB) as a soft template. For this purpose, citric acid (Aldrich, 99%) was dissolved in 50 mL in deionized water in a 2:3 vanadium to citric ratio. This organic acid acts as a chelating agent and carbon source for the formation of a carbon conductive phase. Then, 0.01 moles of NH4VO3 (Panreac, 98%) and 30% overstoichiometric excess of NaF (Panreac, 99%) were subsequentially added. The excess of NaF salt could compensate losses during calcination. After complete dissolution, the selected amount of CTAB (0, 0.2, 0.5, 1.0 g) was dissolved in deionized water at 60°C and the stoichiometric amount of NaH2PO4·H2O (Aldrich, 98–102%) was then dissolved. This solution was dropwise poured to the previous solution and gently stirred for one until reach a stable emulsion. Next, the solvent was removed in a rotor evaporator (70°C and 200 mbar), until obtaining a viscous gel which was further dried at 120°C overnight. The solid precursor was then ball milled for 10 min at 300 rev min−1 and precalcined at 400°C for 4 h for removing gaseous products. This residuum was then pelletized and again calcined at 700°C for 10 h (5°C min−1) in argon atmosphere. The samples were labeled as NVPF-X, being X the grams of CTAB added to the synthesis. The carbon content was determined in an elemental CHNS analyzer (Eurovector EA 3000).

The structural analysis was performed in a BrukerD8 Discover A25 X-ray diffractometer (XRD) furnished with Cu Kα radiation. The patterns were scanned between 10 and 80° (2θ angle) and a scan rate of 0.02° (2θ) min−1. The structural determination of lattice parameters was calculated with TOPAS software. Transmission electron microscopy (TEM) images were acquired in a JEOL 1400 microscope. Field-emission scanning electron micrographs (FE-SEM) were recorded in a JSM-7800F Prime microscope furnished with an EDX analyzer. Raman spectra were acquired in a Renishaw Raman instrument (InVia Raman Microscope), equipped with a Leica microscope and a green laser light (532 nm) as excitation source. The profiles were deconvoluted by using the Peakfit (v. 4.12) software. X-ray Photoelectron Spectroscopy (XPS) was employed to determine the chemical state of the elements by using a SPECS Phobios 150 MCD furnished with a monochromatic Al Kα source. The samples were supported on aluminum disk and subjected to high vacuum overnight (4 × 10−9 mbar). The binding energy scale was referred to the C 1s line of the adventitious carbon (284.6 eV). Room temperature EPR spectra of samples introduced in EPR quartz tubes were recorded using an EMX micro X-band instrument from Bruker, with 5 scans, 20 dB microwave, and resonance frequency of 9.50 GHz in all cases.

Electrochemical behavior of electrodes was performed in sodium half cells subjected to galvanostatic tests. Thus, working electrodes were prepared by slurring the active material (80%), carbon black (10%) and PVDF (polyvinylidene fluoride) (10%) in N-methyl-2-pyrrolidone. The resulting paste was spread onto 9 mm aluminum disks and vacuum dried at 120°C for 2 h. As counter electrodes, 9 mm sodium disks were cut. Both electrodes were separated by glass fiber disks (GF/A-Whatman) soaked in 1M NaClO4 dissolved in propylene carbonate. Fluoroethylene carbonate (FEC) was added in 2%wt. to stabilize the passivation film. The cell was assembled into hermetical Swagelok™ type two-electrode cells in an argon-filled glove box under controlled O2 and H2O traces. Galvanostatic cycling was tested in a VMP multichannel system setting a potential window between 2.0 and 4.4 V and several discharge and charge rates ranging from 0.5 to 10 C. Electrochemical Impedance spectra (EIS) were recorded on an SP-150 Biologic apparatus to determine the cell impedance. For this purpose, the working electrode was assembled in a SwagelokTM type three-electrode cell, using sodium disks as counter and quasi-reference electrodes. The cell was subjected to galvanostatic pulses to reach the desired depth of charge and discharge and left to relax for 12 h pursuing a quasi-equilibrium state. Then, the impedance spectra were measured by perturbing the open circuit voltage with an AC signal of 5 mV from 100 kHz to 0.001 mHz.



RESULTS AND DISCUSSION


Materials Characterization

TEM micrographs of NVPF revealed primary particles compactly agglomerated with non-uniform shape and sizes, which ranged from a few to tenth of nanometers (Figure 1). The use of CTAB evidenced drastic changes in morphology. Thus, NVPF-0.2 shows larger particles but with a more spherical shape. The carbon phase can be discerned as light domains engulfing the active material particles. This texture was also observed in NVPF-0.5. It is expected that this homogeneous dispersion of Na3V2(PO4)2F3 into the carbon matrix will favor the electrical connectivity. A close inspection of NVPF-0.5 reveals the appearance of internal pores into the particles. This fact has been reported in related compounds and considered as beneficial for reaching high sodium diffusion, superior high rate capability and cycling stability [26]. On increasing the amount of added CTAB to 1.0 g, we observe that even if the porous structure is preserved into the particles, they appeared larger and less spherical (Figure 1). Figure 1 also shows SEM images of NVPF-0.5 at different magnifications evidencing the sphericity of primary particles clustered in the carbon matrix. The reliability of this preparative route to obtain samples with optimal morphology and homogeneous composition was evidenced by the EDX maps showed in Supplementary Figures S1, S2, in which the constituent elements appear evenly distributed on the particle surface.


[image: Figure 1]
FIGURE 1. TEM and SEM images of selected Na3V2(PO4)2F3 samples prepared with different amounts of CTAB samples.


The chemical state of the elements composing C@Na3V2(PO4)2F3 was evaluated in the NVPF-05 sample by recording the XPS spectra at the C1s, O1s, P2p, V2p, Na1s, and F1s core levels. The survey spectrum evidenced the presence of constituent elements (C, O, P, V, Na, F) (Figure 2A). In the case of the C1s core level spectrum, the asymmetric profile was decomposed into four contributions. They are typically ascribed to graphitic carbon at 284.6 eV, C–OH (285.7 eV), C=O (287.5 eV), and carboxylic (290.6 eV) groups (Figure 2A; [27]). In turn, the O1s spectrum was decomposed into five bands. Those signals at 531.6 and 533.5 eV correspond to V-O and P-O, respectively. These signals are commonly explained in terms of the occurrence of distinct oxygen local environment. The subsequent decrease of the bond iconicity is responsible for the increase of binding energy at the oxygen atom [28]. Bands belonging to oxygen in C=O, C–OH and carboxylic groups are, respectively, detected at about 531, 532.5, and 534 eV. Although the former one would be masked by the most intense band at 531.6, the latter ones are in good agreement to those signals appearing at 532.8, 534.7 eV [29]. Finally, the broadened signal at 536.7 eV could only be associated to the presence of occluded CO or CO2 [30]. The spectrum at the V2p core level features two broad bands at 517.7 and 524.8 eV, attributed to the V2p3/2 and V2p1/2 transitions. According to the literature, these values fairly match the occurrence of trivalent vanadium in Na3V2(PO4)2F3 [31, 32]. For the P2p spectrum, an asymmetric and broad band was deconvoluted in two signals at 133.9 and 135.3 eV, which correspond to the P2p3/2 and P2p1/2 transitions in phosphate groups [33].


[image: Figure 2]
FIGURE 2. (A) X-ray photoelectron spectra of NVPF-0.5 sample including survey spectrum and sub-spectra at the C1s, P2p, O1s and V2p core levels. (B) Electron Paramagnetic Resonance (EPR) spectra of samples NVPF (black), NVPF-0.2 (red), NVPF-0.5 (blue) and NVPF-1.0 (green).


Electron paramagnetic resonance (EPR) was used to further assess the oxidation state of vanadium and its effect on sample composition (Figure 2B). According to previous literature [34–36], EPR signals are not expected for V3+ in stoichiometric fluorophosphates. Thus, the low-intensity signals observed at ca. 3580 G for NVPF, NVPF-0.2 and NVPF-0.5 should be ascribed to mixed valent phases containing small amounts of V4+. For NVPF-1.0, a second contribution is observed, showing an EPR signal with the g-factor close to that of the V4+ ions and axial character. Thus, the second signal cannot be caused by the Na3V2(PO4)3 impurity, which was associated with the formation of antisite defects by Nizamov et al. [37], as it shows isotropic character. Instead, the axial character of the NVPF-1.0 EPR signal is typical of compounds with major proportion of V4+. As the measurement conditions were the same for the four samples, the existence of some amount of V4+ fluorophosphate with the main V3+ compound could be the origin. As the V3+ fluorophosphate does not show any signal in EPR, relatively small amounts of V4+ in traces of the Na3(VO)2(PO4)2F compound could coexist with V3+ in Na3V2(PO4)2F3 and could show strong signal in EPR. These V3+ and V4+ phases present very similar diffraction patterns and electrochemical behavior and are very difficult to distinguish by using laboratory scale X-ray diffraction, so EPR is frequently used to know the oxidation state of V in these compounds [34–36].

XRD patterns of C@Na3V2(PO4)2F3 samples are displayed in Figure 3. These diagrams show a set of reflections, mainly indexed in the P42/mnm space group belonging to the tetragonal system. It should be noted that the use of very high angular resolution synchrotron radiation diffraction allowed Binachini et al. to detect an orthorhombic distortion [38]. However, our standard CuKα XRD apparatus does not resolve the splitting of the peaks associated to the lower symmetry space group. Thus, we retain the tetragonal indexing, which can also be easily compared with the structural description that is still commonly found in the recent literature on this material. For NVPF sample, only minor impurities are identified. The peaks at 31.8°, 33.6°, and 34.4° could be assigned to Na3VF6 (PDF 00-029-1286), α-Na3PO4 (PDF 01-072-7303), and γ-Na3PO4 (PDF 01-031-1323). These impurities, which are not electroactive, have also been detected by other authors during the synthesis of this compound [27, 28]. In the light of these results, the XPS and EPR V signals reveal its trivalent state in Na3VF6. Unfortunately, the use of CTAB until NVPF-0.5 promoted a slight increase in these reflections. The unit cell parameters, calculated from these patterns, are written in Table 1 and fairly agree to those reported in the literature [24, 39]. On increasing the CTAB addition for NVPF-1.0, the XRD pattern revealed the appearance of an additional phase which was attributed to Na3V2(PO4)3 (Figure 3). The increase of the cell parameters, observed for the latter sample in Table 1, would be indicative of the structural distortion induced by the appearance of the new phase.


[image: Figure 3]
FIGURE 3. X-ray diffraction patterns of C@Na3V2(PO4)2F3 samples. The experimental pattern (blue), calculated pattern (red), and differential curves (gray) are included for each sample. DIF patterns for P42/mnm and R-3c space groups are respectively displayed in green and black colors.



Table 1. Cell parameters in the P42/mnm space group for the C@Na3V2(PO4)2F3 samples.

[image: Table 1]

Because these samples were calcined at 700°C, a high level of structural disordering can be expected in the carbon conductive phase. In order to asses this assumption, Raman spectra of samples prepared in the presence of CTAB as a soft template were recorded (Figure 4 and Supplementary Table 1). The most relevant features in these profiles are two broadened and overlapped Gaussian bands appearing at 1350 ± 4 cm−1 (D1) and 1597 ± 2 cm−1 (G), which are typically ascribed to disordered and graphitic carbon atoms, respectively [40]. The level of graphitization reached by the carbon phase existing in our samples can be easily determined by calculating the IG/ID1 ratio, being I the integrated area of these bands. For a precise determination of this value, a full deconvolution of the whole spectra in the Gaussian component is deserved [41]. From this calculation, new components ascribable to disordered domains also appear at 1508 ± 3 cm−1 (D3), 1187 ± 3 cm−1 (D4), and 1685 ± 2 cm−1 (D2). These contributions are, respectively, assigned to amorphous carbon, C–C and C=C stretching vibrations of polyene-like structures and disordered graphitic lattice [41]. All samples featured IG/ID1 ratios of 0.43, evidencing the high structural disorder of this low-temperature carbon phase. Also, small bands at 1030 cm−1 were observed. These contributions are attributed to vibrational modes of the PO4 tetrahedra [42].


[image: Figure 4]
FIGURE 4. Raman spectrum of C@Na3V2(PO4)2F3 recorded with λ0 = 532 nm. The band assignment has been indicated.




Electrochemical Experiments

Figure 5 shows the charge and discharge curves recorded on sodium half-cells subjected at several rates from 0.5 to 10 C. The most remarkable features are the two charge plateaus at 3.7 and 4.2 V and their corresponding cathodic counterparts at 3.65 and 4.15 V, for the lowest rate. Based on first-principles calculations, it was suggested that the V4+/V3+ redox process and reversible insertion of two of the three ions from different Na(1) and Na(2) sites are responsible for these features [43]. The occurrence of both plateaus differs from the electrochemical behavior in related compounds as Na3V2(PO4)3 [33]. This peculiarity has been explained as resulting from the Na+ reordering in the interstitial sites after the extraction of the first sodium. It provokes an elongation of the Na-Na distance, inducing an increase of the cell potential, and consequently the occurrence of the plateau at ca. 4 V [17]. In addition, the appearance of these plateaus at higher voltage than for Na3V2(PO4)3 is clear evidence of the strong inductive effects exerted by fluorine [21]. However, the additional plateaus for NVPF-1.0, at ca. 3.0 V on discharge, could be ascribed to the higher NVP impurity level detected by XRD. On increasing the rate from 0.5 to 10 C, the charge/discharge hysteresis progressively increased, along to the decrease of the overall capacity.


[image: Figure 5]
FIGURE 5. Galvanostatic charge and discharge curves recorded from sodium half-cells cycled at increasing C rates.


Interesting information about the kinetic properties of these electrode materials can be gathered by quantifying the charge/discharge hysteresis, or cell polarization (ΔV). Supplementary Figure S3 displays the average charge and discharge voltage determined for each plateau. These linear correlations are commonly ascribed to thermodynamic effects which are intrinsic of the reversible insertion and the migration through the electrode-electrolyte interfaces. It is more remarked when this cell polarization is plotted vs. the applied current on a logarithmic scale (Supplementary Figure S4). It is evident that NVPF-0.5 performed the low charge and discharge hysteresis even at high rates. Otherwise, the absence of CTAB in NVPF or the addition of excess in NVPF-1.0 induced the largest values.

From the extrapolation of these curves to the vertical axis, we could observe that a finite voltage gap exists between the charge and discharge potential curve when the current tends toward zero, referred to as zero current polarization. It has been explained by the occurrence of a sequential particle-by-particle mechanism [44]. The plot of the cell polarization vs. the applied current in Figure 6 revealed a linear relationship between both parameters, allowing an easy calculation of the zero-current polarization as the intercept to the vertical axis. These values are displayed as bars in Figure 7. From the observation of these values, it is evident that the NVPF sample featured the largest polarization regardless the evaluated plateau, and specially at the low voltage plateau, as compared to those prepared with CTAB. In addition, the direct current resistance can be calculated from the slope of the linear plot in Figure 6 to gather valuable information about the kinetic properties of the electrode subjected to a non-zero current intensity. Figure 7 reveals that the use of CTAB must be optimized to values between 0.2 and 0.5 g to yield low resistive electrodes. Summarizing, NVPF-0.5 sample evidenced the overall better kinetic properties that could positively benefit its electrochemical behavior on cycling, as will be further mentioned.


[image: Figure 6]
FIGURE 6. Plot of the linear relationship between cell polarization at zero current for each material at the two different plateaus and applied current (triangles: high-voltage plateau, circles: low-voltage plateau). Linear fitting of the experimental results is shown as solid lines.



[image: Figure 7]
FIGURE 7. Bar diagrams of direct-current resistance and polarization at zero-current values.


Sodium-half cells assembled with the C@Na3V2(PO4)2F3 samples were subjected to several cycles at increasing C rates (Figure 8). NVPF-0.5 and NVPF-1.0 featured initial discharge capacity values close to 95 mA h g-1. These values are close to those reported elsewhere [39, 45]. It involves a significant increase in capacity as compared to NVPF and NVPF-0.2. Thus, the use of CTAB as surfactant in optimized amount seems to be crucial to achieving a performance electrode. Likely, the porous structure created into the particles is determining to improve the sodium access to the active material through large electrode-electrolyte interphase. On increasing the C rate, we observe that capacity abruptly decreased for NVPF-1.0 at 10 C to values even lower than those of NVPF-0.2. The excellent performance of NVPF-0.5 at the highest rate agrees well to the low direct current resistance values previously calculated for both plateaus that pointed out to this good electrode behavior. Long galvanostatic cycling tests were performed on sodium half-cells at 2C (Figure 9). After 200 cycles, samples prepared in the presence of CTAB showed higher capacity retention than NVPF one. Thus, NVPF-0.5 was able to retain 85% of the initial capacity (75 mA h g−1), while only 57 mA h g−1 were recorded for NVPF.


[image: Figure 8]
FIGURE 8. Rate capability plot of sodium half-cells assembled with C@Na3V2(PO4)2F3 samples (open symbols: charge capacity; closed symbols: discharge capacity).



[image: Figure 9]
FIGURE 9. Extended galvanostatic cycling at 1C NVPF-0.5 (open symbols: charge capacity; closed symbols: discharge capacity).


The electrochemical performance of the samples studied here is not particularly outstanding as compared with recent literature on stoichiometric NVPF and related compositions [34–36, 38, 46–49]. However, the improvements in cell polarization, capacity retention and rate performance of the samples prepared by the CTAB-assisted method suggest the positive effect of texture control on the performance of NVPF. Further evidence is discussed below by using impedance spectroscopy.

Impedance spectroscopy is a helpful technique to unveil changes of the cell internal resistance arising from effects occurring at the electrode-electrolyte interphase. In order to avoid initial irreversible effects, these spectra were recorded on electrodes activated after one charge-discharge cycle at 0.5 C. The recorded Nyquist plots revealed a depressed semicircle at high frequencies ascribable to the charge transfer reaction (ct) at the electrode-electrolyte interphase (Figure 10A). This plot can be fitted to the equivalent circuit included as an inset in Figure 10A. Thus, resistance values attributed to the electrolyte ohmic drop (Rel) and charge-transfer reaction (Rct) can be calculated, being the latter one the predominant contribution to the internal cell resistance. These values are written in Table 2. Their close similarity between both values involves that differences in the kinetic properties cannot be exclusively attributed to them. Otherwise, the apparent diffusion coefficients (D) of sodium ions through the structure can be also determined from the impedance spectra by applying the next equation:

[image: image]


[image: Figure 10]
FIGURE 10. Impedance spectra plotted as (A) Nyquist plots of NVPF and NVPF-0.5 samples. Overlapping lines correspond to the fitted spectra according to the equivalent circuit included as inset; (B) Plot of the real impedance vs. the reciprocal root square of the frequency.



Table 2. Resistance values and apparent diffusion coefficients calculated from the impedance spectra of Na3V2(PO4) 2F3 electrodes after 1 cycle at 0.5 C.
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In which T is the absolute temperature, R is the gas constant (8.314 J K−1 mol−1), A is the geometrical electrode area (0.64 cm2) and F is the Faraday's constant. The value of the molar concentration of Na+ ions (C) was calculated from Equation 2:

[image: image]

where V is the unit cell volume, Z is the number of unit formula per unit cell, and NA is the Avogadro number. The Warburg impedance coefficient (σw) was experimentally determined as the slope of the linear plot of the real impedance, Z', vs. the reciprocal root square of the lower angular frequencies (ω−1/2) [Figure 10B; (50]). From the data in Table 2, a large increase of the diffusion coefficient is observed for NVPF-0.5, which involves that the porous morphology of this sample facilitates the migration of sodium ions through the structure.




CONCLUSIONS

The reliability of CTAB as a surfactant to prepare C@Na3V2(PO4)2F3 samples with a suitable morphology to enhance the electrode performance in Na-ion batteries has been proved. The amount of added surfactant has been optimized to eventually yield well-dispersed nanometric spherical particles of the phosphate compound into the carbon conductive matrix. For intermediate amounts of added CTAB, the sample showed internal macropores which can be beneficial for sodium diffusion. XRD patterns revealed only minor impurities, while Raman spectroscopy evidenced the disordered character of the carbon matrix.

Galvanostatic tests performed in sodium half-cells revealed excellent cycling stability and superior high rate capability for NVPF-0.5 at 10 C. It was correlated to low current polarization and direct current resistance from charge-discharge hysteresis at both plateaus, while the apparent diffusion coefficient was increased in one order of magnitude as compared to the reference NVPF sample. From these results, it was concluded that the optimized amount of CTAB favorably contributes to obtaining C@Na3V2(PO4)2F3 with adapted morphology to act as an excellent cathode material for sodium-ion batteries.
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