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Abstract:



Na2Ti3O7 is a promising negative electrode for rechargeable Na-ion batteries; however, its good properties in terms of insertion voltage and specific capacity are hampered by the poor capacity retention reported in the past. The interfacial and ionic/electronic properties are key factors to understanding the electrochemical performance of Na2Ti3O7. Therefore, its study is of utmost importance. In addition, although rather unexplored, the use of metallic Na in half-cell studies is another important issue due to the fact that side-reactions will be induced when metallic Na is in contact with the electrolyte. Hence, in this work the interfacial and transport properties of full Na-ion cells have been investigated and compared with half-cells upon electrochemical cycling by means of X-ray photoelectron spectroscopy (conventional XPS and Auger parameter analysis) and electrochemical impedance spectroscopy. The half-cell has been assembled with C-coated Na2Ti3O7 against metallic Na whilst the full-cell uses C-coated Na2Ti3O7 as negative electrode and NaFePO4 as positive electrode, delivering 112 Wh/kganode+cathode in the 2nd cycle. When comparing both types of cells, it has been found that the interfacial properties, the OCV (open circuit voltage) and the electrode–-electrolyte interphase behavior are more stable in the full-cell than in the half-cell. The electronic transition from insulator to conductor previously observed in a half-cell for Na2Ti3O7 has also been detected in the full-cell impedance analysis.
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1. Introduction


Rechargeable Na-ion batteries (NIBs) are becoming one of the most promising technologies for stationary applications, while Li-ion batteries (LIBs) are more focused on the consumer electronics market and electric vehicle industry [1,2]. However, in NIBs, to find an optimum negative electrode is a challenge [3]. Among negative electrode materials for rechargeable NIBs, the most studied are hard carbons (HC), phosphorus/carbon composites and Na alloys with Si, Ge, Sn and Sb elements [3,4,5,6]. However, they exhibit safety hazards and/or high cost which reduces the interest to use them as negative electrode in NIBs. Metal oxides are another possible negative electrode and, amongst them, the Na2Ti3O7 is one of the most promising ones because of its good specific capacity close to 200 mAh/g, non-toxicity, abundant resources, fast processing and low cost. Moreover, it is the oxide with the lowest Na+ insertion/extraction potential at 0.3 V vs. Na+/Na [7,8]. The main advantage of this low insertion voltage is the possibility of delivering both high energy densities and high power densities; the former when used as a negative electrode vs. a positive electrode with a high Na+ insertion/extraction potential in a full-cell, the latter by precluding Na plating at high C-rates. However, its main drawback is the capacity retention [9,10,11] for which the best result was achieved by controlling the parameters of the solid-state synthesis method, achieving ~78% of capacity retention after 100 cycles [12]. There are several factors proposed to contribute to this underperformance: (i) surface corrosion, owing to the formation of Na2CO3 during the synthesis; (ii) instability of the Solid Electrolyte Interphase (SEI) upon electrochemical cycling; (iii) polyvinylidene fluoride (PVdF) degradation, due to the Na+-induced dehydrifluorination reaction of the PVdF, which will lead to hydrofluoric acid (HF) formation; and (iv) poor electronic conductivity of Na2Ti3O7 which is an insulator [12,13,14]. Besides, the instability of metallic Na in organic electrolytes has been recently reported and, since metallic Na is employed as counter and reference electrodes in the so-called half-cells, this could be another factor which can influence the capacity fading [15]. Iermakova et al. showed that in a symmetric Na/Na cell, the measured charge during reduction was larger than during oxidation, which has been related with irreversible electrolyte decomposition and/or electrical contact loss between metallic Na and current collector. Moreover, electrochemical impedance spectroscopy (EIS) experiments concluded that the interfacial resistance associated to the SEI and charge transfer (RSEI+RCT) increased upon time in the Na/Na cell, in contrast with the interfacial resistance stability displayed by equivalent Li/Li cells. This means that the SEI layer in the Na/Na cell was continuously growing up and/or had an unstable behavior. Additionally, when the same experiments were carried out in a HC/Na cell, a similar behavior was observed and the HC-electrolyte interface became more resistive upon time, while the same interface remains constant in a HC/Li cell [15]. This suggests that metallic Na can influence the stability and composition of the SEI layer as well as the electrochemical properties of the Na-intercalation material under study. Indeed, a different behavior of the studied Na-insertion material between half- and full-cell configurations was found in several works [16]. In fact, in the last few years, most of the published works were focused on full-cells, often using HC as negative electrode [17,18,19,20,21]. Nevertheless, there are also a few full-cell studies using Na2Ti3O7 as negative electrode [22,23]. The most relevant result was published by Xu et al., for which a C-coated Na2Ti3O7 / P2-Na0.80Li0.12Ni0.22Mn0.66O2 full-cell was assembled delivering a 105 mAh/ganode after 25 cycles and 100 Wh/kganode+cathode with an average voltage of 3.1 V.



In the current work, in order to observe the influence of metallic Na on the formed SEI/SPI (Solid Permeable Interphase, which is formed in the positive electrode and also often called SEI) layers and on the ionic/electronic conductivity of C-coated Na2Ti3O7, the composition and stability of the SEI/SPI layers and transport properties of the C-coated Na2Ti3O7 have been studied by means of X-ray photoelectron spectroscopy (XPS) and EIS and compared to previous results obtained in a half-cell [13].




2. Results and Discussion


2.1. Galvanostatic Experiments in a Full-Cell


The galvanostatic experiments in a C-coated Na2Ti3O7/NaFePO4 full-cell (the former called NTO-C-FC hereinafter) were performed using a three-electrode configuration. Figure 1a shows the voltage profile of the NTO-C-FC (black curve), NaFePO4 (green curve) and the curve of the full-cell (blue curve). In Figure 1b, the comparison between the discharge and charge capacity of the C-coated Na2Ti3O7 electrodes in half-cells and full-cells is gathered. The irreversibility of the first cycle is larger in a full-cell (233.7 mAh/ganode) than in a half-cell (100.1 mAh/g), which might be because a thicker SEI layer is formed; however, this will be later discussed on the basis of the XPS results. Nevertheless, in the following cycles, the negative electrode delivers similar capacities for the full and half-cell; showing a stable capacity around 100 mAh/ganode in the 15th cycle. The energy density of the full-cell has been calculated to be 112 Wh/kganode+cathode in the 2nd cycle. Regarding the coulombic efficiency, the full-cell consistently reported slightly lower values than the half-cell. However, the full-cell coulombic efficiency increased gradually upon cycling until >90%, which can be related with the cell configuration: the pressure and contact between negative and positive electrode is more critical in three-electrode cell configuration than in two-electrode one.


Figure 1. (a) Voltage profile of the full-cell NTO-C-FC/NaFePO4 (blue curve), negative electrode NTO-C-FC (black curve) and positive electrode NaFePO4 (green curve); orange/pink points highlight the charge states where X-ray photoelectron spectroscopy (XPS) experiments have been performed. (b) Comparison between half-cell (red) and full-cell (black) of the capacity and coulombic efficiency determined by the C-coated Na2Ti3O7 negative electrode active material.
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2.2. Study of the SEI/SPI Layers by Conventional XPS Experiments


The SEI and SPI layer evolution upon electrochemical cycling of NTO-C-FC and NaFePO4 electrodes, when they are assembled in a full-cell, has been investigated by XPS at different charge states (open circuit voltage (OCV) (green), 1st Na+ insertion (orange) and 1st Na+ extraction (pink)) as highlighted in Figure 1a.



Figure 2 shows the C 1s (a) and O 1s (b) photoemission lines of NTO-C-FC and NaFePO4 electrodes. Both photoemission lines provide information about the electrolyte decomposition products and stability of the SEI (NTO-C-FC)/SPI (NaFePO4) layers upon electrochemical cycling. The different components of the C-based compounds in the C 1s spectra have been assigned on the basis of previous XPS studies of C-based materials [24]. The main component of the C 1s peak in the OCV electrode of NTO-C-FC appears at 284.4 eV and corresponds to a graphitic-like compound, in contrast with the C-coated Na2Ti3O7 electrode at OCV when it is assembled in a half-cell (see Figure S1 in the Supplementary Information) for which the graphitic component is less intense due to the formation of a surface layer result of electrolyte decomposition. This behavior is in agreement with our previous results in not C-coated Na2Ti3O7 electrode at OCV when it is assembled also in a half-cell (hereinafter called NTO-HC) [13]. Hence, this result means that in the NTO-C-FC electrodes, when metallic Na is avoided, the decomposition of the electrolyte at OCV is almost negligible on the surface of the Super C65 and/or C-coating, but when metallic Na is in the media, the electrolyte decomposition already starts before applying any current to the cell, which can influence negatively on the electrochemical properties of Na2Ti3O7.


Figure 2. (a) C 1s and (b) O 1s photoemission lines of NTO-C-FC (left panels) and NaFePO4 (right panels) at open circuit voltage (OCV), 1st Na+ insertion and 1st Na+ extraction.



[image: Batteries 03 00016 g002]






After the 1st Na+ insertion in the NTO-C-FC electrode, the intensity of the graphite peak at 284.4 eV is reduced due to the SEI layer formation on top of Super C65 and/or C-coating. Nevertheless, the graphite component does not completely vanish as happens in the NTO-HC electrode [13]. Hence, there are two possibilities: (i) the thickness of the SEI layer formed in NTO-C-FC is lower (<5 nm) than in the NTO-HC electrode and/or (ii) the SEI layer does not cover completely the carbon-based species, namely Super C65 and C-coating. Besides, upon Na+ extraction, the graphitic-like signal slightly increases, suggesting the possible dissolution of some SEI species and/or cracking of the SEI layer.



Moreover, during Na+ insertion, when the SEI layer is forming, peaks at ~286 eV, 288 eV and 290–291 eV appear, which correspond to poly(ethylene oxide) oligomer (PEO) from ethylene carbonate (EC) polymerization, sodium alkyl carbonates (NaCO3R, R = different long-chain alkyl groups), sodium carbonate (Na2CO3) and/or –CF2 group from PVdF (the last two compounds are overlapped), respectively (see Table 1) [17,25,26]. During Na+ extraction, the signal of PEO (~286 eV) decreases only marginally in NTO-C-FC when compared with the behavior observed in the NTO-HC electrode, which displays a large PEO decrease. This difference could be due to the fact that in the NTO-C-FC case, PEO is dissolving in the electrolyte at a much lower rate, therefore leading to a higher stability of the SEI layer when a full-cell is considered.



Table 1. Assignments of the binding energy of the Solid Electrolyte Interphase (SEI) layer species of C 1s and O 1s spectra.







	
Species

	
Binding Energy (eV)

	
Peak Evolution




	
C 1s

	
O 1s






	
Graphitic-like

	
284.4

	
--

	
Decreases during Na+ insertion




	
Na2Ti3O7

	
--

	
531

	
Constant at all states




	
PEO

	
286

	
533

	
More at Na+ insertion than at extraction




	
Na2CO3

	
290–291

	
532

	
More formation upon Na+ insertion and remains constant during the extraction




	
NaCO3R

	
288 & 290–291

	
534 & 532.5

	
Increases upon Na+ insertion




	
–CF2 (PVdF)

	
290–291

	
--

	
Observed at all states but probably decreases upon Na+ insertion










On the other hand, the C 1s photoelectron spectra of NaFePO4 electrodes (Figure 2a, right panel) proves that the SPI layer is also formed on the positive electrode, although NaFePO4 operates inside the electrochemical stability window of the electrolyte [27]. However, if compared with the SEI layer, the thickness of the SPI layer is almost negligible, at least on the top of Super C65 additive, since the intensity of the graphitic-like signal (284.4 eV) remains almost constant upon cycling as confirmed by the atomic concentration values of graphitic-like signal gathered in Table S1 of Supplementary Information. Moreover, analogously to the SEI layer of the NTO-C-FC electrode, the thin SPI layer is mainly composed by PEO (~286 eV) Na2CO3 (290–291 eV) and NaCO3R (288 and 290–291 eV). During Na+ insertion into NaFePO4, the concentration of graphitic-like compounds, as well as the signal corresponding to PEO, remain almost constant, demonstrating that the SPI suffers a small variation upon electrochemical cycling on the surface of Super C65 [28]. The trend of Na2CO3 concentration is difficult to be observed due to the overlapping with the –CF2 signal from PVdF. After quantification of the different species, it seems that the NaCO3R is the compound which suffers more change upon cycling, displaying a concentration increase upon Na+ extraction from NaFePO4.



Regarding the O 1s photoelectron spectra of NTO-C-FC electrode (Figure 2b, left panel), the peak at ~531 eV, which corresponds to Na2Ti3O7, is detected in all states of charge for NTO-C-FC electrodes with no changes in the atomic concentration upon electrochemical cycling. The photoemission peak deconvolution is illustrated in Figure S2 of Supplementary Information and the obtained concentration values are gathered in Table S2. Hence, taking into account the evolution of the Na2Ti3O7 concentration in the O 1s spectra and also the behavior of the graphitic-like component in the C 1s spectra, it can be concluded that the SEI layer is predominantly formed on the surface of Super C65 and/or C-coating with a thickness lower than 2.5 nm, which was estimated from the inelastic mean free path (IMFP) of C 1s photoelectrons [29], and it is in agreement with the values calculated by Tanuma et al. [30]. This phenomenon is already observed in other intercalation materials, for which the SEI layer is mainly formed on the surface of carbon and not on the active material [28]. Additionally, such a thin SEI layer does not fully account for the high irreversible capacity observed in Figure 1a. Therefore, additional side-reactions in the cell are governing the observed irreversibility.



The NTO-C-FC electrode at OCV shows a peak at ~532 eV from residual Na2CO3 due to the interaction with moisture. That component increases during Na+ insertion on C-coated Na2Ti3O7 along with the formation of the SEI layer [17]. Furthermore, some NaCO3R (~534 eV and ~532.5 eV) and PEO (~533 eV) species can be observed [17,25]. However, it is difficult to unambiguously determine the PEO and alkyl-carbonate evolution due to the small differences in binding energy and overlapping of the peaks. Even so, the quantification of the species suggests that Na2CO3 is formed upon cycling whilst the NaCO3R concentration remains almost constant and the PEO is dissolved in the electrolyte.



According to the O 1s photoemission line, the surface of NaFePO4 electrode at OCV (Figure 2b, right panel) shows a peak at ~531 eV, which corresponds to PO43- groups from the active material and a less intense contribution from Na2CO3 [25,31]. During the electrochemical cycling, the peak corresponding to Na2CO3 increases, while the PO43- component slightly decreases, being still visible, suggesting that the formed SPI is very thin (much lower than 2.5 nm; also estimated from the IMFP of C 1s photoelectrons) [30].



F 1s spectra are shown in Figure 3a, where the experimental results prove that the main contribution from F-based species at OCV in the NTO-C-FC electrode (Figure 3a, left panel) corresponds to –CF2 (688 eV) from PVdF, which confirms the stability of the electrolyte at this state of charge, in agreement with the conclusions extracted from the C 1s data [26]. During Na+ insertion, the PVdF component is reduced and a peak at ~685 eV is developed, which is assigned to NaF and its formation is due to the dehydrofluorination of PVdF when it reacts with Na+ [32,33,34]. However, the –CF2 signal is still present, suggesting that the SEI layer is thin, in agreement with the previous results obtained from C 1s and O 1s peaks. Moreover, the intensity of the NaF component slightly increases during Na+ extraction in Na4Ti3O7, probably due to the fact that more NaF is formed upon Na+ extraction than upon insertion, which would agree with the behavior that is observed in other Na- and Li-based cathode materials [35,36].


Figure 3. (a) F 1s and (b) Cl 2p photoemission line of NTO-C-FC (left panels) and NaFePO4 (right panels) at OCV, 1st Na+ insertion and 1st Na+ ions extraction.



[image: Batteries 03 00016 g003]






Regarding the F 1s spectra of NaFePO4 electrodes (Figure 3a, right panel), the main component is the –CF2 signal (688 eV) at all states of charge and has an almost constant intensity which agrees with a stabile SPI layer.



Finally, Cl 2p spectra (Figure 3b) are where eventual NaClO4 reduction reactions are detected. In contrast to what is observed for NTO-HC electrodes, in the case of NTO-C-FC electrodes, NaClO4 does not exhibit any reduction reaction at OCV [13]. Besides, during Na+ insertion into Na2Ti3O7, NaCl is formed in the SPI layer, while during Na+ extraction, NaCl is found in the SEI layer. This is proof of the NaCl migration from one electrode to the other upon electrochemical cycling.




2.3. Auger Parameter Determination


The Na Auger parameter has been determined for NTO-FC-C and NaFePO4 electrodes, so it can be compared with the results already obtained for NTO-HC electrodes [13]. The Auger parameter allows to have a complete picture of the SEI/SPI layers which cannot be obtained from conventional XPS analysis due to the overlapping of components and the partial surface charging of the electrodes under study [37]. In this case, the Auger parameter is calculated for Na; therefore, it will only provide information about the composition of the outermost surface region. This limitation relies in the definition of the Auger parameter itself, which is the energy difference (eV) between the Na 1s photoemission line and the Na KL23L23 Auger line. Owing to the high binding energy of the Na 1s photoemission line, which will result in low kinetic energy photoelectrons with a very short IMFP, only the first 1–5 nm of the surface will be proved [30]. The exact positions of the Na 1s (binding energy) and Na KL23L23 (kinetic energy) peaks have been determined using the CasaXPS software [38].



The Auger parameters determined at OCV, and after the 1st Na+ insertion and extraction on NTO-C-FC and NaFePO4, are shown in Figure 4. This figure reveals that, at all states of charge, the main component of the outermost SEI and SPI layers is Na2CO3 (~2061.3 eV) [39,40], with some minor traces of NaCO3R, in agreement with analyzed data from O 1s photoelectron spectra (Figure 2b). Hence, the composition of the outermost region of SEI and SPI layers is found to be stable, which is in agreement with a slight variance of the spectra between the 1st Na+ insertion and extraction states and with the almost constant values of SEI resistance (RSEI) obtained by EIS that will be discussed in the following section.


Figure 4. Na Auger parameter at different states of electrochemical cycling (OCV and 1st Na+ insertion and extraction) of NTO-C-FC and NaFePO4 samples. Reference values are obtained from [39,40] and measured in our laboratory (*).
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2.4. Study of the Ionic/Electronic Properties by EIS


The Nyquist plots of the NTO-C-FC electrode upon the first Na+ insertion into Na2Ti3O7 are shown in Figure 5, where the same behavior previously measured for NTO-HC electrode can be observed [14]. The semicircle observed at frequencies below 25 Hz corresponds to the bulk electronic resistance (Relec). This electronic resistance reveals a very large arc (Relec = 46921.2 Ohm/mg, black squares) when no Na+ is inserted into the electrode. However, as Na+ ions are inserted into Na2+xTi3O7 (0 < x ≤ 2) and the voltage decreases, Relec is reduced (see Table 2), getting closer to the real axis and developing the straight line which corresponds to the diffusion of Na+ into the crystal, as confirms the low radius of the arc (see Figure 5, dark blue hexagon). This behavior was linked to the electronic transition from insulator to conductor during the insertion of Na+ in NTO-HC and, consistently, also NTO-C-FC exhibits the same transition [14]. Figure 5b is a zoom-out of the impedance data presented in Figure 5a, for which the charge-transfer (RCT) and SEI layer (RSEI) resistances appear overlapped above 25 Hz, leading to a slightly distorted feature, at least at low potential values.


Figure 5. Nyquist plots of NTO-C-FC upon 1st Na+ insertion at 1.0 V, 0.90 V, 0.77 V, 0.65 V, 0.52 V, 0.40 V, 0.27 V, 0.15 V and 0.05 V vs. Na+/Na. (a) Impedance data in all frequency ranges (100 kHz to 5 mHz) and (b) zoom-out of the impedance data selected in the red area of the left panel.
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Table 2. Resistance values from the impedance fits upon the 1st Na+ insertion into Na2Ti3O7 and the χ2 values.







	
V vs. Na+/Na

	
Rele (Ohm/mg)

	
RCcoating (Ohm/mg)

	
RCT (Ohm/mg)

	
RSEI (Ohm/mg)

	
Rsol (Ohm/mg)

	
χ2






	
1.0

	
46,921.2

	
682.5

	
149.3

	
75.9

	
2.5

	
1.9 × 10−3




	
0.90

	
38,215.3

	
1372.5

	
143.0

	
69.3

	
2.4

	
2.23 × 10−3




	
0.77

	
14,096.1

	
1003.4

	
117.2

	
112.1

	
2.1

	
1.51 × 10−3




	
0.65

	
1108.4

	
572.6

	
114.9

	
126.9

	
2.3

	
1.72×10−3




	
0.52

	
885.0

	
396.8

	
140.2

	
86.7

	
2.5

	
1.97 × 10−3




	
0.40

	
579.9

	
409.8

	
124.2

	
105.1

	
2.5

	
1.27 × 10−3




	
0.27

	
237.6

	
309.8

	
108.9

	
79.8

	
2.5

	
8.7 × 10−4




	
0.15

	
123.3

	
189.7

	
201.8

	
57.8

	
2.3

	
5.9 × 10−5




	
0.05

	
132.0

	
135.7

	
217.8

	
89.5

	
2.8

	
4.5 × 10−3








Relec = bulk electronic, RC-coating = C-coating, RCT = charge-transfer, RSEI = SEI layer and Rsol = electrolyte resistances.








The impedance data shown in Figure 5 have been fitted by Boukamp software [41] with the same equivalent circuit used to fit the EIS data collected from NTO-HC electrode [14]. However, for a good fit of the impedance of NTO-C-FC electrode, it was necessary to introduce an extra parallel line between a resistance and a capacitor, labelled as (RC) in Boukamp’s notation. Such RC will be related with an additional resistance associated to Na+ diffusion through the C-coating layer [42]. The obtained values are gathered in Table 2.



The used equivalent circuit perfectly fits the impedance data in Figure 5, and the fitted values show that (i) Relec abruptly decays during Na+ insertion and/or when the voltage is decreasing due to a transition towards electronic conductor; (ii) RC-coating exhibits higher values at the beginning of the electrochemical cycling than at the end of the Na+ insertion, since the SEI layer is forming on the surface of the C-coating and, hence, a high resistance will be observed during this formation process (although at further lower voltage the SEI layer will become more homogeneous and/or smooth decreasing the RC-coating as confirmed by the α value which goes from 0.88 to 0.96, corresponding α = 1, to an ideally smooth surface); (iii) RCT is more stable in NTO-C-FC than in NTO-HC electrodes [14], most probably due to the fact that the C-coating protects the active material and favors the charge-transfer kinetics [42]; (iv) RSEI shows almost constant resistance values during the first insertion in NTO-C-FC, in contrast to what is observed for the NTO-HC electrode, suggesting that the SEI layer in a full-cell is more stable than when metallic Na is used, in agreement with XPS results; and, finally, (v) Rsol exhibits constant values. Besides, as occurs with the NTO-HC electrode, NTO-C-FC suffers an electronic transition from insulator to conductor as demonstrated by the relationship between Relec and RCT. At potentials above the insertion plateau (~0.3 V vs. Na+/Na), the ratio Relec:RCT is larger than 1, whilst below the insertion plateau, the Relec:RCT ratio is smaller than 1. This means that at the beginning of the intercalation process, kinetics are limited by the bulk electronic conductivity showing an insulator behavior, but once the amount of inserted Na+ increases significantly, the material becomes electronic conductor and the kinetics are limited by the interfacial charge-transfer step.





3. Materials and Methods


3.1. Synthesis of C-Coated Na2Ti3O7 and NaFePO4


Na2Ti3O7 was synthesized by solid-state method, mixing TiO2 anatase (Alfa Aesar) and NaOH (Fisher Chemical) in stoichiometric amount and heated up to 750 °C for 20 h (sample NTO) [9]. The synthesis was carried out in air but the atmosphere was changed to Ar while cooling. The sample was coated with carbon by mixing NTO with phthalocyanine (Acros Organic) in a 1:1 weight ratio and was pyrolyzed at 700 °C during 5 h under Ar atmosphere (sample NTO-C-FC). More details can be found in ref [12].



NaFePO4 was synthesized by chemical delithiation of commercial C-coated LiFePO4, mixing with NO2BF4 (Sigma Aldrich) in a molar ratio of 1:2.5 in CH3CN (Sigma Aldrich) obtaining FePO4. The chemical sodiation of FePO4 was carried out by mixing with NaI (Sigma-Aldrich) in a molar ratio of 3:1 also in CH3CN [43].




3.2. Electrochemical Experiments


For the electrochemical study of the full-cell with C-coated Na2Ti3O7/NaFePO4: NTO-C-FC electrodes were prepared by mixing 70% active material with 20% carbon Super C65 (Timcal) and 10% PVdF (Solef) in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich). NaFePO4 electrodes were prepared in the weight ratio of 80% active material, 10% carbon Super C65 (Timcal) and 10% PVdF (Solef) also dissolved in NMP. Both slurries were casted on battery grade Aluminium foil and the laminates were dried under vacuum overnight at 120 °C. The electrodes were punched, taking into account a mass ratio of 1:4 (NTO-C-FC: NaFeO4) and pressed at 5 tons before assembling in a full-cell in an Ar-filled glove box. The galvanostatic performance was tested firstly in three-electrode Swagelok cells in order to check if the mass ratio was the correct one using as reference electrode metallic Na. For the following galvanostatic measurements, only two electrode cells were considered, without reference electrode. The employed separator was glass fibre (Whattman GF B 55) and the electrolyte 1 M NaClO4 in EC:PC (propylene carbonate). The applied current density was 0.1C, taking into account the theoretical capacity of Na2Ti3O7 (1C = 178 mA/g) and in the voltage window of 0.2–3.9 V vs. Na+/Na.



EIS was performed through potentiostatic intermittent titration technique (PITT) for which the impedance data were collected every 25 mV; a sinusoidal perturbation of 5 mV was applied in the frequency range of 100 kHz–5 mHz and 4 h of equilibrium conditions were employed at constant potential. The impedance dispersion data were fitted by Boukamp’s Equivalent Circuit software [41].



All electrochemical measurements were carried out at room temperature in a Bilogic VMP3 Multi-Channel Potentiostat/Galvanostat.




3.3. XPS Experiments


The SEI and SPI layers of NTO-C-FC and NaFePO4, respectively, were studied by XPS with a Phoibos 150 spectrometer at different states of charge (OCV, 1st Na+ insertion and 1st Na+ extraction states) using a non-monochromatic Mg Kα (hν = 1253.6 eV) X-ray source and analyzing the C 1s, F 1s, O 1s, Cl 2p and Na 1s photoemission lines as well as the NaKL23L23 Auger peaks. The electrode preparation was carried out by stopping the full-cell at the required potential, rinsing the electrodes with PC and drying them in an Ar glove box before being inserted into the XPS vacuum chamber by an Ar-filled transfer system. The spectra were recorded with high resolution scans at low power (100 W, 20 eV pass energy, and 0.1 eV energy step). The calibration of the binding energy was performed taking into account as reference the graphitic signal at 284.4 eV and the corrections from the Auger parameter analysis [44,45].





4. Conclusions


The promising Na2Ti3O7 negative electrode material delivers 112 Wh/kganode+cathode in the 2nd cycle and 100 mAh/ganode after 15 cycles when it is assembled in a full-cell using NaFePO4 as positive electrode. The formed SEI layer on the C-coated Na2Ti3O7, in absence of metallic Na, is composed by PEO, Na2CO3 and NaCO3R with an overall thickness below 2.5 nm. The SEI is more stable upon electrochemical cycling when tested in a full-cell than in a half-cell. The main difference is observed at OCV, where the electrolyte decomposition reactions do not appear in the full-cell in contrast to the half-cell, for which the SEI is already formed once the electrode is in contact with metallic Na. Hence, metallic Na is a catalyzer for the decomposition reactions of the electrolyte. Regarding the SPI layer formed on NaFePO4, it can be concluded that it has the same composition as the SEI layer, being, however, more stable and thinner. The ionic/electronic properties were also studied and the stable RSEI values demonstrate the stability of the SEI layer in the full-cell, in agreement with the XPS results and in contrast to what is observed for the half cell. Moreover, EIS experiments showed also the electronic transition from insulator to conductor that the Na2Ti3O7 negative electrode suffers upon Na+ insertion reaction. Hence, taking into account the results presented here, it can be concluded that metallic Na is not a good counter electrode and it is necessary to find new Na-intercalation materials to use as counter electrode in order to investigate the real electrochemical, interfacial and transport properties of the studied Na-intercalation electrode materials.
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Figure A1. C 1s photoemission lines of C-coated Na2Ti3O7 electrode at OCV charge state when it is assembled in a full cell (black) and in a half-cell (red). 






Figure A1. C 1s photoemission lines of C-coated Na2Ti3O7 electrode at OCV charge state when it is assembled in a full cell (black) and in a half-cell (red).



[image: Batteries 03 00016 g006]









[image: Batteries 03 00016 g007 550]





Figure A2. O 1s spectra of the Na2Ti3O7 electrode and their convolution (black: experimental, green: Na2Ti3O7, blue: Na2CO3, magenta and orange: NaCO3R, purple: PEO and red estimated spectrum) at different charge state a) OCV, b) 1st Na+ insertion and c) 1st Na+ extraction. 
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Table A2. The calculated concentration values (at. %) of the species observed in the O 1s spectrum at different charge states of NTO-C-FC electrodes.







	

	
OCV

(at. %)

	
1st Na+ insertion

(at. %)

	
1st Na+ extraction

(at. %)






	
Na2Ti3O7

	
12.7

	
12.5

	
12.6




	
Na2CO3

	
43.6

	
45.0

	
47.8




	
NaCO3R

	
38.0

	
37.6

	
36.3




	
PEO

	
5.7

	
4.9

	
3.3
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