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Abstract

:

Due to the abundance and low cost of exchanged metal, sodium-ion batteries have attracted increasing research attention for the massive energy storage associated with renewable energy sources. Nickel oxide (NiO) thin films have been prepared by magnetron sputtering (MS) deposition under an oblique angle configuration (OAD) and used as electrodes for Na-ion batteries. A systematic chemical, structural and electrochemical analysis of this electrode has been carried out. The electrochemical characterization by galvanostatic charge–discharge cycling and cyclic voltammetry has revealed a certain loss of performance after the initial cycling of the battery. The conversion reaction of NiO with sodium ions during the discharge process to generate sodium oxide and Ni metal has been confirmed by X-ray photoelectron spectra (XPS) and micro-Raman analysis. Likewise, it has been determined that the charging process is not totally reversible, causing a reduction in battery capacity.
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1. Introduction


Lithium-ion batteries have been rapidly developed and currently dominate the secondary battery market. However, their use is reaching its limit due to the shortage and high price of lithium compounds. Because of the massive energy storage associated with renewable energy sources, sodium-ion batteries have the advantage of using an abundant and low-cost exchanged metal [1,2,3,4]. In this context, although carbon materials are the most widely used components of anodes in lithium-ion batteries, different studies indicate a limited insertion capacity of sodium ions in these types of materials [5,6,7]. Numerous alternative anodes have been studied for years in sodium-ion batteries. One of the most common approaches entails the use of transition metal oxides. Nickel oxide (NiO) is active against sodium ions, but unlike other oxides, the metal (Ni) produced during its reduction does not form an alloy with sodium [1]. In this case, the charge–discharge process is carried out only through the following single-stage conversion reaction:


NiO + 2 Na <==> Na2O + Ni



(1)







This process has been demonstrated experimentally by the in situ Transmission Electron Microscopy (TEM) observation during the charge–discharge cycling of the formation of Ni nanograins within a Na2O matrix [8].



Multielectron exchanges in this type of conversion reaction provide high-energy densities but also an insufficient cycling stability and large hysteresis due to their low electrical conductivity and significant volume changes during cycling. The development of materials with an adequate pore distribution and interconnectivity is essential to overcome these constraints [9,10]. Under a similar scheme, it has been proven that the reduction in NiO’s particle size when using this material as an anode in Li-ion batteries contributes to an increase in the energy efficiency [11,12,13], an improvement that is based on the reduction in the hysteresis loop between the charge and discharge stages.



Different articles in the literature have examined the possibility of combining NiO with other oxides [14,15] in order to achieve a synergistic effect and improve its electrochemical performance as an electrode for Na-ion batteries. In addition, it has been shown that the low electrical conductivity of oxides usually makes it necessary to incorporate conductive materials such as carbon or noble metals in the fabrication of electrodes. Numerous examples exist in the literature about this approach combining various oxides, most commonly NiO, with carbon materials, both in nanometric and highly porous forms [9,16,17,18,19,20,21,22]. High-current density values and an improved reversibility behavior were found for the tested combinations.



In the field of metal oxide electrode layers, M. C. López et al. [23] evaluated a NiO thin film prepared by electrodeposition and thermal oxidation as a potential anode for Na-ion batteries. Although the first discharge showed a high-capacity value (around 800 mA h g−1), the capacity retention was poor with substantial drops in this parameter after eight cycles. Another example consisted of thin films of transition metal oxides (NiO and Fe2O3) prepared by electrodeposition [24], whose galvanostatic cycling in sodium half cells resulted in a discharge capacity of around 500 mA h g−1 during the first cycle. From the knowledge gained in this work, it appears that improving the electrochemical behavior of the sodium batteries requires an efficient management of the oxide thin film’s porosity, a possibility that can be done straightforwardly with the magnetron sputtering (MS) technique under an oblique angle deposition configuration (MS-OAD) [25,26].



This work is primarily motivated by the aim of developing simple and reliable procedures for the synthesis of metal anodes suitable for sodium-ion microbatteries. In this context, we propose the synthesis and analysis of the behavior of a new kind of porous and nanocolumnar NiO electrode without the presence of other materials such as carbon that may also intervene in the process of the insertion–extraction of sodium ions. This analysis should provide new insights about the mechanism of interaction of sodium ions with porous NiO electrodes and the processes that usually lead to the commonly observed drop in capacity with an increase in the number of cycles. For this purpose, a porous and nanocolumnar NiO thin film has been deposited by MS-OAD. MS is particularly favored in mass production and is easy to implement both in industry and for basic research. MS-OAD is achieved by placing the substrate at a glancing angle with respect to the target, a configuration that renders thin films with a columnar and highly porous microstructure with mesopores extending from the surface up to the interface with the substrate [27]. This method has been successfully applied to obtain porous nanostructured thin films [28] with enhanced performances as electrocatalysts [29], electrochromic electrodes [30], nanosensors [31], solid oxide fuel cells [32], and Na-ion battery electrodes [33], the latter consisting of WO3 anodes that showed a great robustness and reproducibility. The present work contains a description of the synthesis procedure of NiO electrodes by MS-OAD, a physicochemical characterization of the film electrode (as-prepared and after being subjected to various electrochemical cycles), and a thorough analysis of their electrochemical performance as electrodes in Na-ion batteries.




2. Materials and Methods


NiO thin films were prepared by reactive pulsed Direct Current DC MS-OAD using a nickel target of 50 mm diameter and 0.3 mm thickness. The magnetron head was operated at a power of 200 W and a pulsed voltage of 550–600 V at a frequency of 80 kHz. The base pressure in the chamber prior to the deposition and during the deposition was 3 × 10−6 and 5 × 10−3 mbar, respectively. The plasma gas consisted of an O2/Ar mixture at a mass flow ratio of 0.06. The angle between the target, in a horizontal and upper position, and the perpendicular substrate was 80° and the distance between the center of the target and the substrates 10 cm. Silicon, soda lime glass, and high mirror-polished copper were used as substrates to carry out different characterization studies as indicated in the text.



The microstructure of the films deposited on doped silicon (100) wafers was examined by scanning electron microscopy (SEM) using a Hitachi S4800 field emission microscope. The samples were diced for cross-sectional analysis. Rutherford backscattering (RBS) spectra were recorded in a tandem accelerator (Centro Nacional de Aceleradores, Universidad de Sevilla, Spain) with α particles of 2.0 MeV, a passivized implanted planar silicon (PIPS) detector located at a 165° scattering angle, with a beam current and diameter of 1.7 nA and ~1 mm, respectively. The spectra were analyzed with the SIMRA6.0 program. X-ray photoelectron spectra (XPS), taken to chemically characterize the surface of the samples, were recorded in a PHOIBOS spectrometer working in the constant-pass energy mode at a value of 20 eV. The binding energy (BE) scale of the spectra was referenced to the C1s peak of the spurious carbon contaminating the surface of the samples at a value of 284.5 eV. X-ray diffraction (XRD) patterns were obtained using a Panalytical X’Pert Pro diffractometer with Bragg–Brentano geometry and an X’Celerator detector. The diffraction patterns were recorded from 30° to 120° (2θ) with a step size of 0.05° and a counting time of 300 s per step. The analysis was performed using the X’Pert HighScore Plus software.



The characterization of the NiO samples by XPS was carried out both for their “as-prepared” state and after their usage as electrodes. In this case, two samples were selected for analysis. A NiO-3V sample was taken from the electrochemical cell after cycling the voltage several times with the voltage set at 3V. Under these conditions, it is assumed that the electrode was “charged” and the Equation (1) set to the left. A NiO-0V sample was taken out from the cell after the same number of cycles but in a “discharged” state as expected by the fact that the applied voltage at that moment was 0.01 V (Equation (1) was displaced to the right). These samples were carefully handled after removing them from the electrochemical cell inside the glove box: they were soaked in propylene carbonate; carefully dried; and stored in a desiccator until they were introduced to the XPS analysis chamber. These electrodes were analyzed before and after a mild sputtering treatment with Ar+ ions of 1000 eV kinetic energy. The utilized ion dose, as calibrated with a standard, was equivalent to that required to remove a layer of approximately 5 nm thickness in the case of homogeneous and compact samples.



The Raman analysis was carried out using a confocal micro-Raman (Witec alpha-300R) with a laser excitation of 532 nm and a 100× objective lens (NA = 0.9) for coatings deposited on Cu substrates. The optical resolution of the confocal microscope is limited to 200 nm laterally and 500 nm vertically, while the Raman spectral resolution is limited to 0.02 cm−1. The spectra were acquired using the as-prepared samples and after their electrochemical characterization (at the full-charge and discharge electrodes).



An electrochemical characterization of the NiO films prepared on Cu substrates was carried out in an argon-filled glass beaker cell using Na foils as counter and reference electrodes and 1M NaClO4 in propylene carbonate (PC) as the electrolyte. Galvanostatic charge-discharge cycles (Multichannel Potentiostat VMP3, Biologic) were achieved between 0.010 and 3.000 V vs. Na+/Na at different current densities. A cyclic voltammetry was performed using the same voltage range at 5.0 mV min−1.




3. Results


3.1. Electrode Thin Film Characterization


SEM micrographs of the NiO MS-OAD thin film deposited on silicon for both the cross-section and planar views are shown in Figure 1a,b, respectively. This NiO film exhibits a columnar microstructure with nanocolumns tilted at 71° with respect to the normal surface. The nanocolumns are about 560 nm in length and 75 nm in diameter and are separated by large voids and pores. It is worth noting that the presence of the tilted orientation of these nanocolumns is a characteristic feature of MS-OAD thin films, as a result of the enhancement of shadowing effects at the nanoscale during the deposition process [27].



The RBS experimental and simulated curves of the NiO MS-OAD are displayed in Figure 2a. RBS confirms the homogeneous distribution of nickel and oxygen atoms throughout the whole film’s thickness and the completely oxidized state of nickel, i.e., NiO. This is also confirmed by the Ni2p photoelectron spectrum of the as-prepared sample (Figure 2b), depicting a shape characteristic of this compound [34].



The density of the NiO MS-OAD thin film can be estimated using the mass thickness determined by RBS (i.e., the number of atoms per cm2) and the thickness can be determined from the SEM cross-section image (Figure 1a). The calculated film density, 3.67 g cm−3, yields an estimated porosity of ca. 45% of the total volume. The XRD pattern of the NiO MS-OAD film is depicted in Figure 2c. The main diffraction peaks appear at 37.1°, 43.2°, 62.8°, 74.9°, and 79.2° and are assigned to NiO (JCPDS card no. 44-1049). Figure 2d shows the Raman spectrum of the as-prepared NiO thin films. It depicts NiO vibration modes at around 200 cm−1, 450 cm−1, 571 cm−1, 787 cm−1, 1093 cm−1, and 1457 cm−1 that can be attributed to one phonon (1P), one-phonon transverse optical (TO), one phonon and one magnon (1P + 1 M), two-phonon transverse optical (2TO), 2LO, and two-magnon (2 M) modes, respectively [35,36,37,38,39,40]. The detection of these six bands confirms the existence of a NiO phase, while the low intensity of the TO mode and the absence of a characteristic TO + LO mode indicates the nano-crystalline nature of the samples [38].




3.2. Electrochemical Performance


The first cathodic scan of the cyclic voltammetry (CV) curve (Figure 3) shows two peaks located at 0.55 and 0.30 V. These peaks can be associated with the conversion reaction of NiO to Ni0, the precipitation of Na2O, and the formation of a solid electrolyte interface (SEI) at the surface of the NiO electrode [10,16,17,18,19,20,21,22]. These cathodic peaks decrease in intensity with the cycle’s number, indicating the end of the SEI formation and the stabilization of the Na+ insertion-extraction processes. A similar behavior was observed [10], associating the irreversible sodium-ion consumption to side reactions of the formation of the SEI layer. These assignments of the different peaks of the cyclic voltammetry also correlate to those of ultrathin NiO nanosheets (4–5 nm in thickness) synthesized via a solvothermal process followed by annealing in air [16]. Meanwhile, the anodic scans show a very wide band at around 1.4 V, assigned to the conversion of Ni0 to NiO and Na2O to Na0, and a feature close to 3.0 V during the first two cycles, possibly associated with the interaction of the liquid electrolyte with the sodium anode based on the relative stability of the carbonate solvents at high voltages. After the first cycle, the CV curves are very similar, indicating an adequate electrochemical reversibility with these measurement conditions.



Figure 4a shows the galvanostatic discharge–charge curves (capacities vs. voltage) at 400 mA g−1 between 0.010 and 3.000 V (vs. Na+/Na). The first discharge scan reaches a huge capacity value of 6305 mA h g−1, associated mainly with the SEI formation. The electrochemical evaluation of the NiO nanosheet’s anode using galvanostatic charge–discharge profiles also shows a very high discharge capacity during the first cycle, which is associated with the SEI formation and electrolyte decomposition [16]. Increasing the cycle’s number leads to a continuous reduction in the discharge capacity due to the completion of the SEI formation, but also because some amount of Ni0 and Na2O produced during the discharge process remains in the electrode and does not participate in the charge process and subsequent discharges (see next section). A similar analysis using NiO nanosheets shows a decreasing discharge capacity due to the formation of irreversible Na2O, more SEI film formation, and a serious electrical isolation caused by the large size of Na+ in comparison with Li+ [17]. Also, in this paper, the large capacity difference between the initial cycles is attributed to the decomposition of the electrolyte and the irreversible formation of the SEI film, which aligns with the CV results. The plots of charge and discharge capacities vs. cycle number (Figure 4b) clearly show this behavior. The reduction in the discharge capacity with the number of cycles in comparison to the rather stable value shown by the charge capacity, together with the higher discharge capacity values, seem to confirm that not all the Ni0 formed during the discharge processes participates in the charge steps. This situation originates a lower amount of available NiO after each successive discharge process, leading to a stabilized final discharge capacity of 467 mA h g−1 after 16 cycles.



The galvanostatic discharge–charge curves (capacities vs. voltage) at 1000 mA g−1 between 0.010 and 3.000 V (vs. Na+/Na) are presented in Figure 5a. This sample was previously charged–discharged three times at 400 mA g−1 in order to consolidate the SEI before evaluating the cycling behavior at 1000 mA g−1.



The curves show a performance similar to that observed during the cycling at 400 mA g−1, with a decrease in the capacity. The explanation relies again on the incomplete reversibility of the conversion between NiO and Ni0. In this case, as a result of the higher discharge and charge rates, the value of the discharge capacity after 40 cycles was 169 mA h g−1. This same sample, after the 40 charge–discharge cycles at 1000 mA g−1, was evaluated at 1200 mA g−1 for 50 cycles and then at 800 mA g−1 for 50 cycles (Figure 5b) in order to analyze the stability of the electrode. The observed continuous reduction in the discharge and charge capacity values is attributed to the certain partial irreversibility of the Na+ ion during the insertion–extraction process.



Long-term cycling at 1000 mA g−1 was also performed in order to analyze in detail the stability of the NiO electrodes (Figure 6). The figure shows the trend already observed in the previous figures with a rapid reduction in the capacity with the number of cycles. This decrease is particularly well-observed up to approximately 300 cycles and is possibly due to the aforementioned continued reduction in the amount of available NiO. In the last 150 cycles, the capacity values remain almost constant, which could be associated with a stabilization of the redox reactions at the electrode surface.




3.3. Post-Mortem Analysis of the Electrodes


To further test the hypothesis of a reduction in the NiO to metallic Ni while sodium becomes incorporated in the electrode during cycling (c.f., Equation (1)), we have investigated by XPS the state of the electrodes at different stages of the cycling process. The general spectra of the NiO-3V and NiO-0V samples, as taken from the electrochemical cell, revealed the presence of a high concentration of Na, Ni, and C, together with oxygen. The first analysis of the characteristic zone spectra of these elements confirmed that sodium (i.e., Na (1s) band) was in a cationic form and carbon (C1s peak) had a complex shape with two main components attributable, respectively, to adventitious carbon (BE. 284.5 eV), due to contamination by exposure to air before the incorporation of the samples in the spectrometer chamber, and a carbonate-like species (road band around 289.3 eV), likely due to the carbonation of the sodium oxide/hydroxide incorporated in the electrodes according to (1) or from the electrolyte. Meanwhile, as reported in Figure 2b, the Ni2p spectra in these samples presented a complex shape, resulting from the contribution of Ni0 and Ni2+ species and characterized by the Ni2p3/2 main contributions at approximately 852.5 and 856.0 eV, respectively [39]. Due to the exposure of the electrodes to air before their analysis by XPS, the detected partial oxidation of nickel at the surface of these samples might be due to air oxidation. To avoid this problem and to reduce surface contamination effects, we subjected to samples to a mild Ar+ sputtering treatment (see experimental section for details) that, under the working conditions of the calibrated ion gun, is equivalent to the removal of the outmost 5 nm surface layer. We assume that the spectra after this mild sputtering are a better representation of the chemical state and composition of the bulk of the electrodes. Figure 7a shows that in the NiO-0V sample, the shape of the Ni2p spectrum after sputtering corresponds to that of Ni0, while in the NiO-3V sample, the spectrum (Figure 7b) indicates the presence of both Ni0 and NiO [41]. Interestingly, the Ni/Na atomic ratio determined from the analysis of the spectra presented values of 0.35 and 3.35 for the NiO-0V and NiO-3V samples, respectively. These values support a considerable incorporation of sodium in the bulk of the electrodes in the NiO-0V sample where, in agreement with Equation (1), nickel appears in a metallic form. In the NiO-3V sample, the amount of incorporated sodium is much smaller, very likely corresponding to a residual amount of sodium ions that remains in the electrode, likely causing the progressive decrease in performance indicated in Figure 4, Figure 5 and Figure 6. In agreement with the residual character of the sodium remaining in this electrode, the chemical state is a mixture of Ni0 and NiO (note that the relative amount of Ni0 is likely enhanced due to the partial reduction of NiO to Ni0, known to occur when NiO is subjected to Ar+ bombardment [42]).



In addition, we used confocal micro-Raman (CRM) coupled with Atomic Force Microscope (AFM) and integrated software tools of a NiO electrode after charge (NiO-3V) and discharge (NiO-0V) processes to investigate the redox mechanism. The Raman spectra of NiO thin films after charge and discharge are shown in Figure 8a.



The spectra of the charged NiO thin film are quite similar to those of the as-prepared NiO (Figure 2d), since the Na ions leave the electrode while Ni is oxidizing. However, the discharged NiO thin film presents significant differences that justified a more in-depth study of this sample. The Raman image of Figure 8b is an XY surface mapping of the discharged NiO electrode (NiO-0V) where two different spectra can be observed and combined in a color-coded image. Both color zones, blue and red, correspond to the curves of the same color in Figure 8c. The blue zone and spectra clearly reveal a minority region showing four peaks that can be discerned in the spectra at 466, 621, 820, and 1093 cm−1 [35,37]. Two vibration modes, the small and narrow peak at 200 cm−1, related to a one-phonon excitation, and the band, related to a two-magnon excitation at 1457 cm−1, have disappeared in comparison with the results for the as-prepared NiO electrode. The red spectrum shows two vibration bands at 621 and 1093 cm−1 related to Ni, and an intense Raman peak at 278 cm−1 that can be indexed to the Ni–Na mode [40,41]. This result suggests the formation of Ni and Na2O during the discharge process as previously discussed.





4. Discussion


NiO thin films (560 nm thick) have been successfully prepared by magnetron sputtering (MS) deposition under an oblique angle configuration (OAD). NiO films show a columnar microstructure of about 75 nm in diameter, separated by large voids and pores. This architecture facilitates the diffusion of sodium ions as the electrolytes can penetrate into the empty spaces, and it accommodates the volume changes caused by the successive charge and discharge cycles. XPS and a micro-Raman analysis of the charged and discharged samples have confirmed the reversibility of the conversion reaction of NiO with sodium ions. The results of the electrochemical study indicate the high discharge capacities of NiO films during the first cycle at different current intensities. However, the continuous reduction in capacity with the number of cycles is a consequence of a limited reversibility in the charge-discharge cycling, as demonstrated by XPS and the micro-Raman analysis. The accessibility to NiO particles inside the nanocolumns with a well-defined porous structure could improve the electrochemical behavior of these electrodes. On the other hand, an enhancement of the electrical conductivity (not considered in this paper) should also lead to higher capacity values.







Author Contributions


Conceptualization, J.M.; F.J.G.-G.; A.R.G.-E. and M.A.; methodology, J.M.; F.J.G.-G.; A.R.G.-E. and M.A.; validation, J.M.; F.J.G.-G.; A.R.G.-E. and M.A.; writing, original draft preparation, J.M.; F.J.G.-G.; A.R.G.-E. and M.A.; writing—review and editing, J.M.; F.J.G.-G.; A.R.G.-E. and M.A.; funding acquisition, A.R.G.-E. and M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Regional Development Funds program (EU-FEDER) and the Ministerio de Ciencia, Innovación y Universidades (ENE2017-91726-EXP and PID2019-110430GB-C21). F.J García-García acknowledges the financial support from the “VI Plan Propio de Investigación” de la Universidad de Sevilla, as well as the European Regional Development Fund and the Junta de Andalucía for the Research Project I+D+i FEDER Andalucía 2014-2020 with ref. US-15382.




Acknowledgments


The authors wish to thank Miguel Gómez for his help with the electrochemical characterization.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kang, H.; Liu, Y.; Cao, K.; Zhao, Y.; Jiao, L.; Wang, Y.; Yuan, H. Update on anode materials for Na-ion batteries. J. Mater. Chem. A 2015, 3, 17899–17913. [Google Scholar] [CrossRef]

	



Li, Y.; Hu, Y.S.; Qi, X.; Rong, X.; Li, H.; Huang, X.; Chen, L. Advanced sodium-ion batteries using superior low cost pyrolyzed anthracite anode: Towards practical applications. Energy Storage Mater. 2016, 5, 191–197. [Google Scholar] [CrossRef]

	



Liu, Z.; Yu, X.Y.; Lou, X.W.D.; Paik, U. Sb@C coaxial nanotubes as a superior long-life and high-rate anode for sodium ion batteries. Energy Environ. Sci. 2016, 9, 2314–2318. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, X.; Liang, Q.; Liu, X.; Weng, Q.; Liu, J.; Yang, Y.; Da, Z.; Ding, K.; Bando, Y.; et al. Amorphous phosphorus/nitrogen doped graphene paper for ultrastable sodium-ion batteries. Nano Lett. 2016, 16, 2054–2060. [Google Scholar] [CrossRef]

	



Ge, P.; Fouletier, M. Electrochemical intercalation of sodium in graphite. Solid State Ion. 1988, 28–30, 1172–1175. [Google Scholar] [CrossRef]

	



Stevens, D.A.; Dahn, J.R. The mechanisms of lithium and sodium insertion in carbon materials. J. Electrochem. Soc. 2001, 148, A803–A811. [Google Scholar] [CrossRef]

	



Asher, R.C. A lamellar compound of sodium and graphite. J. Inorg. Nucl. Chem. 1959, 10, 238–249. [Google Scholar] [CrossRef]

	



Zhu, C.; Xu, F.; Min, H.; Huang, Y.; Xia, W.; Wang, Y.; Xu, Q.; Gao, P.; Sun, L. Identifying the conversion mechanism of NiCo2O4 during sodiation–Desodiation cycling by in situ TEM. Adv. Funct. Mater. 2017, 27, 1606163. [Google Scholar] [CrossRef]

	



He, Y.; Li, A.; Dong, C.; Li, C.; Xu, L. Mesoporous tin-based oxide nanospheres/reduced graphene composites as advanced anodes for lithium-ion half/full cells and sodium-ion batteries. Chem. Eur. J. 2017, 23, 13724–13733. [Google Scholar] [CrossRef]

	



Tang, J.; Ni, S.; Chen, Q.; Han, W.; Yang, X.; Zhang, L. The electrochemical performance of NiO nanowalls/Ni anode in half-cell and full-cell sodium ion batteries. Mater. Lett. 2017, 195, 127–130. [Google Scholar] [CrossRef]

	



Cheng, M.Y.; Ye, Y.S.; Chiu, T.M.; Pan, C.J.; Hwang, B.J. Size effect of nickel oxide for lithium ion battery anode. J. Power Sources 2014, 253, 27–34. [Google Scholar] [CrossRef]

	



Poizot, P.; Laruelle, S.; Grugeon, S.; Dupont, L.; Tarascon, J.M. Nano-sized transition-metal oxides as negative-electrode materials for lithium-ion batteries. Nature 2000, 407, 496–499. [Google Scholar] [CrossRef] [PubMed]

	



He, K.; Lin, F.; Zhu, Y.; Yu, X.; Li, J.; Lin, R.; Nordlund, D.; Weng, T.C.; Richards, R.M.; Yang, X.Q.; et al. Sodiation kinetics of metal oxide conversion electrodes: A comparative study with lithiation. Nano Lett. 2015, 15, 5755–5763. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Cao, P.; Zhang, Z.; Zhao, Y.; Zhang, Y.; Li, L.; Yang, K.; Li, X.; Gu, L. Nickel/cobalt metal-organic framework derived 1D hierarchical NiCo2O4/NiO/carbon nanofibers for advanced sodium storage. Chem. Eng. J. 2019, 364, 123–131. [Google Scholar] [CrossRef]

	



Zhang, W.; Cao, P.; Li, L.; Yang, K.; Wang, K.; Liu, S.; Yu, Z. Carbon-encapsulated 1D SnO2/NiO heterojunction hollow nanotubes as high-performance anodes for sodium-ion batteries. Chem. Eng. J. 2018, 348, 599–607. [Google Scholar] [CrossRef]

	



Sun, W.; Rui, X.; Zhu, J.; Yu, L.; Zhang, Y.; Xu, Z.; Madhavi, S.; Yan, Q. Ultrathin nickel oxide nanosheets for enhanced sodium and lithium storage. J. Power Sources 2015, 274, 755–761. [Google Scholar] [CrossRef]

	



Wang, B.; Wang, G.; Cheng, X.; Wang, H. Synthesis and electrochemical investigation of core-shell ultrathin NiO nanosheets grown on hollow carbon microspheres composite for high performance lithium and sodium ion batteries. Chem. Eng. J. 2016, 306, 1193–1202. [Google Scholar] [CrossRef]

	



Hasa, I.; Verrelli, R.; Hassoun, J. Transition metal oxide-carbon composites as conversion anodes for sodium-ion battery. Electrochim. Acta 2015, 173, 613–618. [Google Scholar] [CrossRef]

	



Zou, F.; Chen, Y.M.; Liu, K.; Yu, Z.; Liang, W.; Bhaway, S.M.; Gao, M.; Zhu, Y. Metal organic frameworks derived hierarchical hollow NiO/Ni/Graphene composites for lithium and sodium storage. ACS Nano 2016, 10, 377–386. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.C.; Zhang, D.M.; Du, L.; Jiang, Q. Hollow Ni–NiO nanoparticles embedded in porous carbon nanosheets as a hybrid anode for sodium ion batteries with an ultra-long cycle life. J. Mater. Chem. 2018, 6, 12663–12671. [Google Scholar] [CrossRef]

	



Zhang, X.; Gao, X.; Li, D.; Duanmu, C.; Jiang, J.; Chen, J.; Yu, X.; Dong, P. Flower-like NiO/ZnO hybrid coated with N-doped carbon layer derived from metal-organic hybrid frameworks as novel anode material for high performance sodium-ion batteries. J. Colloid Interface Sci. 2020, 563, 354–362. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lim, Y.V.; Huang, S.; Pam, M.E.; Wang, Y.; Ang, L.K.; Shi, Y.; Yang, H.Y. Tailoring NiO nanostructured arrays by sulfate anions for sodium-ion batteries. Small 2018, 14, 1800898. [Google Scholar] [CrossRef] [PubMed]

	



López, M.C.; Lavela, P.; Ortiz, G.F.; Tirado, J.L. Transition metal oxide thin films with improved reversibility as negative electrodes for sodium-ion batteries. Electrochem. Commun. 2013, 27, 152–155. [Google Scholar] [CrossRef]

	



López, M.C.; Aragón, M.J.; Ortiz, G.F.; Lavela, P.; Alcántara, R.; Tirado, J.L. High Performance Full Sodium-Ion Cell Based on a Nanostructured Transition Metal Oxide as Negative Electrode. Chem. Eur. J. 2015, 21, 14879–14885. [Google Scholar] [CrossRef] [PubMed]

	



Demirkan, M.T.; Trahey, L.; Karabacak, T. Low-density silicon thin films for lithium-ion battery anodes. Thin Solid Films 2016, 600, 126–130. [Google Scholar] [CrossRef]

	



García-Valenzuela, A.; Alvarez, R.; Rico, V.; Cotrino, J.; González-Elipe, A.R.; Palmero, A. Growth of nanocolumnar porous TiO2 thin films by magnetron sputtering using particle collimators. Surf. Coat. Technol. 2018, 343, 172–177. [Google Scholar] [CrossRef]

	



Barranco, A.; Borras, A.; Gonzalez-Elipe, A.R.; Palmero, A. Perspectives on oblique angle deposition of thin films: From fundamentals to devices. Prog. Mater. Sci. 2016, 76, 59–153. [Google Scholar] [CrossRef]

	



Garcia-Garcia, F.J.; Gil-Rostra, J.; Terriza, A.; González, J.C.; Cotrino, J.; Ferrer, F.J.; González-Elipe, A.R.; Yubero, F. Low refractive index SiOF thin films prepared by reactive magnetron sputtering. Thin Solid Films 2013, 542, 332–337. [Google Scholar] [CrossRef]

	



Cano, M.; Garcia-Garcia, F.J.; Rodríguez-Padrón, D.; González-Elipe, A.R.; Giner-Casares, J.J.; Luque, R. Ultrastable CoxSiyOz nanowires by glancing angle deposition with magnetron sputtering as novel electrocatalyst for water oxidation. ChemCatChem 2019, 11, 6111–6115. [Google Scholar] [CrossRef]

	



Garcia-Garcia, F.J.; Gil-Rostra, J.; Yubero, F.; Espinós, J.P.; Gonzalez-Elipe, A.R.; Chaboy, J. “In Operando” X-ray Absorption Spectroscopy Analysis of structural changes during electrochemical cycling of WO3 and WxSiyOz amorphous electrochromic thin film cathodes. J. Phys. Chem. C 2014, 119, 644–652. [Google Scholar] [CrossRef]

	



Salazar, P.; Garcia-Garcia, F.J.; González-Elipe, A.R. Sensing and biosensing with screen printed electrodes modified with nanostructured nickel oxide thin films prepared by magnetron sputtering at oblique angles. Electrochem. Commun. 2018, 94, 5–8. [Google Scholar] [CrossRef]

	



Garcia-Garcia, F.J.; Yubero, F.; Espinós, J.P.; González-Elipe, A.R.; Lambert, R.M. Synthesis, characterization and performance of robust poison-resistant ultrathin film yttria stabilized zirconia–nickel anodes for application in solid electrolyte fuel cells. J. Power Sources 2016, 324, 679–686. [Google Scholar] [CrossRef]

	



Garcia-Garcia, F.J.; Mosa, J.; González-Elipe, A.R.; Aparicio, M. Sodium ion storage performance of magnetron sputtered WO3 thin films. Electrochim. Acta 2019, 321, 134669. [Google Scholar] [CrossRef]

	



Pauly, N.; Yubero, F.; García-García, F.J.; Tougaard, S. Quantitative analysis of Ni 2p photoemission in NiO and Ni diluted in a SiO2 matrix. Surf. Sci. 2016, 644, 46–52. [Google Scholar] [CrossRef]

	



Ulmane, N.M.; Kuzmin, A.; Grabis, J.; Sildos, I.; Pars, M. Raman scattering in nanosized nickel oxide NiO. J. Phys. Conf. Ser. 2007, 93, 012039. [Google Scholar]

	



Gandhi, A.C.; Huang, Y.C.; Yang, C.; Chan, T.; Cheng, C.L.; Ma, Y.R.; Wu, S. Growth mechanism and magnon excitation in NiO nanowalls. Nanoscale Res. Lett. 2011, 6, 485. [Google Scholar] [CrossRef]

	



Garoufails, C.S.; Barnasas, A.; Stamatelatos, A.; Karoutsos, V.; Grammatikopoulos, S.; Poulopoulos, P.; Baskoutas, S. A study of quantum confinement effects in ultrathin NiO films performed by experiment and theory. Materials 2018, 11, 949. [Google Scholar] [CrossRef]

	



Dietz, R.E.; Brinkman, W.F.; Meixner, A.E.; Guggenheim, H.J. Raman scattering by four magnons in NiO and KNiF3. Phys. Rev. Lett. 1971, 27, 814–817. [Google Scholar] [CrossRef]

	



Mironova-Ulmane, N.; Kuzmin, A.; Grabis, J.; Sildos, I.; Voronin, V.I.; Berger, I.F.; Kazantsev, V.A. Structural and magnetic properties of nickel oxide nanopowders. Solid State Phenom. 2010, 168–169, 341–344. [Google Scholar] [CrossRef]

	



Patel, K.N.; Deshpande, M.P.; Chauhan, K.; Rajput, P.; Sathe, V.; Pandya, S.; Chaki, S.H. Synthesis, structural and photoluminescence properties of nano-crystalline Cu doped NiO. Mater. Res. Express 2017, 4, 105027. [Google Scholar] [CrossRef]

	



González-Elipe, A.R.; Holgado, J.P.; Alvarez, R.; Munuera, G. Use of factor analysis and XPS to study defective nickel oxide. J. Phys. Chem. 1992, 96, 3080–3086. [Google Scholar] [CrossRef]

	



González-Elipe, A.R.; Alvarez, R.; Holgado, J.P.; Espinós, J.P.; Munuera, G. An XPS study of the Ar+ induced reduction of Ni2+ in NiO and Ni-Si Oxide Systems. Appl. Surf. Sci. 1991, 51, 19–26. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 00966 g001 550] 





Figure 1. Scanning electron microscopy (SEM) microstructure images of nickel oxide (NiO) magnetron sputtering technique under an oblique angle deposition configuration (MS-OAD): cross-section (a) and top view (b). 
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Figure 2. The physicochemical characterization of the as-prepared NiO thin film: (a) Rutherford backscattering (RBS); (b) X-ray photoelectron spectra; (c) X-ray diffraction (XRD); and (d) confocal micro-Raman. 
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Figure 3. The cyclic voltammetry curves (5 mV min−1) of the NiO films prepared on Cu substrates. 
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Figure 4. The electrochemical characterization of NiO films at a current intensity of 400 mA g−1: (a) discharge–charge profiles (capacity vs. cell voltage) and (b) discharge and charge capacities vs. cycle number. 






Figure 4. The electrochemical characterization of NiO films at a current intensity of 400 mA g−1: (a) discharge–charge profiles (capacity vs. cell voltage) and (b) discharge and charge capacities vs. cycle number.



[image: Nanomaterials 11 00966 g004]







[image: Nanomaterials 11 00966 g005 550] 





Figure 5. The electrochemical characterization of NiO films at different current intensities: (a) discharge–charge profiles (capacity vs. cell voltage) at 1000 mA g−1 and (b) discharge (blue) and charge (red) capacities vs. cycle number at 1000 (o), 1200(□), and 800 (Δ) mA g−1. 
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Figure 6. The discharge-charge capacities vs. cycle number of NiO films at 1000 mA g−1. 
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Figure 7. The Ni2p photoelectron spectra of the NiO-0V sample (a) and the NiO-3V sample (b) before (thin black line) and after (red thick line) a mild sputtering with Ar+. (Note that the spectra before sputtering have been multiplied by the factors indicated in the plot). The Ni2p3/2 features associated with Ni0 and Ni2+ and a satellite that is particularly intense for the Ni2+ species (marked with an asterisk) are highlighted in the plots. 
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Figure 8. A confocal micro-Raman analysis: (a) the Raman spectra of NiO-0V and NiO-3V films; (b) the Raman image of a discharged NiO film (integration time of 0.03 s); the colors in the spectra correspond to different areas in the Raman image using a filter for 278 cm−1; and (c) the main Raman spectra associated with the two different colors. 
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