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Abstract:



Electrodeposition of vanadium pentoxide coatings was performed at room temperature and a short growth period of 15 min based on an alkaline solution of methanol and vanadyl (III) acetyl acetonate. All samples were characterized by X-ray diffraction, Raman spectroscopy, field-emission scanning electron microscopy, cyclic voltammetry, and electrochemical impedance spectroscopy. The current density and electrolyte concentration were found to affect the characteristics of the as-grown coatings presenting enhanced crystallinity and porous structure at the highest values employed in both cases. The as-grown vanadium pentoxide at current density of 1.3 mA·cm−2 and electrolyte concentration of 0.5 M indicated the easiest charge transfer of Li+ across the vanadium pentoxide/electrolyte interface presenting a specific discharge capacity of 417 mAh·g−1, excellent capacitance retention of 95%, and coulombic efficiency of 94% after 1000 continuous Li+ intercalation/deintercalation scans. One may then suggest that this route is promising to prepare large area vanadium pentoxide electrodes with excellent stability and efficiency at very mild conditions.
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1. Introduction


During the last two decades, Li-ion batteries (LIBs) are conquering the markets of portable devices. Although, they have been optimized to meet the requirements of portable electronics, intrinsic characteristics—such as cost, safety, and cycle life—make them less feasible for large scale energy storage systems. The necessity of creating robust and sustainable batteries is the dominant factor of today’s market and academic institutions, which would eventually lead to next generation electronics for a greener future.



Among possible electrode materials, metal oxides have attracted a lot of interest due to their ability to form high energy density structures, their relatively high earth abundance, and the lack of any major safety or environmental issues associated with their use. Considering that reactions take place in the entire volume of the materials, the use of nanomaterials is an approach for boosting the performance of the electrodes. In fact, the decrease of metal oxide particle size to the nanoscale level is assumed to result in larger electrode/electrolyte contact areas and the ability to more effectively accommodate the strain of Li intercalation/deintercalation in nanomaterials [1].



Among the transition metal oxides, vanadium pentoxide (V2O5) is an excellent candidate for redox-dependent applications such as LIBs [2,3]. A great number of strategies have been proposed to develop nanoelectrodes including the self-assembled nanostructures [4], hierarchical 3D mixed conducting networks [5], self-supported nanoarrays with diverse morphologies on 2D/3D conductive substrates as binder-free electrodes [6], 2D nanostructures through dissolution-splitting method from their bulk crystal [7], ultrasonic treatment of powders [8], nanocomposites composed of graphene or carbon with actives [9,10,11], introduction of surface defects by gas annealing [12], and doping by metallic species [13,14]. Nevertheless, in some cases, the nanostructured electrodes require complicated fabrication approaches and present poor mechanical stability along with limited rate capability.



Towards this direction, electrodeposition has many benefits since no toxic chemicals are required and it can be employed at low temperatures and pressures. The materials characteristics can be controlled by varying the electrodeposition conditions [15,16] such as current density, time, and electrolyte concentration. In this work, V2O5 electrodes, without carbon or polymeric binders and metals, were obtained at room temperature from a solution of vanadyl (III) acetyl acetonate (VO(acac)3) in methanol (CH3OH) varying the concentration and the current density. The electrochemical properties of the resulting cathodes were examined based on aqueous electrolyte of lithium chloride (LiCl) presenting good cyclic stability and excellent coulombic efficiency after 1000 continuous Li+ intercalation/deintercalation scans. A correlation of the electrodeposited coatings characteristics with their corresponding electrochemical performance is discussed, which is important in terms of the improvement of Li+ intercalation mechanisms.




2. Materials and Methods


A three-electrode electrochemical cell [17,18,19] consisting of platinum, Ag/AgCl and SnO2-precoated glass substrates as the counter, reference and working electrodes, respectively was utilized for the deposition of V2O5 coatings. The electrolyte was a solution of VO(acac)3 (Aldrich, Manchester, UK, 97%) in CH3OH (Aldrich, UK, 99.8%). Prior to electrodeposition, SnO2-precoated glass substrates (Uniglass, Athens, Greece), all 1 cm × 1 cm × 0.3 cm in dimensions were ultrasonically cleaned with 2-propanol (Aldrich, UK, 99.5%), acetone (Aldrich, UK, 99.9%), deionized H2O and dried with N2. The growth of V2O5 was carried out at room temperature using (a) deposition current densities of 0.7, 1.0, and 1.3 mA·cm−2 for an electrolyte concentration of 0.5 M and (b) electrolyte concentrations of 0.08, 0.1, 0.2, and 0.5 M for a constant current density of 1.3 mA·cm−2. The deposition period was 15 min for both cases. Finally, each freshly deposited sample was dried in air at room temperature.



X-ray diffraction (XRD) measurements were carried out in a Siemens D5000 Diffractometer (SCIMED, Manchester, UK) for 2θ = 10.00°–50.00°, step-size = 0.02° and step time = 30 s/°. Raman measurements were performed in a Nicolet Almega XR micro-Raman system (CRAIC, Hertfordshire, UK) operating at wavenumber range of 100–1200 cm−1 using a 473 nm laser. Regarding the morphology of the samples, the analysis was carried out in a Jeol JSM-7000F field-emission scanning electron microscopy (FE-SEM, Zaventem, Belgium). Prior to FE-SEM analysis, samples were over-coated with a thin film of gold to prevent charging. Finally, cyclic voltammetry experiments were performed in the same set-up utilized for electrodeposition. The electrolyte was an aqueous solution of 1 M, LiCl (Aldrich, UK, ≥99.0%) for a number of scans up to 1000, a scan rate of 10 mV·s−1 through the potential range of −1.2–0 V. The galvanostatic curves were obtained at a constant specific current of 1 A·g−1 and a potential range of −0.1 to −0.65 V for a total period of 1000 s. Furthermore, the electrochemical impedance spectroscopy (EIS) curves were obtained at AC amplitude of −0.6 V and a set potential of 0 V over the frequency range of 10 mHz–35 kHz.



Finally, the coating’s thickness was estimated using a profilometer A-step TENCOR (KLA Tencor, Dublin, Ireland) by etching the V2O5 coatings off the SnO2 glass substrate in 1:3, H2O2 (30%):HCl and thickness was deduced from the measured step height.




3. Results and Discussion


The yellow electrodeposited V2O5 coatings had similar properties (structural and electrochemical) after approximately six months, indicating their stability over time.



3.1. Structure


Figure 1 shows a representative XRD pattern of the electrodeposited V2O5 coatings. It exhibits three characteristic 2θ values at 19.9°, 32.2°, and 45.8° with respective Miller indices (001), (400), and (411), which are consistent with crystalline V2O5 [20]. The peaks intensity was varied depending on the thickness of the coatings. Additionally, there is no vanadium oxide peak for the electrodeposited coatings using electrolyte concentration of 0.08 M and current density of 1.3 mA·cm−2, indicating its amorphous character.


Figure 1. XRD pattern of the electrodeposited V2O5 coatings on SnO2-precoated glass substrates using current density of 1.3 mA cm−2 and electrolyte concentration of 0.5 M for a growth period of 15 min at room temperature.
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In order to verify XRD results, Raman spectroscopy was also accomplished. Figure 2 displays the Raman spectra of electrodeposited V2O5 coatings for current densities of 0.7, 1.0, 1.3 mA·cm−2 and electrolyte concentration of 0.5 M along with the electrolyte concentrations of 0.1 and 0.2 M for 1.3 mA·cm−2. The peak positions agree with the literature [21,22,23,24].


Figure 2. Raman spectra of the electrodeposited V2O5 for current densities of 0.7, 1.0, 1.3 mA cm−2 at a constant electrolyte concentration of 0.5 M and for electrolyte concentrations of 0.1 and 0.2 M at 1.3 mA cm−2.
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Such outcomes suggest that the peaks intensity increases with increasing current density and electrolyte concentration, which means crystallinity of the electrodeposited V2O5 coatings is improved. This happens because for a certain time interval, when the current applied to the electrodeposition is increased, the amount of material should also increase according to Faraday’s first law. Accordingly, when the concentration of a solution increases, the particles are more crowded and the number of effective collision per unit of time is higher. It is then possible to define the electrodeposition parameters wherein single-phase highly crystalline V2O5 may be formed: current density of 1.3 mA·cm−2, electrolyte concentration of 0.5 M, deposition period of 15 min at room temperature. These parameters are expected to directly influence the characteristics of the electrodeposited coatings and promote their up-scale.



The growth rate of the electrodeposited coatings was estimated from the deposition time and the coating’s thickness as determined from the profilometer. The highest value was 5.3 nm·min−1 for electrolyte concentration of 0.5 M at 1.3 mA·cm−2. As the current density decreases to 0.7 mA·cm−2, the growth rate estimated to be 2.7 nm·min−1 indicating that there was no efficient deposition for current density <1.3 mA·cm−2. An analogous behavior occurs as the electrolyte concentration decreases to 0.2 M, reaching a value of 2.2 nm·min−1. These values are in agreement with the observations obtained from XRD and Raman spectroscopy (i.e., lower peak intensities for lower current densities and electrolyte concentrations).




3.2. Morphology


The electrodeposited V2O5 electrodes at various current densities and electrolyte concentrations were examined using FE-SEM; the obtained micrographs are shown in Figure 3 and Figure 4, respectively. At 1.3 mA·cm−2 for electrolyte concentration of 0.5 M, the prepared oxide consisted of agglomerated nanoparticles forming a porous structure (Figure 3c). As the current density decreased to 0.7 (Figure 3a) and 1.0 mA·cm−2 (Figure 3b), the oxide became condensed and cracks appeared for the lowest current density applied. A similar behavior was observed when the electrolyte concentration decreased to 0.1 (Figure 4a) and 0.2 M (Figure 4b) at a constant current density. All combine to an apparent increase of the oxide’s active volume with current density and electrolyte concentration i.e., accessible to charge through the porous morphology.


Figure 3. FE-SEM images of the electrodeposited V2O5 for current densities of 0.7 (a), 1.0 (b), and 1.3 mA·cm−2 (c) at a constant electrolyte concentration of 0.5 M for a magnification of ×50,000.
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Figure 4. FE-SEM images of the electrodeposited V2O5 for electrolyte concentrations of 0.1 (a) and 0.2 M (b) at 1.3 mA·cm−2 for a magnification of ×50,000.
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3.3. Electrochemical Performance


Cyclic Voltammetry


The effect of current density on the electrochemical properties of the electrodeposited V2O5 was examined by cyclic voltammetry as indicated in Figure 5a. The scan rate was 10 mV·s−1 through the potential range of −1.2–0 V. It is indicated that the current density of the as-grown V2O5 at room temperature for electrolyte concentration of 0.5 M at 1.3 mA·cm−2 is the highest presenting enhanced electrochemical activity. Only this sample showed stability after 1000 continuous Li+ intercalation/deintercalation scans—as indicated from the similarity of the red and black curve in Figure 5a inset—and the morphology’s preservation without obvious damage (Figure 5b) compared with the pristine sample (Figure 3c). Regarding the other as-grown coatings, detachment of the oxide by the electrolyte was observed after a few scans (the working electrode was optically the same with the substrate prior to deposition). Similar observations were observed for the electrodeposited V2O5 coatings for 0.1 and 0.2 M at 1.3 mA·cm−2. Since, the electrochemical cell is made up of glass, these changes could be observed during the electrochemical measurements. This observation is consistent with reports that amorphous materials dissolve more easily than crystallized ones during Li+ intercalation/deintercalation processes [25], strengthening the stability of the electrodeposited V2O5 for electrolyte concentration of 0.5 M at 1.3 mA·cm−2 with improved crystallinity.


Figure 5. Cyclic voltammograms of electrodeposited V2O5 at room temperature for current densities of 0.7, 1.0, 1.3 mA·cm−2 at a constant electrolyte concentration of 0.5 M (cyclic voltammograms of V2O5 at current density of 1.3 mA cm−2 for the 1st and the 1000th scan as inset) (a). FE-SEM image of the electrodeposited V2O5 for a current density of 1.3 mA·cm−2 after 1000 scans (b).
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The charge/discharge curves at a specific current of 1 A·g−1 and potential ranging −0.65 to −0.1 V vs. Ag/AgCl of the as-grown V2O5 coatings using 0.7, 1.0, and 1.3 mA·cm−2 for an electrolyte concentration of 0.5 M are shown in Figure 6. The mass of the electrodeposited oxides was measured by a five-digit analytical grade scale obtained by measuring the SnO2-precoated glass substrate before and after the growth. It was found to be 0.00005, 0.00007, 0.00012 g for 0.7, 1.0, and 1.3 mA·cm−2, respectively. The bent charge and discharge curves of all samples can be attributable to the high interfacial resistance at the interface between the electrode and the electrolyte. The specific discharge capacity of V2O5 for 1.3 mA·cm−2 was 417 mAh·g−1 with capacitance retention of 95% and coulombic efficiency of 94% after 1000 continuous Li+ intercalation/deintercalation scans. Thus, excellent cycle lifetime and efficiency are presented for this sample due to enhanced crystallinity and surface contributions as it possibly has higher interfacial area and thus can maintain more contact with the electrolyte (due to the highest thickness and the porous morphology). This facilitates better Li+ diffusion to the active material, which consequently improves material accessibility and reduces ohmic resistance due to better electrical contact with the current collector (SnO2-precoated glass substrate). The estimated specific discharge capacity is comparable with nanoparticles employing rice husk carbon as templates (250 mAh·g−1 [26]), nanostructured hollow microspheres (195 mAh·g−1 [27]), nanoribbons (200 mAh·g−1 [28]), and porous nanostructured V2O5 (325 mAh·g−1 [29]). One may then say that the process followed in this work is promising to prepare large area V2O5 electrodes with excellent stability and efficiency at very mild conditions including the deposition temperature at room temperature, quick deposition period, and aqueous electrolytes.


Figure 6. Charge/discharge curves at a specific current of 1 A·g−1 for the electrodeposited V2O5 coatings at room temperature using 0.7, 1.0, 1.3 mA·cm−2 at a constant electrolyte concentration of 0.5 M.
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The effect of current density on the electron transport and recombination properties of the electrodeposited V2O5 coatings is examined using a frequency response analysis in the range from 10 mHz to 35 kHz as shown in Figure 7. The symbols present the experimental data, while the solid lines, the results fitted by Z view software (FRA32M, Metrohm Autolab, Utrecht, The Netherlands). The equivalent circuit utilized to fit the plots is indicated in Figure 7 inset, which consists of a solution resistance (Rs), a charge transfer resistance across the interface (Rp), and a constant phase element. All plots show semicircles, which correspond to the charge transfer reaction at the electrode/electrolyte interface [30,31]. The smaller the diameter of the semicircle is, the smaller the charge transfer resistance will be, indicating that the electrodeposited V2O5 for current density of 1.3 mA·cm−2 (145 Ω) is beneficial for charge transfer across the electrode/electrolyte interface.


Figure 7. Nyquist plots of the measured (symbols) and fitted (line) impedance spectra of the electrodeposited V2O5 at room temperature for current density of 0.7, 1.0, and 1.3 mA·cm−2 at a constant electrolyte concentration of 0.5 M. Equivalent circuit is indicated as inset.
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4. Conclusions


Electrodeposited V2O5 coatings were prepared at room temperature without surfactants, carbon or polymeric binders and metals, but simply based on an alkaline solution of CH3OH and VO(acac)3. Structural analysis indicated the enhanced crystalline quality of the coatings as the current density and electrolyte concentration increased. Morphology of the as-grown coatings was also affected, indicating cracks at the lowest current density employed, while at 1.3 mA·cm−2 agglomerated nanoparticles eventually appeared, forming a porous structure. A similar behavior was observed as a function of the electrolyte concentration. The electrode material for current density of 1.3 mA·cm−2 showed the best performance including a specific discharge capacity of 417 mAh·g−1 with excellent capacitance retention of 95% and coulombic efficiency of 94% after 1000 continuous Li+ intercalation/deintercalation scans under a specific current of 1 A·g−1. This improved performance is ought to the enhanced crystallinity and surface contributions (highest thickness and porous morphology), which facilitate better Li+ diffusion to the active material reducing ohmic resistance.
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