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Abstract:



The performance of synergetic hybrid aerogel materials of vanadia and graphene as electrode materials in supercapacitors was evaluated. The hybrid materials were synthesized by two methods. In Method I, premade graphene oxide (GO) hydrogel was first chemically reduced by L-ascorbic acid and then soaked in vanadium triisopropoxide solution to obtain V2O5 gel in the pores of the reduced graphene oxide (rGO) hydrogel. The gel was supercritically dried to obtain the hybrid aerogel. In Method II, vanadium triisopropoxide was hydrolyzed from a solution in water with GO particles uniformly dispersed to obtain the hybrid gel. The hybrid aerogel was obtained by supercritical drying of the gel followed by thermal reduction of GO. The electrode materials were prepared by mixing 80 wt % hybrid aerogel with 10 wt % carbon black and 10 wt % polyvinylidene fluoride. The hybrid materials in Method II showed higher capacitance due to better interactions between vanadia and graphene oxide particles and more uniform vanadia particle distribution.
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1. Introduction


Supercapacitors have gained considerable attention as energy storage devices due to their high storage capability, excellent discharge-charge rates, long life cycle, and low maintenance costs [1]. Supercapacitors are divided into two categories based on the mechanism of energy storage—(1) electrochemical double-layer capacitors (EDLCs) based on carbon materials, and (2) pseudocapacitors based on electrode materials composed of redox metal oxides or conducting polymers [2]. The capacitance of EDLCs originates from the electrical double-layer formed at the electrode-electrolyte interface. The charge accumulation, in this case, occurs via a non-Faradaic process [2,3]. In the case of pseudocapacitors, the capacitance is derived from a Faradaic process whereby the redox reactions of the electrode materials and the electrolyte occur at the electrode surfaces [4,5].



Graphene aerogels consisting of three-dimensional networks of graphene sheets were considered as electrode materials of supercapacitors in recent investigations [6]. The hierarchically-porous structures with high surface area attributed to aerogels and the high values of electrical conductivity of graphene sheets were found responsible for high specific capacitance of 128 F/g at a current density of 50 mA·g−1 [7]. However, higher capacitance than most other EDLCs cannot be achieved due to the limitations imposed by the surface area [2]. Some transition metal oxides with various valences were extensively studied for pseudocapacitance produced via redox reactions of the electrode materials and the electrolyte [2]. Among the transition metal oxides, V2O5 is considered a promising electrode material due to its large specific capacitance and easy synthesis process [8]. Although V2O5 exhibits satisfactory specific capacitance of 214–346 F/g in KCl [3], its applications and development are somewhat restricted due to poor cycle stability caused by the collapse of the structures during the charge-discharge process and the low values of electrical conductivity [8,9,10]. These obstacles must be removed to capitalize on the higher specific capacitance values of V2O5, possibly through identification of a set of synergistic materials.



In this work, such a synergy was obtained by combining V2O5 and graphene aerogels into single hybrid materials. In these materials, graphene contributes a smooth path for charge transport and provides mechanically stronger structures, while the organized V2O5 particles provide a scope for energy storage. This paper presents two facile and green methods for preparation of hybrid aerogels based on V2O5 and reduced graphene oxide (rGO). In addition, the synergetic materials in this work avoid the often-encountered compatibility issues of two entirely different materials in the hybrids [11].




2. Experimental


2.1. Materials


Natural graphite powder (99.9995% purity, UCP-1 grade) used in the synthesis of graphene was purchased from Alfa Aesar (Ward Hill, MA, USA). Potassium peroxodisulfate (≥99.0%), phosphorus pentoxide (≥98.0%), potassium permanganate (≥99.9% purity), and acetone (≥99.5%) were purchased from Sigma Aldrich (Milwaukee, WI, USA). Hydrogen peroxide (30 wt % solution) was purchased from EMD (Billerica, MA, USA). The precursor material vanadium triisopropoxide (>98.7% purity) and L-ascorbic acid (≥99.0% purity) were purchased from VWR Inc. (Radnor, PA, USA). All aqueous solutions and dispersions were produced using deionized (DI) water.




2.2. Preparation of Graphene Oxide Dispersions


Graphite powder was oxidized to graphene oxide (GO) via a modified Hummers method reported elsewhere [6]. Briefly, 12 mL concentrated H2SO4 was heated up to 90 °C in a 100 mL beaker. Then 2.5 g K2S2O8 and 2.5 g P2O5 were added into the beaker with gentle stirring until the materials dissolved completely. The solution was cooled down to 80 °C and 3 g graphite powder was added into it. The mixture was kept at 80 °C for 5 h and then cooled down to room temperature, diluted with 500 mL DI water, and allowed to stand overnight. The solid was filtered, washed with DI water to remove the residual acid, and allowed to dry under ambient conditions. The solid was transferred into 120 mL cold concentrated H2SO4 at 0 °C and 15 g KMnO4 was added to it slowly under stirring. The mixture was kept at 35 °C under stirring for 2 h to obtain graphene oxide (GO), after which it was diluted slowly with 250 mL DI water to keep the temperature below 50 °C. The mixture was stirred for 2 h, diluted with 700 mL DI water, and mixed with 20 mL 30 wt % H2O2 solution. The mixture containing GO particles was allowed to stand for 12 h and the solid was washed with 1 L 5 wt % HCl solution to remove the metal ions, followed by 1 L DI water to remove the residual acid. GO was dispersed in DI water by ultrasonication for 40 m after which the concentration of GO in the dispersion was adjusted to 7 mg/mL.




2.3. Method I: Preparation of Graphene-Templated Hybrid Aerogel


The hybrid aerogel was prepared in this method using a general procedure reported elsewhere [12]. GO dispersion was diluted to 2 mg/mL and dispersed using ultrasonication for 40 min. L-ascorbic acid (0.42 g) was added into 70 mL GO dispersion under stirring until it completely dissolved. The mixture was heated to 50 °C and allowed to stand for 12 h to form reduced graphene oxide (rGO) gel. The rGO gel was washed with large quantities of DI water over three days to remove the soluble ions and the residual L-ascorbic acid, followed by solvent exchange with acetone for three days to remove water. The graphene gel in acetone was soaked overnight in a solution of 0.8 mL VO(OC3H7)3 in 4.5 mL acetone. This allowed diffusion of VO(OC3H7)3 molecules into the pores of the graphene gel. The gel was then transferred into another vial filled with 3 mL acetone and 1 mL DI water to induce hydrolysis of VO(OC3H7)3 and condensation of vanadium hydroxide into V2O5 gel inside the pores of the graphene gel. The molar ratio VO(OC3H7)3:water:acetone was kept at 1:60:45. The number of moles (n) of VO(OC3H7)3 was estimated from the relationship n = CVO(OC3H7)3·Vgraphene gel, where CVO(OC3H7)3 is the molar concentration of VO(OC3H7)3 and Vgraphene gel (=π·r2·l) is the volume of the cylinder of graphene gel, with r and l as the radius and the length of the graphene specimen, respectively.



The hybrid gel was allowed to stand for three days at room temperature for aging, after which the gel was washed with acetone for two days to remove the residual water. The hybrid gel was dried using supercritical CO2. Three groups of hybrid aerogels were prepared at different concentrations of VO(OC3H7)3 with the molar ratio of VO(OC3H7)3:H2O:acetone kept constant. The concentration of VO(OC3H7)3 was maintained at 0.64 M, 0.82 M and 1 M, and the corresponding hybrid aerogels are denoted in the rest of the paper as rGO-V2O5-0.64, rGO-V2O5-0.82, and rGO-V2O5-1, respectively.




2.4. Method II: Preparation of Hybrid Aerogel Via One-Pot Synthesis


The hydrolysis of VO(OC3H7)3 yields vanadium hydroxide. The polar functional groups, such as –COOH and –OH, on graphene surfaces can interact with vanadium hydroxide or its oligomers. The vanadium hydroxide forms an octahedral complex by one H2O molecule opposite to the V=O bond, and the hydroxyl group on the graphene oxide surfaces coordinating at the equatorial plane as shown in Figure S1 [13]. These coordination bonds facilitate the growth of VO oligomers and enhance their interactions with the graphene sheets.



A typical preparation process is as follows. 1 mL VO(OC3H7)3 and 5 mL acetone were mixed in a vial in an ice bath under vigorous stirring. As gelation of VO(OC3H7)3 occurs rapidly, all of the chemicals were kept in an ice bath for 15 min prior to mixing. A 4 mL GO dispersion was added into the vial and mixed to induce hydrolysis of VO(OC3H7)3. The concentration of GO in aqueous dispersions was maintained at 2 mg/mL, 4 mg/mL, and 6 mg/mL. The corresponding materials are designated as V2O5-rGO-2, V2O5-rGO-4, and V2O5-rGO-6, respectively, in the rest of the paper.



The resultant liquid was transferred into a cylindrical mold and the gel formed in approximately 1 min. The gel was aged for two days at room temperature in the sealed cylindrical mold. During the aging process, the color of the gel changed from dark red to deep green indicating the presence of V4+ ions [14]. The final gel was washed with acetone five times in 5 h intervals to remove the residual water from the gel. The hybrid aerogel was obtained by supercritical drying of the gel using CO2. The as-prepared aerogel was heated in air at 300 °C for 90 min to reduce GO into graphene [15]. Simultaneously, V4+ ions underwent oxidation to V5+ ions. In addition, V2O5 underwent partial crystallization due to the thermal treatment.




2.5. Characterization


The morphology of the prepared materials was examined by scanning electron microscopy (SEM; JEOL-7401, Boston, MA, USA) and transmission electron microscopy (TEM; JEOL-1230, Boston, MA, USA). X-ray diffraction (Bruker AXS Dimension D8, Billerica, MA, USA) was carried out to study the crystalline structures of the samples. The chemical structures were analyzed by Raman spectroscopy (Horiba LabRam HR, Kyoto, Japan) and Fourier transform infrared spectroscopy (Nicolet 380, Cleveland, OH, USA). The surface properties were characterized by Micromeritics Tristar II 3020 Analyzer (Micromeritics, Norcross, GA, USA), which include Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size distribution. The thermal stability of the prepared samples was determined from thermogravimetric analysis (TGA) (TA Instrument, New Castle, DE, USA) in air with a 10 °C/min heating rate and air flow rate of 60 mL/min.




2.6. Electrochemical Measurements


The electrochemical performance of the materials was determined using a symmetrical two-electrode system with 1 M Na2SO4 aqueous solution as the electrolyte. The electrode was prepared by mixing 80 wt % hybrid aerogel materials as the active materials, 10 wt % PVDF as the binder, and 10 wt % carbon black as the conducting material into a slurry. The slurry was dropped onto a nickel foam spreading to 1 cm2 area and the materials were dried at 110 °C for 12 h in vacuum to remove the solvent. The coated nickel foam was then compressed under 10 MPa pressure. The weight of each active material was kept in the range of 0.45–0.5 mg. Cyclic voltammetry (CV) tests with potential window of −1 to 1 V at scanning rates varying from 10 to 100 mV/s and electrochemical impedance spectroscopy (EIS) with frequency range of 0.01 Hz to 100 kHz were performed on the CHI600E electrochemical workstation (CH Instruments, Inc., Austin, TX, USA). The galvanostatic charge/discharge tests were carried out between −1 to 1 V. The specific capacitance (C) for a single electrode according to the charge/discharge curve was obtained from the following relationship:


C = 2IΔt/(m ΔV)



(1)




where I is the applied constant current, m is the mass of the active materials in one electrode, Δt is the discharging time, and ΔV is the potential window.





3. Results and Discussions


3.1. Hybrid Aerogels Produced in Method I


For hybrid aerogels produced in Method I, the concentration of VO(OC3H7)3 in solution was varied from 0.64 M to 1 M. The SEM image of rGO aerogel (Figure 1a) shows uniform morphology of randomly-arranged sheet-like structures of graphene. The SEM image of V2O5 aerogel presented in Figure 1b displays 3-D networks of rod-like interconnected vanadia particles, which is further verified by the TEM image in Figure 1c. The image in Figure 1c suggests that the building blocks of V2O5 aerogel were rod-like structures of typical length approximately 300 nm and diameter several tens of nanometers. Such rod-like structures with typical length 1 µm were reported earlier [16]. The TEM image of the hybrid aerogel rGO-V2O5-0.82 in Figure 1d indicates the presence of both rod-like structure of V2O5 as in Figure 1c, and the layers of thin sheets of graphene, as seen in Figure 1a. We attribute such a hybrid aerogel structure to the specific gelation process used in Method I.


Figure 1. (a–d) correspond to Method I: SEM images of (a) rGO aerogel and (b) V2O5 aerogel; TEM images of (c) V2O5 aerogel and (d) rGO-V2O5-0.82 hybrid aerogel. (e–h) correspond to Method II. (e) SEM and (f) TEM images of V2O5 aerogel; (g) SEM image of V2O5-rGO-6 hybrid aerogel; and (h) TEM image of V2O5-rGO-6 hybrid aerogel.
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The composition of the as prepared hybrid aerogels was quantitatively determined from the TGA traces generated in air. In Figure S2a, the TGA traces revealed the following trends: gradual weight loss at just above room temperature due to a loss of moisture; weight reduction at close to 200 °C due to the removal of bound water; and the more dramatic weight loss between 300 °C and 350 °C due to the decomposition of the organic groups on graphene [17]. The steep decline in specimen weight at 400–430 °C was due to burning off of graphene [11]. The weight gain after 430 °C is attributed to oxidation of V4+ ions to V5+ ions. The differences of the residual weights of the hybrid aerogel and that of the V2O5 aerogel with the same amount of vanadium isopropoxide in the formulations were used to determine the approximate graphene content in the hybrid aerogels. The graphene contents were found to be 29 wt %, 24 wt %, and 17 wt % respectively for hybrid aerogels rGO-V2O5-0.64, rGO-V2O5-0.82, and rGO-V2O5-1.



The crystal structure of the samples, especially the basal spacing of graphene particles, was inferred from the X-ray diffraction (XRD) patterns as shown in Figure 2. The basal spacing of GO was found to be 0.91 nm which is much larger than that of natural graphite (0.33 nm), indicating that chemical oxidation of graphite to GO was complete in these materials and that the interlayer distance was expanded [18]. In the case of rGO aerogel, the XRD pattern shows a broad peak at around 24°. In addition, the peak at 9.8° corresponding to (001) plane of GO is absent in Figure 2a. This indicates that the method of reduction of GO to graphene using L-ascorbic acid was successful.


Figure 2. (a,b) XRD patterns of graphite, GO, graphene, and rGO-V2O5-0.82 hybrid aerogel; and (c) Raman spectra of GO and rGO.
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The XRD pattern of the rGO-V2O5-0.82 hybrid aerogel revealed only two reflection peaks at around 7.4° and 27.9°, and the low intensity of the peaks suggests a small degree of crystalline order [19]. In view of previous work [20,21], the (001) peak at 7.4° corresponds to the layer stacking of V2O5 (d = 1.19 nm) [22,23]. The absence of a graphene peak in the XRD patterns of hybrid aerogels indicates that restacking of graphene sheets did not occur in hybrid aerogels and that graphene was present mostly as single sheets [24]. The FTIR spectra shown in Figure S3 suggests the chemical structures of GO, rGO, and the hybrid aerogels.



Raman spectroscopy was used to determine the quality of graphene by analyzing the intensity ratio of the D- and G-bands. The D-band results from the disorder-induced mode reflecting structural defects and the G-band is associated with the E2g mode from sp2-hybridized carbon domains [25]. The intensity ratio ID/IG reflects the disorder degree of carbon materials [26]. The Raman spectra of GO and rGO aerogel are shown in Figure 2c. There are two obvious peaks at around 1357 cm−1 and 1608 cm−1 in the Raman spectrum of GO corresponding to the D-band and G-band, respectively. The Raman spectrum of rGO aerogel also shows the D- (at 1343 cm−1) and G-band (at 1585 cm−1). The ID/IG ratio of rGO aerogel is 1.24 which is greater than that of GO (1.15) indicating a reduction of the average size of the sp2 domains [27] when the oxygen groups were removed during the reduction process of GO. In addition, the width of the half-maximum of the G-band was reduced, which suggests a high graphitization degree of rGO aerogel [28].



The presence of platelet-type graphene particles and rod-like vanadia particles in the hybrid aerogels presents several interesting scenarios in terms of solid surface area and pore size distribution. Barrett–Joyner–Halenda (BJH) pore size distributions of rGO aerogel and rGO-V2O5-0.82 hybrid aerogel are presented in Figure S4a,b. These were obtained from nitrogen adsorption-desorption isotherms shown in Figure S5. As is evident, the isotherms in Figure S5 are type IV, indicating mesoporous structures. Both samples show mesopores with distinct pore size distribution, as seen in Figure S4. In the case of rGO aerogel, the predominant pores are 4 nm and 60 nm, while those for rGO-V2O5-0.82 hybrid aerogel are 4 nm and 40 nm, the latter due to the presence of V2O5. The BET specific surface area of rGO-V2O5 hybrid aerogels are generally lower than that of rGO aerogel (641 m2/g), e.g., 396, 348, 299 m2/g, respectively, for hybrid aerogel specimens rGO-V2O5-0.64, rGO-V2O5-0.82, and rGO-V2O5-1. Note that the specific surface area of V2O5 aerogel (254 m2/g) is much smaller than that of rGO aerogel.



The specific capacitance of the electrodes fabricated using V2O5 aerogel, rGO aerogel, and V2O5-rGO hybrid aerogels were determined from galvanostatic charge/discharge test data. The values of specific capacitance are shown in Figure 3a. We find that the specific capacitance of the rGO-V2O5-0.82 hybrid aerogel calculated from charge/discharge curves are much higher (203 F/g), compared to the rGO aerogel (105 F/g) and the V2O5 aerogel (132 F/g). In view of this, the electrochemical performance the rGO-V2O5-0.82 hybrid aerogel was further investigated. In Figure 3b, the CV curve of the rGO aerogel exhibits an almost rectangular shape suggesting the EDLC characteristic [3]. In the case of the rGO-V2O5-0.82 hybrid aerogel, a pair of redox peaks are observed with a larger area than the V2O5 aerogel and the graphene aerogel under the same scanning rate. These indicate that the specific capacitance of the rGO-V2O5-0.82 hybrid aerogel is higher than both the rGO and V2O5 aerogels along with a Faradaic redox reaction occurring during the charge/discharge process (Figure 3c) [3]. Furthermore, for the hybrid aerogel system, the redox peak is more well-defined, which implies that the presence of graphene improves the utilization of V2O5 and, therefore, contributes pseudo-capacitance to the overall capacitance. The CV curves of the rGO-V2O5-0.82 hybrid aerogel at varied scan rates (Figure 3d) show a regular and symmetric shape to zero-current line indicating an excellent electrochemical reversibility due to the synergetic effect of EDLC and pseudo-capacitor. The Nyquist plot shown in Figure 3e reveals that rGO aerogel shows an almost ideal EDLC feature with a nearly vertical straight line along the imaginary axis in the low frequency region. Additionally, for the rGO-V2O5-0.82 hybrid aerogel, a stronger vertical line than the V2O5 aerogel are observed, which is closer to the line for the rGO aerogel. Moreover, the charge transfer resistance (RCT) measured by the diameter of the semicircle in the high-frequency region also reflects the capacitive property [29]. The calculated values of RCT for the rGO aerogel, the V2O5 aerogel, and the rGO-V2O5-0.82 hybrid aerogel are 0.4 Ω, 3.7 Ω, and 1.7 Ω, respectively. These results indicate that the combination of V2O5 and graphene improves the conductivity of the electrode materials and minimizes the ion transportation path.


Figure 3. (a) Summary of specific capacitance of a series hybrid aerogels prepared by Method I as compared with pure V2O5 and rGO aerogels; (b) cyclic voltammetry curves of the rGO-V2O5-0.82 hybrid aerogel as compared with pure V2O5 and rGO aerogels at a scan rate of 10 mV/s; (c) galvanostatic charge/discharge curves of rGO and V2O5 aerogels and the rGO-V2O5-0.82 hybrid aerogel at a current density of 1 A/g; (d) CV curves of the rGO-V2O5-0.82 hybrid aerogel at a varied scan rate; (e) electrochemical impedance spectra measured at a frequency of 0.01 HZ–100 kHZ for the rGO aerogel, the V2O5 aerogel, and the rGO-V2O5-0.82 hybrid aerogel; and (f) cycle stability of the rGO aerogel, the V2O5 aerogel, and the rGO-V2O5-0.82 hybrid aerogel.
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The cycle stability was tested at 10 A/g of charge/discharge for 1000 cycles (Figure 3f). It can be seen that the degradation of specific capacitance of the rGO aerogel starts from 100 cycles with a consistent, but small, reduction until 1000 cycles exhibiting a characteristic of EDLC. Moreover, the V2O5 aerogel shows a quite poor cycle stability due to the structural damage caused by the mechanical stress induced by the ion intercalation-de-intercalation phenomena during the charge-discharge process [30] and dissolution of vanadium oxide [31]. However, the cycle stability of the rGO-V2O5-0.82 hybrid aerogel obviously improved, e.g., 73% of initial capacitance. This was achieved due to the presence of graphene nanosheets that were able to withstand the structural changes during the charge-discharge process.




3.2. Hybrid Aerogels from One-Pot Synthesis via Method II


The SEM and TEM images (Figure 1e,f) of the heat-treated V2O5 aerogel reveal a randomly-arranged rod-like morphology with lengths less than 100 nm and diameters of several nanometers. These dimensions are much lower than those of the V2O5 aerogel and can be attributed to crystallization at the time of thermal treatment. The V2O5-rGO-6 hybrid aerogel displays a morphology of crumpled graphene sheets where the growth of V2O5 nanofibers is apparent (Figure 1g,h). We note that GO particles were well-dispersed in water and the V2O5 nanofibers possibly grew on the surfaces of graphene sheets. The morphology of the V2O5-rGO-6 hybrid aerogel further confirms the interaction of VO oligomers with GO sheets in the hydrolysis step.



Figure S2b shows the TGA traces of the samples conducted in air with a heating rate of 10 °C/min. The weight loss of the V2O5 aerogel before 150 °C is due to the evaporation of absorbed moisture. In the case of the V2O5-rGO hybrid aerogels, there is gradual weight loss from around room temperature to about 400 °C, suggesting that such loss was due to the evaporation of moisture and decomposition of the oxygen-containing groups of GO. In addition, for all hybrid aerogels, a sharp weight reduction occurred in the range of 400 °C to 480 °C, due to the burning of graphene [32]. The graphene weight percent in hybrid aerogels V2O5-rGO-2, V2O5-rGO-4, and V2O5-rGO-6 was estimated to be 12%, 17%, and 23%, respectively.



The X-ray diffraction patterns of the heat-treated V2O5 aerogel and V2O5-rGO hybrid aerogels (Figure 4a,b) were examined to determine if the heat treatment step used for thermal reduction of GO also caused substantial changes in the crystal structures of the hybrid materials. In Figure 4b, the XRD patterns of a series of V2O5-rGO hybrid aerogels exhibit (200), (001), (110), (301), and (310) reflection peaks corresponding to orthorhombic crystalline V2O5 (JCPDS No. 41-1426) at the same position as in the case of V2O5 aerogel (Figure 4a). These indicate that the V2O5-rGO hybrid aerogels were partly crystalline due to the thermal treatment. Additionally, in comparison to V2O5 aerogel, no additional peaks are detected in the hybrid aerogels, which indicates high purity of the V2O5 parts in the aerogel. The intensity of the XRD reflection peaks shows reduction with an increase of the amount of graphene in the V2O5-rGO hybrid aerogels while the peak positions remain the same. This implies that the V2O5 layered structure was maintained despite the presence of graphene, although, graphene influenced its crystal formation. The XRD patterns only show V2O5 reflection peaks in the V2O5-rGO hybrid aerogels, which indicates that V2O5 nanofibers prevented restacking of graphene nanosheets [22].


Figure 4. (a) XRD patterns of the V2O5 aerogel; (b) XRD patterns of the V2O5-rGO hybrid aerogels with varying weight compositions; (c) FTIR spectra of the V2O5 and V2O5-rGO-6 hybrid aerogels; (d,e) Raman spectra of the V2O5 aerogel and the V2O5-rGO-6 hybrid aerogel.
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Figure 4c shows FTIR spectra to verify if the thermal reduction method successfully reduced GO to graphene. The characteristic peaks in FTIR spectra at 569, 834, and 1018 cm−1 of the V2O5 aerogel correspond to triply-coordinated oxygen (chain oxygen) bonds in vanadium oxide, doubly-coordinated oxygen (bridge oxygen) bonds, and stretching vibration of terminal oxygen bonds (V=O), respectively [24]. For V2O5-rGO-6 hybrid aerogel, the vanadium oxide characteristic peaks shifted, indicating an interaction of V2O5 nanofibers and graphene nanosheets [33]. The bond at 1599 cm−1 is observed clearly due to the skeletal vibration of graphene [34].



In Raman spectra shown in Figure 4d,e, the peaks at 144, 284, 406, 522, 699, and 995 cm−1 can be observed in both the V2O5 aerogel and the V2O5-rGO-6 hybrid aerogel, which correspond to the following signatures: skeleton bending vibration of the V-O-V bonds (144 cm−1), bending vibrations of the V=O bonds (284 cm−1), bending vibrations of bridge oxygen bonds (406 cm−1), stretching vibrations of triply-coordinated oxygen bonds (522 cm−1), stretching vibrations of doubly-coordinated oxygen (699 cm−1), and in-phase stretching vibrational of V=O bonds (995 cm−1) [13]. The two peaks at 1359 and 1601 cm−1 in the V2O5-rGO-6 hybrid aerogel belong to the D- and G-bands of graphene, which suggests a complete reduction of GO and the presence of graphene.



The BJH pore distribution (Figure S4c) of V2O5-rGO hybrid aerogels exhibits slightly different distribution from the V2O5 aerogel, especially the V2O5-rGO-6 hybrid aerogel shows a peak at 40 nm. This pore size distribution of the two types of samples might have some effect on the electrochemical property because the mesopores provide more accessibility for ion transportation [35]. The BET-specific surface areas of the samples are listed in Table 1 and Table 2.



Table 1. BET-specific surface area of the V2O5, graphene, and V2O5-rGO hybrid aerogels prepared by Method I.







	
Sample

	
V2O5

	
Graphene

	
V2O5-rGO-0.64

	
V2O5-rGO-0.82

	
V2O5-rGO-1






	
SSA/m2·g−1

	
254

	
641

	
396

	
348

	
299










Table 2. BET-specific surface area of the V2O5 aerogel and V2O5-rGO hybrid aerogels prepared by Method II.







	
Sample

	
V2O5

	
V2O5-rGO-2

	
V2O5-rGO-4

	
V2O5-rGO-6






	
SSA/m2·g−1

	
213

	
282

	
357

	
392










The BET-specific surface area of the V2O5-rGO-6 hybrid aerogel (392 cm2/g) is much larger than the V2O5 aerogel (213 cm2/g), which resulted from the presence of high surface area graphene nanosheets. This has the potential to provide much higher capacity for energy storage. Note in this case that the surface area of V2O5 aerogel listed in Table 2 is lower than that reported in Table 1. After annealing, the pore structure of the V2O5 aerogel changed due to the oxidation of VOx and partial crystallization of V2O5. Thus, the BET-specific surface area of the heat-treated V2O5 aerogel reduced to 213 m2·g−1. For a supercapacitor, especially for hybrid electrodes, the surface area serves as a significant factor for charge storage that provides space for Faradaic redox reactions to produce pseudocapacitance. In this way, the large specific surface area of the V2O5-rGO hybrid aerogel favors capacitance.



The specific capacitance was obtained from the data of charge-discharge curves and calculated from Equation (1). The galvanostatic charge/discharge curves of the different V2O5-rGO hybrid aerogels are shown in Figure 5a. It can be seen that the specific capacitance of the V2O5-rGO hybrid aerogel is generally higher than the V2O5 aerogel (98 F/g). In addition, an increase in specific capacitance is observed for materials with higher content of graphene in the V2O5-rGO hybrid aerogels. The specific capacitance of a series of V2O5-rGO hybrid aerogels, respectively, for the V2O5-rGO-2, V2O5-rGO-4, and V2O5-rGO-6 hybrid aerogels are 163, 202, and 272 F/g, which are summarized in Figure 5b. This tendency is led by a synergetic effect of V2O5 and graphene, in which graphene enhances the conductivity and increases the specific surface area of the V2O5-rGO hybrid aerogels in order to promote better utilization of V2O5.


Figure 5. (a) Galvanostatic charge/discharge curves of the V2O5 and V2O5-rGO hybrid aerogels with different ratios at a current density of 1 A/g; (b) summary of specific capacitance of the V2O5 and V2O5-rGO hybrid aerogels; (c) CV curves of the V2O5 and V2O5-rGO-6 hybrid aerogel at a scan rate of 10 mV/s; (d) CV curves of the V2O5-rGO-6 hybrid aerogel at varying scan rates; (e) EIS of the V2O5 and V2O5-rGO-6 hybrid aerogel measured at a frequency of 0.01 HZ–100 kHZ; and (f) cycle stability of the V2O5 and V2O5-rGO-6 hybrid aerogels tested at a current density of 10 A/g.
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Since the specific capacitance of the V2O5-rGO-6 hybrid aerogel is the highest among the three materials studied, further investigation of its electrochemical performance was conducted. The cyclic voltammetry curves of both samples are shown in Figure 5c. The shape of CV curves of both materials is symmetrical, suggesting an electrochemical reversibility. These curves deviated from an ideal rectangle indicating the Faradic pseudocapacitance. A pair of redox peaks of potentials at around 0.32 V and 0.30 V resulted from the transformation between V5+ and V4+. However, the CV curve of the V2O5-rGO-6 hybrid aerogel shows undefined redox peaks, which are possibly caused by the EDLC contribution by graphene. This result further confirms the synergetic effect of the double-layer capacitance and pseudocapacitance [36]. The area of the CV curve of the V2O5-rGO-6 hybrid aerogel is much larger than that of the V2O5 aerogel, and this also confirms a higher specific capacitance of the V2O5-rGO-6 hybrid aerogel. The CV curves of the V2O5-rGO-6 hybrid aerogel at different scan rates are shown in Figure 5d in order to further study the capacitive performance. As the scan rate increases, the quasi-rectangular shape of the CV curves is affected, although the shape of the curves remains mirror-symmetric with zero-current line even at the high scan rate of 100 mV/s. This result implies a high rate performance and good capacitive reversibility [37]. Note that the specific capacitance of the V2O5-rGO-6 hybrid aerogel is much higher than that of graphene-templated rGO-V2O5-0.82 hybrid aerogel (203 F·g−1) produced in Method I with a similar amount of graphene, even if V2O5 is partly crystalline due to the thermal reduction for the V2O5-rGO-6 hybrid aerogel.



It can be concluded from the data presented up to this point that the preparation method strongly influenced the structure-properties relationships and the final electrochemical performance. In Method I, the capillary force contributed to selective localization of V2O5 on the graphene nanosheets. Additionally, the unavoidable diffusion gradient quite possibly led to a heterogeneous dispersion of V2O5 within the rGO aerogel produced by Method I. In Method II, the recombination of V2O5 and graphene in hybrid aerogels was easily accomplished and enhanced by the coordination bonds between V2O5 and graphene nanosheets that are much stronger than the capillary force in Method I. Meanwhile, the uniform mixing of V2O5 and graphene also produces a homogeneous hybrid structure in Method II. In addition, the BET-specific surface area of the V2O5-rGO-6 hybrid aerogel is greater than the rGO-V2O5-0.82 hybrid aerogel, suggesting that there is more capacity for energy storage in hybrid materials produced by Method II. These factors answer why the hybrid aerogels from Method I exhibit inferior electrochemical performance than hybrid aerogels produced by Method II.



The Nyquist plots of EIS of V2O5 aerogel are shown in Figure 5e. The corresponding equivalent circuit is presented in Figure S6. In comparison, the V2O5-rGO-6 hybrid aerogel has more vertical lines parallel to the imaginary axis than the V2O5 aerogel, which indicates that the electrical conductivity of the hybrid aerogel was improved or the accessibility of ions in the electrolyte was enhanced due to the combination of the structures from graphene and V2O5 and, therefore, exhibited a behavior more closely to that of an ideal supercapacitor. The cycle stabilities of the V2O5 aerogel and the V2O5-rGO-6 hybrid aerogel were characterized by a charge/discharge test over 1000 cycles at a constant current density of 10 A/g shown in Figure 5f. This indicates clearly that the capacitance retention of the V2O5-rGO-6 hybrid aerogel was 80% after 1000 operation cycles, while the capacitance retention of the V2O5 aerogel was only 35% of the initial specific capacitance. The low capacitance retention of the V2O5 aerogel can be attributed to the structural damage caused by the insertion and desertion of electrolyte ions during the charge/discharge process [38] and two clear drops after 350th and 700th cycles could be possibly caused by the large structural changes of V2O5. According to published literature, pure V2O5 shows very poor cycle stability up to only 100 cycles in aqueous electrolyte [19]. Obviously, the addition of graphene improved the cycle stability for the materials developed in this work due to its electroactive property.





4. Conclusions


This study considered two methods for the preparation of hybrid aerogels of V2O5 and rGO. The specific capacitance of hybrid materials prepared by Method I increased to 202 F/g with 23 wt % graphene. Such improved capacitance is due to the synergy derived from the higher electrical conductivity of graphene, the greater contact between the electrode and electrolyte due to higher surface area, and the pseudocapacitance of V2O5. The hybrid materials prepared by one-pot synthesis route in Method II produced much higher capacitance of 272 F/g at 23 wt % graphene content and exhibited improved cycle stability due to better interaction of V2O5 particles with graphene surfaces and homogeneous dispersion of the precursor materials.
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