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Abstract:

 The vanadium oxide/reduced graphene oxide (VOx/RGO) composites have been prepared by a simple solvothermal method with the assistance of cationic surfactant cetyltrimethylammonium bromide (CTAB). The microstructure and morphology of the resultant VOx/RGO composites have been well characterized. The VOx nanoparticles are highly dispersed on the RGO sheets with a particle size of about 25 nm. When used as hydroxylation catalysts, the VOx/RGO composites are more efficient than individual RGO and vanadium oxide catalysts. The enhanced catalytic performance may be related to not only the well dispersed VOx active species, but also the hydrophobic surface and huge π-electron system of RGO for the adsorption and activation of benzene. In addition, the effects of calcination conditions on the microstructure and catalytic properties of VOx/RGO composites have also been investigated. The uniform VOx nanoparticles on the separated RGO sheets show highly efficient catalytic performance, while the formation of aggregated HxV2O5 and bulk V2O5 species along with the destruction of RGO sheets are poor for the hydroxylation of benzene. Up to 17.4% yield of phenol is achieved under the optimized catalytic reaction conditions.
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1. Introduction


Phenol is an important basic chemical raw material that is widely used as a precursor for phenol resins, fibers, caprolactam, dyestuffs, and medicine. In industry, phenol is in most cases produced by a three-step cumene process, which involves high amounts of pollution, highly energy consumption, and the production of by-production acetone [1,2]. The direct hydroxylation of benzene to phenol has attracted much attention as an alternative method of phenol production. Studies on the direct hydroxylation of benzene using a variety of oxidants, such as nitrous oxide [3,4], hydrogen peroxide [5,6], molecular oxygen [7,8], and a mixture of oxygen and hydrogen [9], have been reported by numerous researchers. Among these oxidants, hydrogen peroxide has a distinct advantage because of the only by-product of water, which would be one of the most useful processes in the future. Besides the traditional catalysis processes, many attempts of direct hydroxylation of benzene have been performed by means of electrochemical oxidation systems [10], photocatalysis systems [11,12], and biocatalysis processes [13]. Furthermore, the production of phenols from renewable resources has been also reported [14,15]. However, the low phenol yield, selectivity, and turnover rate of these processes need to be further improved. Thus far, it is still a challenge to fabricate highly selective catalysts with greater phenol yield for the hydroxylation of benzene.



Many kinds of metal species have been investigated in the benzene hydroxylation reaction, such as Ti, V, Fe, Co, and Cu [2,6,11,16]. Among them, vanadium compounds showed excellent catalytic activity in the hydroxylation of benzene, due to their superior redox ability and remarkable stability [16,17,18]. Various vanadium-based catalysts such as V/SiO2 [19], vanadium oxide (VOx)/clay [20], VS-1 zeolite [21], V–N–C [22], and V-modified mesoporous materials [5,23,24] were investigated for the title reaction. The highly dispersed VOx nanoparticles (NPs) were found to be highly efficient for the hydroxylation of benzene. As one of the most interesting solid materials, carbon materials (such as activated carbon, MWCNTs, and graphene) can act as catalysts by themselves [25,26,27] or serve as supports for other active phase [28,29,30,31,32]. Nowadays, the vanadium oxide/carbon composites have attracted increasing attentions. The VxOy@C [33], VO2-defacts/MWCNTs [34], and V/GO materials [35] have shown good performance in the hydroxylation of benzene to phenol. The high specific surface areas, hydrophobic surface, and carbon defect active sites were found to be facilitative for the adsorption and activation of benzene, as well as the enhancement of catalytic activity of catalysts [27,31,35]. However, in spite of the fascinating two-dimensional structure of graphene with huge open π-electron systems, highly specific surface areas, and hydrophobic surface [27,36,37], to the best of our knowledge, few studies on the fabrication of uniform VOx nanoparticles (NPs) on graphene for the hydroxylation of benzene to phenol have been reported so far.



In this present work, we report a simple solvothermal strategy for the fabrication of highly dispersed VOx NPs loading on graphene with graphite oxide (GO) as the precursor based on its plentiful oxygen functional groups. The direct growth of VOx on GO will result in the formation of uneven particles because the negative charges of both metavanadate anions and the GO are not favorable for the assembly of particles. To overcome this difficulty, the positively charged cetyltrimethylammonium bromide (CTAB) was firstly modified onto the surface of GO. Then, the metavanadate anions were well anchored onto the surface of GO due to the intense interactions between the negatively charged metavanadate anions and positively charged CTAB-modified GO. Subsequently, the in-situ growth of uniform VOx nanoparticles on GO and the simultaneous reduction of GO to reduced graphene oxide (RGO) were achieved via a solvothermal process in ethanol. Special attentions were paid on the nature, structure, and dispersion of vanadium species, as well as the carbon framework of RGO for the VOx/RGO composite catalysts prepared at different conditions. The catalytic performance of resultant VOx/RGO composite catalysts was evaluated in the hydroxylation of benzene to phenol with hydrogen peroxide as an oxidant. The effects of catalytic reaction conditions on the catalytic activities have also been discussed.




2. Results and Discussion


2.1. Synthesis and Characterization of VOx/RGO Composites


The VOx/RGO composites are prepared by the solvothermal method in ethanol solution. The synthesis process of VOx/RGO composites is shown in Scheme 1. Firstly, the oxygen functional groups of GO served as centers for the anchoring and dispersion of metavanadate anions with the assistance of cationic surfactant CTAB which can bond with both negatively charged GO and metavanadate anions. Subsequently, the in-situ growth of VOx nanoparticles at the anchoring sites along with the simultaneous reduction of GO to RGO were performed by the solvothermal treatment in ethanol. Finally, a programmed calcination treatment of the as-synthesized VOx/RGO composites (VG-as) at different conditions gave rise to the final composite catalysts.



The X-ray diffraction (XRD) patterns of the GO and various VOx/RGO composites are displayed in Figure 1. The GO exhibits an intense characteristic diffraction peak at about 10.2°. After the introduction of vanadium species and the following solvothermal treatment, the characteristic peak of GO disappears in the pattern of VG-as, which can be ascribed to the reduction of various oxygen functional groups of GO [38,39]. Meanwhile, a broad weak peak corresponding to the (002) reflection of laminated RGO sheets is observed at around 23.5° [38]. In addition, no typical peaks of the vanadium oxide can be seen in the pattern of VG-as, which may be due to the high dispersion of VOx species on the RGO sheets [33]. The VG-A300 and VG-N-A300 exhibit a prominent diffraction peak at around 25.1°, which is corresponding to the (002) reflection of graphite-like stacking of RGO sheets [39]. For comparison, the XRD pattern of RGO with a typical reflection at about 25.1° was given in Figure S1. It indicates that the partially reduced GO support of VG-as can be further deoxidized and crystallized upon the calcinations. Furthermore, several weak reflections of HxV2O5 crystallites (PDF 45-0429) present at around 15.4°, 20.3°, 26.1°, 31.1°, and 34.3° in the patterns of VG-A300 and VG-N-A300, which demonstrates that the vanadium oxide species were successfully introduced onto the RGO support. Moreover, the VG-A300 shows an enhanced peak intensity of HxV2O5 in comparison with that of VG-N-A300, which may be contributed to the aggregation and crystallization of VOx species on the RGO. Additionally, considering the weak intensity of these peaks, we assume that the introduced V species may exist not only in the form of HxV2O5 nanocrystal phase but also in the form of amorphous vanadium oxide on the surface of RGO sheets. With increasing calcination temperature in air, the pattern of VG-N-A350 is obviously different from that of VG-N-A300. It is dominated by the diffraction peaks of crystalline HxV2O5 with a very weak C (002) reflection. The VG-N-A400 displays a pattern similar to that of bulky V2O5 (PDF 77-2418) with the disappearance of C (002) reflection, which implies the destruction and possible burning-up of the carbon framework of RGO.


Figure 1. X-ray diffraction (XRD) patterns of the graphene oxide (GO) and various VOx/RGO composites.
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The morphology of the VOx/RGO composites was gained from the scanning electron microscope (SEM) and transmission electron microscopy (TEM) measurements. The thin and separated graphene sheets with characteristic wrinkled texture and slightly scrolled edges can be seen in the SEM and TEM images of the RGO sample (Figure S2) [38]. From the different magnification SEM images (Figure 2a,b, Figure S3a) and TEM image (Figure S3b) of as-synthesized VOx/RGO composites (VG-as), we can see the VOx nanoparticles (NPs) with uniform size and good dispersion on the RGO sheets. For comparison, a VOx/RGO reference sample was also prepared in H2O solution with the assistance of CTAB. It is obvious that very large VOx belts (>200 nm) with poor dispersion on the RGO sheets were obtained as shown in the SEM (Figure 2g) and TEM images (Figure S4a). Additionally, a control experiment for the solvothermal synthesis of VOx/RGO composites without the surfactant CTAB was also performed. As illustrated in the SEM (Figure 2h) and TEM (Figure S4b) images of the obtained sample displayed obvious aggregation of V species along with the uneven distribution of VOx particles. The above results indicate that the highly dispersed VOx nanoparticles loading on RGO sheets can be achieved by the ethanol solvothermal method with the assistance of CTAB. The positively charged CTAB may play an important role for the introduction and dispersion of V species owing to its intense interactions with both negatively charged GO and metavanadate anions [40].


Figure 2. Scanning electron microscope (SEM) images of the VG-as (a and b); VG-A300 (c); VG-N-A300 (d); VG-N-A350 (e); VG-N-A400 (f); VOx/RGO reference sample obtained in H2O solution (g); and VOx/RGO reference sample obtained without cetyltrimethylammonium bromide (CTAB) (h).
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Furthermore, it is noted that the calcination conditions showed significant influence on the microstructure of the VOx/RGO composites. The highly dispersed VOx NPs loading on the RGO sheets can be well seen in the SEM image of VG-N-A300 (Figure 2d). However, a relatively low dispersion of V species with obvious aggregation on the RGO was observed in the image of VG-A300 (Figure 2c), which may be caused by the suddenly decomposition and even combustion of the residual oxygen functional groups of the RGO during the direct quenching in air. This indicates that the pre-calcining in N2 is necessary for the mild reduction of the residual oxygen functional groups and the maintenance of the high dispersion of VOx NPs on the RGO support. Moreover, the images of VG-N-A350 (Figure 2e) and VG-N-A400 (Figure 2f) prepared by programmed calcinations in N2 and air atmospheres also exhibited a severe aggregation of V species along with the decrease of thin RGO sheets due to the increasing calcination temperature in air. Especially, only aggregated vanadium oxide can be easily seen in the image of the VG-N-A400. These results are in good agreement with the analysis of XRD.



Figure 3 shows the TEM and high-resolution TEM (HRTEM) images of the well-structured VG-N-A300 composites. From different magnification TEM images in Figure 3a,b, we can see that the VOx particles with a uniform size of about 25 nm are highly dispersed on the RGO sheets. The HRTEM image shows that the distance of two adjacent planes of the selected particle is about 0.34 nm, which is corresponding to the (110) lattice plane of the HxV2O5 crystallites, in accordance with the results of XRD. In addition, the margin of carbon sheets is about 9 layers in thickness, as shown in Figure 3d, indicating the formation of thin RGO sheets. In a word, the above tests confirm the formation of the VOx/RGO composites, in which the VOx NPs have a uniform size and good dispersion on the RGO support.


Figure 3. Transmission electron microscopy (TEM) images (a) and (b) and high-resolution TEM (HRTEM) (c) and (d) of the VG-N-A300.
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The Fourier translation infrared spectroscopy (FT-IR) spectra of various VOx/RGO composites and GO are illustrated in Figure 4a. The spectra of GO shows characteristic absorption peaks of the various oxygen functional groups [38,41]. After the introduction of V species, the peak intensity of these oxygen functional groups obviously decreases in the spectra of the VOx/RGO composites due to the deoxygenation reaction upon the solvothermal treatment and the following calcinations [41]. Furthermore, the absorption band at around 1100–1300 cm−1 is strengthening, which may be contributed to the presence of C–N stretching vibration originating from the modification of CTAB for anchoring the V species onto the GO precursor [42]. Moreover, one additional peak is observed at around 1570 cm−1, corresponding to the formation of the monodentate or bidentate complex between the carboxyl group and vanadium atoms [35,43]. The results imply the strong interactions between the vanadium oxide species and carbon framework. It is noted that the VG-N-A400 gives a different curve from that of the other composites with the disappearance of various oxygen functional groups, which should be attributed to the destruction of the RGO framework, as detected by XRD and SEM. On the other hand, the typical absorption peaks of vanadium oxide species can not be identified in the spectra of VG-as, VG-N-A300, or VG-A300, which may be attributed to their low content of V species on the large amounts of RGO sheets, intense interactions between the two moieties, as well as the relatively low spectral resolution of IR for inorganic compounds. However, the curves of VG-N-A350 and VG-N-A400 display intense absorption peaks at 1023 (V=O) and 832 cm−1 (V–O) [43], which can be assigned to the appearance of large amounts of crystalline HxV2O5 and V2O5 species along with the damage and possible burning-up of the carbon framework of RGO, in good agreement with the results of XRD and SEM analysis (Figure 2e,f).


Figure 4. Fourier translation infrared spectroscopy (FT-IR) spectra (a) and Raman spectra (b) of GO and various VOx/RGO composites.
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The Raman spectra of various VOx/RGO composites and GO are demonstrated in Figure 4b. The spectra of GO, VG-as, VG-A300, VG-N-A300, and VG-N-A350 all display a characteristic G band at about 1586 cm−1 with a D band at around 1365 cm−1, corresponding to the ordered sp2-bonded carbon atoms and the disordered modes, respectively [35,41]. The intensity ratio of D to G band (ID/IG) often affords information about the carbon structure [44,45]. The ID/IG ratio increases clearly from 0.79 (GO) up to 0.81, 0.85 and 0.90 for the VG-as, VG-A300, and VG-N-A300, respectively. The highest ID/IG ratio of VG-N-A300 should be ascribed to not only the decrease of the average size of sp2 carbon domains upon the deoxidization, but also the disordered structure induced by intensive interactions between the highly dispersed VOx species and RGO [38]. Notably, both the D and G bands decrease sharply in the curve of VG-N-A350 and disappear in the curve of VG-N-A400. This can be ascribed to the destruction of the RGO sheets in the VOx/RGO composites. In addition, the spectrum of VG-as shows no typical peaks of vanadium oxide, which may be due to the high dispersion of amorphous VOx species on the RGO. After the calcinations, the VG-N-A300 shows a very weak Raman peak at around 992 cm−1, corresponding to the appearance of crystalline vanadium oxide species. Moreover, the peak intensity increases gradually for the VG-A300, VG-N-A350, and VG-N-A400, which may be attributed to the increasing aggregation and crystallization of the vanadium oxide species as discussed above in XRD, FT-IR, and morphological analysis.



The surface composition of the VG-N-A300 composite catalyst was analyzed by X-ray photoelectron spectroscopy (XPS). As shown in Figure 5a, the peaks belonging to C, O, V, and N can be clearly seen in the wide scan spectrum of VG-N-A300. The relative atomic concentrations of C, O, V, and N are 79.3%, 16.0%, 3.2%, and 1.5% (Table S1), respectively. The C1s spectrum of the sample can be deconvoluted into five peaks corresponding to different carbon species (Figure 5b). The graphitic sp2 carbon (C-C) dominates the spectrum with a binding energy of 284.6 eV. Four other small peaks at higher binding energy indicate the existence of C–N (285.6 eV), C–O (286.5 eV), C=O (287.4 eV), and O=C–OH bonds (288.6 eV) [41,44]. It is noticed that the various oxygen-containing groups have much lower peaks than that in the original GO (Figure S5). The peak area ratios of carbon-containing bonds to total area are also calculated and listed in Table S1. The result further affirms the removal of oxygen functional groups in GO to form RGO in the preparation of VOx/RGO composites [40]. In addition, the presence of C–N species should be arising from the using of CTAB in the preparation process [40,45]. As illustrated in the morphological analysis (Figure S4), obvious aggregation of vanadium oxide with poor dispersion was observed for the reference VOx/RGO sample without the use of CTAB. Herein, we assume that the presence of C–N species would be beneficial for the anchoring and dispersion of VOx NPs on the surface of RGO. The V2p3/2 spectrum of the VG-N-A300 in Figure 5c can be deconvoluted into two peaks at the binding energy of 517.3 and 516.3 eV, corresponding to the V5+ and V4+ states in the vanadium oxides, respectively [43,46]. As described in Table S1, the V species exist mainly as V5+ state (84.4%) on the RGO support along with the presence of relatively small amount of V4+ species (15.6%). The presence of V4+ species can be mainly ascribed to the reduction of V5+ species by carbon species or NH3 produced via decomposition of the precursor used. In the O1s spectrum (Figure 5d), the dominant peak at 530.1 eV belongs to lattice oxygen from the V–O species [43]. In addition, two weak peaks at 531.5 eV (C=O) and 533.4 eV (O–H and C–O) can also be clearly observed [40]. This is consistent with the results of the C1s and V2p3/2 spectra. The above analysis of XPS further proves the fabrication of VOx/RGO composites, in which the highly dispersed VOx species exist mainly as mixed V5+ and V4+ states on the RGO support.


Figure 5. X-ray photoelectron spectroscopy (XPS) survey spectra (a); C1s (b); V2p3/2 (c) and O1s (d) of the VG-N-A300 composites.
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Further insight into the structure and distribution of V species for various VOx/RGO composites was investigated by the measurements of ultraviolet-visible diffuse reflectance spectrum (UV-Vis DRS) and temperature-programmed reduction of hydrogen (H2-TPR). The UV-Vis DRS curves of the VOx/RGO composites obtained at different calcination conditions are illustrated in Figure 6a. It is clear that an intense absorption band appears at about 259 nm in the spectrum of VG-as, which can be attributed to the charge-transfer transitions of O2− to metal center V for the highly dispersed amorphous V species [23]. Followed by the calcinations, the absorption band is blue-shifted to 241 nm for the spectrum of VG-N-A300. Furthermore, one additional shoulder peak is also observed at 273 nm, which could be assigned to charge-transfer transitions of O2− to V for the HxV2O5 crystallite species. The spectrum of VG-A300 shows enhanced absorption bands at about 273 and 405 nm in comparison with that of VG-N-A300, which should be contributed to the increase and aggregation of HxV2O5 species. With increasing calcination temperature in air, the absorption spectrum of VG-N-A350 changes significantly. The maximum absorption band shows an obvious red shift to 405 nm, which can be associated with the presence of HxV2O5 crystallites. Moreover, the absorption band of VG-N-A400 further shifts to higher wavelength and the maximum absorption signal begin from about 485 nm, which can be assigned to the formation of bulk V2O5 species [23,47].


Figure 6. Ultraviolet-visible diffuse reflectance spectrum (UV-Vis DRS) curves (a) and temperature-programmed reduction of hydrogen (H2-TPR) profiles (b) of various VOx/RGO composites.
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Figure 6b demonstrates the H2-TPR profiles of various VOx/RGO composites. The profile of VG-as exhibits a prominent reduction peak at about 497 °C. This can be contributed to the amorphous VOx species highly dispersed on the RGO support [23,24]. After the calcinations, the curve of VG-N-A300 shows an intense reduction peak at 510 °C with a shoulder at 545 °C, which can be assigned to the reduction of amorphous VOx and crystalline HxV2O5 species, respectively. It is noted that the two reduction peaks shift further to higher temperatures and appear at 518 and 550 °C in the curve of VG-A300, which should be devoted to the aggregation of VOx species and their enlarged particle size, as illustrated by SEM image (Figure 2c). Additionally, the VG-A300 exhibits a larger reduction peak of HxV2O5 species than that of VG-N-A300, suggesting an increase of HxV2O5 species on the RGO support upon the direct calcination in air. In the curve of VG-N-A350, only one prominent reduction peak assigned to the HxV2O5 crystallites can be observed at around 562 °C, which implies significant crystallization of disordered VOx to HxV2O5 crystallites, in accordance with the results of XRD. Moreover, the VG-N-A400 displays a similar curve to that of the bulky V2O5 (Figure S6) with two intense reduction peaks at about 578 and 672 °C, which suggests further transition of vanadium species from HxV2O5 crystallites to bulky V2O5 with an increasing calcination temperature.



Additionally, the static water contact angle measurements were performed to investigate the surface properties of various VOx/RGO composite catalysts. The contact angle pictures of the VOx/RGO catalysts, RGO support, and graphite reference sample were demonstrated in Figure S7. It is noted that a large contact angle of RGO (85.1°) was obtained, which is similar to that of graphite (86.2°), suggesting a hydrophobic surface. Meanwhile, the VG-N-A300 exhibits a contact angle of 77.0°, which indicates that the hydrophobic structure of RGO support was well maintained. However, the VG-N-A350 and VG-N-A400 show obviously decreased contact angles of 60.5° and 38.0°, respectively. It implies the gradually destruction of hydrophobic RGO framework and the increase of hydrophilic vanadium oxide crystal species with the increasing calcination temperature, in good agreement with the results of XRD, SEM, IR, Raman, H2-TPR, and UV-Vis DRS.



In summary, the above results from XRD, SEM, TEM, FT-IR, Raman, XPS, XRF, TPR, UV-Vis DRS, and contact angle analysis clearly show that the highly dispersed VOx NPs loading on the reduced graphene oxide (VOx/RGO) were successfully prepared by a simple solvothermal method, in which the intensive interactions may exist between the VOx species and RGO sheets. It was also found that the calcination conditions show noticeable effects on the C framework and V species of the VOx/RGO composites. An initial thermal treatment in N2 is necessary to maintain the high dispersion of VOx species on the RGO support. Herein, the well-structured VOx/RGO composite catalyst (VG-N-A300) has been achieved by the programmed calcinations in N2 and air atmospheres, and the highly dispersed VOx NPs exist mainly as amorphous VOx and HxV2O5 nanocrystal species with the presence of mixed V5+ and V4+ states. At the same time, a much higher calcination temperature in air (≥350 °C) would also lead to the aggregation and change of V species as well as the destruction of the RGO framework.




2.2. Hydroxylation of Benzene


The catalytic performance of VOx/RGO composites was tested in the liquid-phase hydroxylation of benzene to phenol using hydrogen peroxide as the oxidant. The catalytic activities of various VOx/RGO composites, V2O5, and RGO reference samples are summarized in Table 1. The RGO sample exhibits a benzene conversion of 0.5% and phenol yield of 0.4% with a selectivity of 75.8%, attributing to the intrinsic activity of π-system of graphene in activation of H2O2 and the π–π interaction between graphene and benzene ring [27]. The V2O5 catalyst gives a benzene conversion of 12.9% and phenol yield of 9.2% with a phenol selectivity of 71.5%. It is noted that the VG-as displays an obviously higher phenol yield (11.2%) and selectivity (93.0%) than those of the individual RGO and V2O5 catalysts. After the calcinations, among the various VOx/RGO catalysts, the VG-N-A300 shows the highest benzene conversion (15.7%) and phenol yield (14.6%) with a phenol selectivity of 92.7%. The hydroquinone (HQ) and benzoquinone (BQ) are main byproducts for the present research. The enhanced catalytic performance of VG-N-A300 may be attributed to the uniformly dispersed VOx active species, the hydrophobic RGO surface for good benzene adsorption ability, as well as the huge π-electron system of RGO for the activation of benzene [27,31,35]. On the other hand, the lower catalytic activity of VG-A300 than that of VG-N-A300 can be assigned to the aggregation of V species on the RGO support arising from the lack of initial calcination in N2. However, even if the VG-N-A350 and VG-N-A400 were obtained by programmed calcination in N2 and air atmospheres, the higher calcination temperature in air would also lead to the severe aggregation V species along with the increase of particle size and the destruction of the RGO framework. As a result, the catalytic activities of VG-N-A350 and VG-N-A400 catalysts gradually decrease. In particular, the VG-N-A400 shows the lowest phenol yield (10.7%) and phenol selectivity (78.5%), which can be attributed to the formation of bulk V2O5 crystal and the destruction of the RGO support. In addition, the turnover number (TON) of the various catalysts was also calculated on the basis of V atoms present in the whole catalyst sample. The TON of 39.9, 35.2, 46.3, 12.6, and 9.0 were obtained for the VG-as, VG-A300, VG-N-A300, VG-N-A350, and VG-N-A400 catalysts (Table 1), respectively. In combination with the results of the TON and catalyst characterization, it implies that a smaller particle size and higher dispersion of the VOx species loading on the RGO sheets would expose more vanadium active sites for the hydroxylation of benzene to phenol; thus, the largest TON was achieved over the VG-N-A300 catalyst. Moreover, the leaching of vanadium species from the VG-N-A300 composite catalyst was also tested. It indicated that about 30% of V species was leached from the VG-N-A300 catalyst after a normal catalytic run. The dissolved V species in a liquid reaction system would show some effects on the catalytic performance to some extent due to their catalytic decomposition and/or activation of H2O2. Thus, the hot filtration experiment was performed over the VG-N-A300 catalyst. After a normal catalytic run for 4 h, the solid catalyst was firstly filtrated from the reaction system; then, another 0.3 mL of benzene and 1.5 mL of H2O2 were added to the liquid system, and the reaction was carried out for another 4 h. The results of catalytic testing showed that no more phenol had been produced than the only normal catalytic run. It implies that the leached V species show negligible catalytic performance in benzene hydroxylation.


Table 1. The hydroxylation of benzene to phenol over various catalysts a.


	Sample
	V b (wt %)
	Benzene Conversion (%)
	Selectivity to Phenol (%)
	Selectivity to BQ (%)
	Selectivity to HQ (%)
	Yield of Phenol (%)
	TON c





	RGO
	-
	0.5
	75.8
	24.2
	-
	0.4
	-



	V2O5
	-
	12.9
	71.5
	3.6
	24.9
	9.2
	-



	VG-as
	9.6
	12.0
	93.0
	-
	7.0
	11.2
	39.9



	VG-A300
	12.0
	13.7
	89.6
	1.7
	8.7
	12.3
	35.2



	VG-N-A300
	10.8
	15.7
	92.7
	-
	7.3
	14.6
	46.3



	VG-N-A350
	32.2
	13.7
	86.8
	2.3
	10.9
	11.9
	12.6



	VG-N-A400
	40.8
	13.6
	78.5
	3.4
	18.1
	10.7
	9.0







a Reaction conditions: 5.0 mg of catalyst, 0.3 mL of benzene, 5.0 mL of acetic acid, and 1.5 mL of 30% aq. H2O2, T = 45 °C, t = 4 h. b The actual V content was analyzed by the X-ray fluorescence spectrometer (XRF). c Turnover number (TON) was calculated as the molecular numbers of produced phenol per V atom.








Therefore, it can be concluded that the VOx/RGO composites are more efficient than the individual RGO and vanadium oxide catalyst. The calcination conditions show significant influence on the catalytic properties of VOx/RGO composites owing to the change of the microstructure of V species and the RGO support. The uniform VOx NPs with high dispersion on the separated RGO sheets show a highly efficient catalytic performance, while the formation of a large amount of aggregated HxV2O5 and bulk V2O5 species along with the destruction of RGO sheets are poor for the hydroxylation of benzene.



In addition, the effects of various reaction conditions including reaction temperature, reaction time, and catalyst amount on the hydroxylation of benzene were also investigated over the VG-N-A300 catalyst. As illustrated in Figure 7a, a relatively low benzene conversion of 8.5% and phenol yield of 6.5% with a phenol selectivity of 76.5% are obtained at a reaction temperature of 30 °C. With the rising of reaction temperature from 30 to 50 °C, the benzene conversion and phenol yield increases quickly to 16.4% and 15.2%, respectively. This indicates that the rising temperature is beneficial to the hydroxylation reaction because the H2O2 may be decomposed to produce more active species with the increasing temperature [16]. However, when the temperature is increased up to 65 °C, the phenol yield gradually drops to 12.6%, owing to the more drastic self-decomposition of H2O2 and the further oxidation of products at higher temperature [19,23]. Furthermore, the curve of phenol selectivity showed trends similar to the phenol yield, and a better phenol selectivity of 92.8% was obtained at 50 °C. The above results indicate that a broad low-temperature range of 40–60 °C is more suitable for the present hydroxylation reaction over the VOx/RGO composite catalysts.


Figure 7. Effects of catalytic reaction temperature (a), reaction time (b), and catalyst amount (c) on catalytic activities over VG-N-A300 catalyst (benzene conversion (◆) yield (column) and selectivity (●) of phenol). Reaction conditions: 0.3 mL of benzene, 5.0 mL of acetic acid, and 1.5 mL of 30% aq. H2O2; (a) 5.0 mg of catalyst and t = 4 h; (b) 5.0 mg of catalyst and T = 50 °C; and (c) T = 50 °C and t = 5 h.
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The influence of the reaction time on the hydroxylation of benzene was studied by several separate reactions at the reaction temperature of 50 °C, as shown in Figure 7b. It can be seen that the benzene conversion and phenol yield increase from 9.8% and 7.7% gradually up to 17.4% and 16.2%, respectively, when the reaction time is prolonged from 1 h to 5 h. At the same time, the highest phenol selectivity of 93.1% is achieved. However, with a further increase in reaction time, the benzene conversion, phenol yield, and phenol selectivity all show slight decreases, which could be attributed to the further oxidation of phenol as well as byproducts of hydroquinone and benzoquinone to other byproducts, such as tar that can not detected by gas chromatography with a FID detector. The effect of the amount of VG-N-A300 catalyst on the catalytic activities is demonstrated in Figure 7c. With the increasing catalyst amount, the highest benzene conversion (18.7%) and phenol yield (17.4%) were achieved when a 7.5-mg catalyst is used. As the catalyst amount is further increased to 12.5 mg, the phenol yield obviously decreases to 16.0%. Furthermore, following the increase of catalyst amount from 2.5 to 12.5 mg, the phenol selectivity decreases gradually from 93.5 to 85.2%. In general, the more the amount of catalyst is used, the more vanadium sites may be provided, which is in favor of not only the hydroxylation of benzene to phenol, but also the acceleration of self-decomposition of hydrogen peroxide to oxygen and water [16,20,23]. Thus, the decreased results of catalytic properties could be attributed to the consumption of more hydrogen peroxide over excessive amounts of catalyst.





3. Experimental Section


3.1. Materials


Hydrogen peroxide (H2O2, 30%), ethanol (AR), graphite powder (SP), sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 37%) and ammonium vanadate (NH4VO3, AR) were purchased from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. Benzene (AR), toluene (AR), aceticacid (AR), potassium permanganate (KMnO4, AR) were purchased from Kemiou Chemical Reagent Co. Ltd., Tianjin, China. Cetyltrimethyl-ammonium bromide (CTAB, 99.0%) were purchased from Aladdin, Shanghai, China. All chemicals were used as received without any further purification.




3.2. Synthesis of Graphite Oxide


Graphite oxide (GO) was prepared by oxidation of graphite according to the Hummers method [48]. Briefly, graphite powder (2 g) was firstly added in concentrated sulfuric acid (50 mL) at 0 °C, then potassium permanganate (6 g) was added gradually into the solution with vigorous stirring. Afterwards, the stirring was continued for 1.5 h at 0 °C and 2 h at 35 °C. Followed by the addition of deionized water (100 mL), the reaction solution was heated up to 98 °C and maintained for 15 min. Subsequently, a large amount of deionized water (250 mL) and 30% aqueous H2O2 (10 mL) were poured into the reaction system to terminate the reaction. Finally, the resultant suspension was filtered and washed with 10% HCl (500 mL) and deionized water. The obtained product was fully dried at 40 °C for 24 h.




3.3. Synthesis of VOx/RGO


For the synthesis of VOx/RGO composites, the GO precursor (50 mg) was firstly dispersed in ethanol (35 mL) with the assist of ultrasonic (400 W) for 45 min. The cetyltrimethylammonium bromide (CTAB, 100 mg) was added into the GO suspension and an ultrasonic treatment for 15 min was performed. After stirring for 2 h, the NH4VO3 aqueous solution (0.02 mol·L−1, 5 mL) was added dropwise into the resulting suspension in a further ultrasonic process (15 min). The resulting suspension was stirred for 2 h. Then, the suspension was transferred into a 50-mL Teflon-sealed autoclave and maintained at 160 °C for 24 h. The resulting solid was filtered and washed with ethanol several times, followed by drying in vacuum at 60 °C for 12 h. Finally, the calcination treatments of as-synthesized VOx/RGO composites (VG-as) at different conditions gave rise to the final composite catalysts. The sample obtained by the direct calcination in air at 300 °C for 2 h (2 °C·min−1) was denoted as VG-A300. The samples achieved by the calcinations firstly in N2 (400 °C for 4 h) and subsequently in air (300, 350, and 400 °C) for 2 h with a heating rate of 2 °C·min−1 were denoted as VG-N-A300, VG-N-A350, and VG-N-A400, respectively. The RGO reference sample was prepared by the solvothermal treatment of GO at 160 °C for 24 h in ethanol, followed by the calcination in N2 at 400 °C for 4 h.




3.4. Characterization


X-ray diffraction (XRD) measurements were performed on a D8 Advance X-ray diffractometer (Bruker, Karlsruhe, German) with Cu Kα (λ = 1.5418 Å) radiation (40 kV, 40 mA). Scanning electron microscope (SEM) micrographs were obtained on an S-4800 instrument (Hitachi, Tokyo, Japan) operating at 5.0 kV. Transmission electron microscopy (TEM) was taken on a JEM-2100 electron microscope (JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV. Carbon-coated copper grids were used as sample holders for TEM analysis. The vanadium content of the samples was measured by using an X-ray fluorescence spectrometer (XRF) on a S4 Explorer instrument (Bruker, Karlsruhe, German). Fourier translation infrared spectroscopy (FT-IR) was acquired by using a Spectrum One FT-IR Spectrometer in KBr disks (PerkinElmer, Waltham, MA, USA). Raman spectra were recorded on a HR 800 spectrometer (HORIBA Jobin Yvon, Paris, France) with an Ar+ ion laser (457.9 nm). The ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the samples were carried out using a Cary 5000 spectrophotometer (Varian, Palo Alto, CA, USA) equipped with a diffuse reflectance accessory. BaSO4 was used as a reference material. X-ray photoelectron spectroscopy (XPS) was detected on a Thermo ESCALAB 250 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), using a monochromatic Al Kα X-ray source (15 kV, 150 W) and analyzer pass energy of 100 eV. Binding energies (BEs) are referred to the C (1s) binding energy of carbon taken to be 284.6 eV. The static water contact angle measurements were carried out on a XG-CAMA+ contact angle meter (Xuanyichuangxi, Shanghai, China). Temperature-programmed reduction of hydrogen (H2-TPR) was performed using a full automatic instrument TP-5080 with a TCD detector (Xianquan, Tianjin, China). Typically, the sample (10 mg) was packed into the reactor and degassed at 250 °C for 1 h with a nitrogen gas flow, then the sample was cooled down to the room temperature, and the gas flow was shifted to a mixture of 5 vol. % H2 in N2 (20 mL·min−1), the reactor was carried out by raising the temperature up to 800 °C at a heating rate of 10 °C·min−1.




3.5. Catalytic Evaluation


The direct hydroxylation of benzene to phenol in liquid was performed in a 30-mL double layer glass reactor equipped with a reflux condenser, a superthermostat, and a magnetic stirrer. In a typical catalytic reaction process, 5.0 mg of catalyst, CH3COOH (5 mL), and benzene (0.3 mL, 3.36 mmol) were added. The resultant mixture was heated to 30–65 °C, then 30% aqueous H2O2 (1.5 mL, 14.7 mmol) was added. The reaction process was allowed to continue for 1–6 h. Then, the liquid phase products were collected, filtered, and analyzed by a SP-3420 gas chromatograph (Beifen Ruili, Beijing, China) using a FID detector with an OV-1 capillary column (30 m × 0.25 mm × 0.33 μm) (Zhongkekaidi, Lanzhou, China). The products of phenol, catechol, hydroquinone, and benzoquinone in liquid phase were further identified by GC-MS (Agilent 6890/5973N, Palo Alto, CA, USA). The quantitative calculation was achieved by the calibration curves using toluene as the standard after the catalytic reaction [23]. The conversion of benzene, yield of phenol, selectivity to phenol, and turnover number (TON) were calculated according to the reference [21].



Conversion of benzene = (Mole amount of phenol + benzoquinone + hydroquinone + catechol) × (Initial mole amount of benzene)−1 × 100.



Yield of phenol (%) = Mole amount of phenol × (Initial mole amount of benzene)−1 × 100.



Selectivity to phenol (%) = Mole amount of phenol × (Mole amount of phenol + benzoquinone + hydroquinone + catechol)−1 × 100.



Turnover number (TON) = Mole amount of phenol × (Mole amount of vanadium sites)−1.





4. Conclusions


We have reported herein the synthesis, structure, and catalytic properties of VOx/RGO composite catalysts. The characterization results of XRD, SEM, TEM, FT-IR, Raman, XPS, XRF, H2-TPR, UV-Vis DRS, and contact angle analysis essentially confirmed the good fabrication of VOx/RGO composites by a simple solvothermal strategy. The VOx nanoparticles were highly dispersed on the RGO sheets with a particle size of about 25 nm. The surfactant CTAB played an important role for achieving the high dispersion of VOx species. The resultant VOx/RGO composite catalysts were more efficient than the individual RGO and vanadium oxide catalysts in the direct hydroxylation of benzene to phenol. The enhanced catalytic performance may be contributed to not only the highly dispersed VOx active species, but also the hydrophobic surface and huge π-electron system of RGO for the adsorption and activation of benzene. Furthermore, the calcinations were shown to have a significant influence on the structure and catalytic performance of VOx/RGO catalysts. The uniform VOx NPs with a high dispersion on the separated RGO sheets show a highly efficient catalytic performance, while the formation of a large amount of aggregated HxV2O5 and bulk V2O5 species along with the destruction of RGO sheets are undesired for the hydroxylation of benzene. The well-structured VG-N-A300 gave the highest phenol yield at 17.4% under the optimized catalytic conditions.
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Scheme 1. Schematic illustration of the synthesis process of vanadium oxide/reduced graphene oxide (VOx/RGO) composites. 
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