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Liquid phase hydroxylation of benzene to phenol with hydrogen peroxide over VOx-TiO2 catalyst samples with Cu as a second metal was investigated. A series of Cu/VOx-TiO2 (vanadium loading was 4.3%) catalysts were prepared within the range of Cu loading (0.29%–2.5%) and calcined at the temperatures of 350–650 °C. The catalyst samples were characterized by N2 adsorption-desorption, scanning electron microscopy, H2 temperature-programmed reduction, X-ray diffraction, transmis-sion electron microscopy, and X-ray photoelectron spectroscopy. After the addition of Cu, the Cu/VOx-TiO2 catalyst had more ordered mesoporous structure as compared with the VOx-TiO2 cata-lyst, and the vanadium was monodispersed on the TiO2 support. The presence of Cu2+ ions on the catalyst surface was shown by XPS measurements. These Cu2+ ions probably contributed to the dispersion of vanadium on the surface of the TiO2 support, and the more facile reduction of VOx. The Cu2+ ions also strengthened the thermostability of the Cu/VOx-TiO2 catalyst. The effects of some other variables (Cu loading, catalyst amount, and reaction temperature) on the catalytic perfor-mance were also investigated. © 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.Published by Elsevier B.V. All rights reserved.
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1.  Introduction Phenol plays an important role in the chemical industry. More than 90% of the phenol is produced by the cumene pro-cess, which is a three step process that generates an equimolar amount of acetone as byproduct, and some waste products. Phenol synthesis by the direct hydroxylation of benzene is therefore attractive both economically and energetically [1]. Systems for the direct hydroxylation of benzene include the use of N2O [2] or O2 [3–6] in the vapor phase and H2O2 [7–9] in the liquid phase. The hydroxylation of benzene to phenol using H2O2 is probably the most effective route since it has high con-

versions and yields [10,11]. For the reaction with H2O2 as the oxidant, various solid catalysts under mild conditions have been studied, which include TS-based catalysts [12], Cu-based catalysts, and vanadia-based catalysts [13–17]. Pan et al. [18] prepared Cu-supported aluminum-pillared interlayer clay cat-alysts and used them for the direct hydroxylation of benzene to phenol with H2O2 as the oxidant. Their yield of phenol was 44% with a selectivity of 80%. Kong et al. [13] studied Cu–MCM-41 with a high copper content of up to 26.0%, which showed ex-cellent catalytic activity in the direct hydroxylation of benzene with H2O2. These results showed that Cu is a highly active cata-lyst for benzene hydroxylation. Dimitrova et al. [19] investi-
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gated vanadium-grafted β and ZSM-5 zeolites as catalysts for the direct oxidation of benzene to phenol with H2O2 in acetoni-trile. The catalytic activity of the former (phenol yield 24.5% and selectivity 70%) was better than that of the latter (phenol yield 11.3% and selectivity 75%), and the vanadium sites re-tained their multiple oxidation states when used in the liquid phase oxidation. Due to their high activity and remarkable sta-bility, vanadia-based catalysts have been utilized as catalysts for a variety of oxidation reactions, especially for the hydrox-ylation of alkanes and aromatic compounds [7,20–21]. The supported V catalyst showed high catalytic activity when using H2O2 as oxidant. The anatase phase gave a better performance as a support of V2O5 for selective partial oxidation reactions compared to the rutile phase [22,23]. A large number of publi-cations have shown that the V2O5 catalyst decreases the trans-formation temperature significantly [24], and the loaded VOx results in a higher surface density of the nuclei for the phase transition from anatase to rutile. A good catalytic performance is obtained at vanadium loadings that give a vanadium mono-layer on the TiO2 surface [25]. In our laboratory, we have pre-pared VOx-TiO2 catalysts and used them for the hydroxylation of benzene to phenol with H2O2 as the oxidant in acetonitrile. The yield of phenol achieved was 23.8% with a selectivity of 85% under optimized conditions [26]. Although many single transition metal (Fe, Cu, V, etc.) cata-lysts have been used to catalyze the hydroxylation of benzene to phenol, no appreciable success has been achieved [27–29]. Studies on the structure of Cu/VOx-TiO2 and its catalytic prop-erties have received little attention, especially as a catalyst for the direct hydroxylation of benzene to phenol. In this work, a series of Cu/VOx-TiO2 catalysts with different amounts of Cu oxide were synthesized using a hydrothermal synthesis meth-od and used for the hydroxylation of benzene to phenol. Several factors were investigated in the preparation of the mesoporous Cu/VOx-TiO2 catalysts, such as Cu loading and calcination tem-perature, to get a catalyst with good catalytic activity and selec-tivity for the direct hydroxylation of benzene to phenol. The interaction of Cu and vanadium oxide with TiO2 was investi-gated. The properties of the catalysts were studied using N2 adsorption, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), H2 tem-perature-programmed reduction (H2-TPR), and X-ray photoe-lectron spectroscopy (XPS). 
2.  Experimental 

2.1.  Catalyst preparation The Cu/VOx-TiO2 catalysts were synthesized by hydrother-mal synthesis using laurylamine (DDA, 98%, Sinopharm Chem-ical Reagent Co., Ltd., Shanghai, China) as the structural tem-plate, isopropyl alcohol (> 99%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) as dispersing agent, and tetrabutyl titanate (TBOT, 98%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), ammonium metavanadate (NH4VO3, ≥ 99.0%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and copper nitrate trihydrate (Cu(NO3)2·3H2O, ≥ 99.0%, Sinopharm 

Chemical Reagent Co., Ltd., Shanghai, China) as precursors. In a typical synthesis, a solution (A) containing 2.5 g of DDA, 21 g of absolute ethanol, 9.0 g of deionized water, 0.20 g of NH4VO3, and an amount of Cu(NO3)2·3H2O were mixed thoroughly at 30 °C by vigorous stirring and then kept for 30 min. Another solu-tion (B) was prepared by dissolving 17 g of TBOT in 6.0 g of isopropyl alcohol. Solution (B) was slowly added to solution (A) under vigorous stirring. A buff sediment was formed immedi-ately. After stirring for 24 h, the mixture was aged without stir-ring at 30 °C for 24 h. The resulting mixture was filtered and the precipitate was washed with deionized water (200 ml). The precipitate was dried at 80 °C overnight and calcined at differ-ent temperatures (350–650 °C) at a heating rate of 2 °C/min for 6 h to remove organic species. The samples were denoted by Cu(x)/V(4.3)TiO2-T, where x represents the weight percentage of Cu, x = 0.29%, 0.36%, 0.75%, 1.1%, 2.5% (measured by EDS), 4.3% (measured by EDS) is the weight percentage of vanadium, and T represents the calcination temperature, T = 350, 400, 450, 500, 550, 600, 650 °C.  
2.2.  Catalyst characterization Powder XRD patterns were recorded on a Bruker D8 Ad-vance (Germany) diffractometer using Cu Kα radiation (λ = 0.15418 nm). The N2 adsorption isotherms were measured at –196 °C using a Quantachrome NOVA2000e instrument. The sample was degassed at 300 °C for 3 h under vacuum before the measurement. Sample morphologies were observed by SEM using a Rigaku S-4300 (Rigaku, Tokyo, Japan) spectrome-ter with an energy dispersive spectrometer. The microscopic features of the samples were observed by TEM using a Rigaku H-7650 electron microscope at 100 kV. H2-TPR measurements were performed in a quartz tubular microreactor using a Quantachrome Chem-BET3000 instrument. H2-consumption during reduction on heating was measured using a thermal conductivity detector. The surface chemical compositions of the catalysts were determined by XPS with a VG ESCALAB 250 spectrometer (Thermo Electron, UK) using a non-monochro- matized Al Kα X-ray source (1486 eV).  
2.3.  Catalytic reactions The liquid phase oxidation of benzene to phenol was carried out in a three-necked round bottomed flask (50 ml) with a magnetic stirrer. In a typical reaction, 0.18 g of catalyst, 5.0 ml of acetonitrile, and 2.3 g (0.03 mol) of benzene were added into the flask. After heating to 60 °C, 6.8 g of 30 wt% H2O2 (0.06 mol) were added to the reaction solution dropwise over 30 min. After 5 h, the reaction solution was cooled to ambient temperature and the solid catalyst was separated by centrifu-gation. The liquid product was analyzed by gas chromatog-raphy [Cotrun GC9800(N)]. Only benzoquinone was detected as a byproduct. Quantitative calculations were performed using methylbenzene added as an internal standard after the reac-tion. 
3.  Results and discussion 
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3.1.  Characterization results of catalysts The XRD patterns of the Cu(0.75)/V(4.3)TiO2-T catalysts for different calcination temperatures are shown in Fig. 1. The main peaks at 2θ = 25.5°, 37.9°, 48.1°, 54.1°, and 62.6° were the (101), (004), (200), (105), and (204) diffraction peaks of ana-tase TiO2 (JCPDS 21-1272) for calcination temperatures below 550 °C [30–32]. A considerable amount of anatase was trans-formed into rutile when the sample was calcined at 600 °C, and the anatase was transformed into rutile after calcining at 650 °C. Comparing the XRD patterns with those of the VOx/TiO2 samples showed that the Cu dopant hindered the phase trans-formation from anatase to rutile [22]. The XRD patterns for the catalysts with different Cu contents are shown in Fig. 2. With-out Cu doping, the sample was mostly in the rutile phase. As the Cu loading increased, the crystalline phase changed signifi-cantly from the rutile to the anatase phase. This proved that the anatase-rutile phase transformation in the VOx/TiO2-supported 

catalysts was prevented by the added Cu. When the Cu loading was 2.5%, the anatase fraction was 75%, which indicated that the loading of the Cu species dramatically slowed down the transformation to rutile. The diffraction peaks at 2θ = 35.5°, 38.7°, and 46.3° corresponded to the formation of bulk CuO on the catalyst surface [33,34].  The N2 adsorption isotherms of the Cu(0.75)/V(4.3)TiO2-T samples are shown in Fig. 3(a). For calcination temperatures below 600 °C, the isotherms were classical Type IV, with a typ-ical H2 hysteresis loop, indicating the existence of pores with narrow entrances and large cavities [35,36]. When the calcina-tion temperature was increased, the hysteresis loops of the samples were completely absent, which may be because of the crystallization of the sample, subsequent crystal growth, and collapse of the mesoporous structure [37]. The pore size dis-tributions of the Cu(0.75)/V(4.3)TiO2-T samples are shown in Fig. 3(b). For calcination temperatures below 600 °C, the sam-ples had narrow pore size distributions (3–5 nm) and uniform pore structures. The pore size distributions became broader 
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Fig. 1. XRD patterns of the Cu(0.75)/V(4.3)TiO2-T catalyst samplescalcined at different temperatures. (1) 350 °C; (2) 400 °C; (3) 450 °C; (4500 °C; (5) 550 °C; (6) 600 °C; (7) 650 °C. 
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Fig. 2. XRD patterns of the Cu(x)/V(4.3)TiO2-600 catalyst samples with different x values. (1) x = 0; (2) x = 0.29; (3) x = 0.36; (4) x = 0.75; (5) x = 1.1; (6) x = 2.5. 
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Fig. 3. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of the Cu(0.75)/V(4.3)TiO2-T catalyst samples calcined at different temperatures. (1) 350 °C; (2) 400 °C; (3) 450 °C; (4) 500 °C; (5) 550 °C; (6) 600 °C; (7) 650 °C. 
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with increasing calcination temperature, indicating that higher temperatures caused structural changes in the catalyst. For calcination temperatures of 600 °C and 650 °C, the pore size distributions of the samples were lost as a result of the collapse of the mesoporous structure and subsequent crystal growth. This was consistent with the XRD analysis. The Cu loading of the sample has some influence on the change in mesoporous structure of the catalysts, as shown in Fig. 4. Figure 5 shows the SEM and TEM images of the Cu(0.75)/V(4.3)TiO2-450 sample. The particles were spherical and the crystal sizes were about 14 nm, which was close to the XRD result (13.1 nm). The magnified TEM images (in Figs. 5(b) and 5(c)) showed that discernible pores were present on the surface of the sample when the particle size was around 14 nm, 

in agreement with the SEM results. The pore structure was investigated using high resolution TEM (Fig. 5(d)). Pores with an ordered wormhole-like mesoporous structure were seen on the sample surface. The d-spacings of the nanocrystals were 0.35 nm, which can be related to the (101) anatase plane [38,39]. The H2-TPR profiles of Cu(x)/V(4.3)TiO2-450 samples with different Cu loadings calcined at 450 °C are shown in Fig. 6. It can be seen that the reduction temperatures of the catalysts depended on the Cu loadings. The reduction peaks of the VOx species [40] were shifted to lower temperatures for Cu loadings less than 0.75%, and the TPR curves exhibited only one major reduction peak. As the Cu loading was increased to 1.1%, other reduction peaks appeared at 300 °C. These may be attributed to the reduction of copper oxide species [34], and a reduction 
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Fig. 4. N2 adsorption-desorption isotherms of the Cu(x)/V(4.3)TiO2-450 catalyst samples with different x values. (1) x = 0.29; (2) x = 0.36; (3) x = 0.75; (4) x = 1.1; (5) x = 2.5. 

 

 
Fig. 5. SEM (a) and TEM (b, c, d) images of the Cu(0.75)/V(4.3)TiO2-450 sample. 

100 200 300 400 500 600 700

(6)

(5)

(4)

(3)

 

Temperature (oC)

In
te

ns
ity

(1)
(2)

Fig. 6. H2-TPR curves of the Cu(x)/V(4.3)TiO2-450 catalyst samples. (1) 
x = 0; (2) x = 0.29; (3) x = 0.36; (4) x = 0.75; (5) x = 1.1; (6) x = 2.5. 
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peak at 420 °C, corresponding to dispersed vanadium species located in the neighborhood of metallic Cu, which activated hydrogen. When the Cu loading reached 2.5%, the reduction peak at 300 °C became larger, which was attributed to reduc-tion of large particles of crystalline CuO species. This indicated that the copper oxide species had aggregated and crystalline CuO was formed at high Cu loadings [41]. The peak at about 400 °C corresponded to dispersed vanadium species. The Cu 2p3/2 XPS plot for the Cu(0.75)/V(4.3)TiO2-450 cat-alyst is presented in Fig. 7. The Cu 2p3/2 peak indicated the formation of CuO (931.2 eV). A slight peak shift to a lower binding energy compared to the reference data was observed, which was related to the Cu 2p3/2 binding energy of CuO (933.4 eV) [30,42]. In Fig. 7(b), the two main peaks at 466.0 and 460.4 eV observed for the Ti 2p binding energy of the Cu(0.75)/V(4.3)TiO2-450 sample were higher than those for the sample without Cu loading (465.6 and 460.1 eV) [30,43]. This is because the Fermi level of CuO is lower than that of TiO2, so TiO2 electrons are partially transferred to CuO, which results in changes in the outer electron cloud densities of the Ti and Cu ions. So the Ti 2p binding energies increased and the Cu bind-ing energies decreased. This suggested that there was a strong interaction between the TiO2 and Cu species [44]. The XPS spectrum of V 2p3/2 is shown in Fig. 8(a). The binding energies of 517.9 and 516.0 eV were attributed to V5+ and V4+ [45], re-spectively, in the Cu(0)/V(4.3)TiO2-450 sample. For the Cu(0.75)/V(4.3)TiO2-450 sample, the V 2p3/2 binding energies 

were increased to 519.3 and 518.1 eV [46]. This was because the electrons in VOx were partially transferred CuO, so the V 2p3/2 binding energies increased. 
3.2.  Catalytic properties for the hydroxylation of benzene The catalytic activities of the Cu(0.75)/V(4.3)TiO2-T cata-lysts are shown in Fig. 9(a). The phenol yield and selectivity increased with increasing calcination temperature. The phenol yield was 25.6% at 450 °C. As the temperature was further increased, there was a notable decrease in phenol yield, which was because the samples were mainly in the rutile phase, with a significant decrease in the specific surface area, and the active VOx components had formed a VxTi1-xO2 rutile phase solid solu-tion with TiO2 [47,48], resulting in less active VOx components. The relationship between the Cu content and the hydroxylation catalytic activity is shown in Fig. 9(b). The phenol yield and selectivity increased with increasing Cu content up to 0.75%. The maximum phenol yield was 25.6% and the yield decreased slightly with further increase in the Cu content of the catalyst. This was probably because the excess Cu species had aggre-gated and crystalline CuO was formed, which would accelerate the decomposition of H2O2 [14,18,28]. In addition, the aggre-gated Cu species have an unfavorable effect on the dispersion of the VOx components, which would also be responsible for the decrease in the phenol yield and selectivity [22]. The influence of the amount of the Cu(0.75)/V(4.3)TiO2- 450 catalyst on the 
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phenol yield and selectivity is illustrated in Fig. 9(c). The yield of phenol increased with increasing catalyst amount. The maximum yield of phenol was 25.6%, with 0.18 g of catalyst. Further increasing the amount of catalyst decreased the phenol yield and selectivity. This can be attributed to the further oxi-dation of phenol by excess active species. The effect of varying the reaction temperature on benzene hydroxylation is shown in Fig. 9(d). The yield of phenol increased with increasing tem-perature up to 60 °C, but it decreased with further temperature increases. The maximum phenol yield was 25.6%. This may be the result of the thermal decomposition of H2O2 at higher tem-peratures. This behavior is similar to those of other Cu-based catalysts [18].  The structural characterization of the catalysts showed that the activity of the catalyst depended on the dispersion states of the vanadium and copper species and the crystal phase of the carrier. In the reaction using H2O2 as the oxidant, different per-oxide intermediates can be formed with various metal oxides. The metal and H2O2 can form a metal-peroxo transition state after losing a water molecule, and then the metal-peroxo com-bine with benzene to complete the hydroxylation reaction [21,26,49,50]. After doping with the copper species, Cu2+ spe-cies exist as auxiliary species in the catalyst that promoted the catalytic activity of the Cu/VOx-TiO2 catalyst.  
4.  Conclusions The liquid phase hydroxylation of benzene to phenol with 

H2O2 catalyzed by mesoporous Cu/VOx-TiO2 catalysts was in-vestigated. The addition of a second metal, Cu, improved the thermostability of the Cu/VOx-TiO2 catalyst as compared with that of the VOx-TiO2 catalyst. The Cu also promoted the mono-dispersion of the vanadium species on the carrier surface and the facile reduction of VOx at low temperatures. The vanadium species existed in the form of VOx with two valences, +4 and +5. The copper species existed in the form of Cu2+. The binding energies of the Ti and V ions were increased, which indicated there were interactions among the Cu species, V species, and TiO2 that resulted in the increased binding energies of the Ti and V ions. When the copper species loading was 0.75%, the isolated VOx and copper species were highly dispersed on the carrier surface. The Cu(0.75)/V(4.3)TiO2-450 catalyst had high catalytic activity for the hydroxylation of benzene to phenol, and gave a phenol yield of 26% and phenol selectivity of 92%.  
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Cu 掺杂对介孔 VOx-TiO2 催化苯羟基化制苯酚的影响 
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摘要: 将 Cu 作为第二金属, 制备了不同 Cu 掺杂量的和不同温度下焙烧的双金属改性的 Cu/VOx-TiO2 复合催化剂, 并用于液相苯直

接羟基化制苯酚反应中.  固定钒的含量为 4.3%, 合成了一系列不同 Cu 掺杂量 (w = 0.29%~2.5%) 的催化剂, 并在不同的温度下 

(350~650 °C) 进行了焙烧.  利用 X 射线衍射、N2 吸附-脱附、扫描电镜、透射电镜、H2 程序升温还原以及 X 射线光电子能谱对催化

剂进行了表征.  结果表明, 加入 Cu 后催化剂仍保持有序的介孔结构, 并且有效地促进了 VOx 物种在载体 TiO2 上的分散和 VOx 物种

的还原, 同时提高了催化剂的热稳定性, 其中 Cu 以 +2 价的形态存在于催化剂中.  另外, 考察了催化剂用量, 反应温度等对苯羟基化

反应性能的影响.  
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1.  前言 

苯酚是一种重要的有机化工原料, 目前世界上超过 

90% 的苯酚是通过异丙苯法生产的.  该法工艺流程比较

长, 同时产生等摩尔量的丙酮及其它副产物, 影响了其发

展势头.  因此, 工艺简单、苯直接羟基化合成苯酚新工艺

的开发广受关注[1].  该路线绿色、原子经济性高, 包括 

N2O 氧化法[2]、O2 直接氧化法[3~6]、H2O2 液相氧化法[7~9]

等.  其中 H2O2 氧化苯一步合成苯酚唯一的副产物是水, 

无环境污染 , 被认为是未来最有希望工业化的新工

艺  

[10,11].  人们大都以 H2O2 为氧化剂, 在较温和条件下进

行苯直接羟基化反应;  所采用的固体催化剂, 包括 TS 分

子筛[12], 铜基和钒基催化剂[13~17]等.  Pan 等[18]将 Cu 负载

到铝基柱撑粘土上, 以 H2O2 为氧化剂, 用于苯直接羟基

化合成苯酚的反应, 苯酚的收率为 40%, 选择性为 80%.  

孔岩等[13]合成出 Cu-MCM-41 催化剂, 当 Cu 负载量为 

26.0% 时, 该催化剂在 H2O2 氧化苯直接羟基化反应中表

现出较高的催化活性.  Dimitrova 等[19]将钒物种分别嫁

接到 β 分子筛和 ZSM-5 分子筛上, 用于 H2O2 氧化苯直接

羟基化反应, 其中 V-β型分子筛表现了较好的催化性能, 

苯酚收率和选择性分别为 24.5% 和 70%;  而 V-ZSM-5 型

分子筛催化剂上苯酚的收率为 11.3%, 选择性为 75%.  这

两种催化剂中钒是以多重价态形式存在的.  含钒的混合

氧化物材料具有较高的催化活性和稳定性, 因而广泛用

于多种选择性氧化反应中, 尤其是烷烃类和芳香族化合

物的羟基化反应中[7,20,21].  以 H2O2 为氧化剂, 钒负载的催

化剂对苯羟基化反应表现出较高的催化活性 .  对于 

VOx-TiO2 催化剂体系, 当载体 TiO2 为锐钛矿相时, 其活

性较高, 而为金红石相时, 则不利于反应的进行[22,23].  研

究表明 , V2O5 的加入可明显降低 TiO2 的晶相转化温

度 

[24];  因为 VOx 的负载能够增大 TiO2 由锐钛矿相向金红

石转化的核心的表面密度, 当钒物种单分散于载体 TiO2 

上时, 催化剂表现出较好的催化活性[25].  本课题组已经

成功制备了 VOx-TiO2 催化剂, 并用于液相苯直接羟基化

制苯酚的反应, 以 H2O2 为氧化剂, 乙腈为溶剂, 最佳的反

应条件下, 苯酚的收率和选择性分别为 23.8% 和 85%[26].   

用于苯直接羟基化反应有很多单负载过渡金属 (Fe, 

Cu, V 等) 的催化剂, 但是催化效果均不太理想 [27~29].  据

我们所知, 有关双金属负载的 Cu/VOx-TiO2 催化剂的报

道较少, 尤其是用于苯直接羟基化制苯酚的反应中.  本

文采用水热法制备一系列不同 Cu 含量的 Cu/VOx-TiO2 

催化剂, 并用于苯直接羟基化的反应中.  考察 Cu 的负载

量和焙烧温度对所制催化剂的影响, 以便合成出对苯羟

基化反应具有活性较高的催化剂.  同时, 利用 H2 程序升

温还原 (H2-TPR) 和 X 射线光电子能谱 (XPS) 技术, 研究 

Cu, V 和载体之间的相互作用;  采用 N2 吸附-脱附、X 射

线衍射 (XRD)、扫描电镜 (SEM)、透射电镜 (TEM)、

H2-TPR 和 X 射线光电子能谱 (XPS) 对合成的催化剂进

行表征.   

2.  实验部分 

2.1.  催化剂的制备 
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以十二胺 (DDA;  98%, 国药集团化学试剂有限公司) 

为模板剂, 异丙醇 (99%, 国药集团化学试剂有限公司) 为

分散剂;  钛酸四丁酯 (TBOT; 98%, 国药集团化学试剂有

限公司)、NH4VO3 (≥ 99.0%, 国药集团化学试剂有限公司) 

和 Cu(NO3)2·3H2O (≥ 99.0%, 国药集团化学试剂有限公

司) 为前驱体,采用水热合成法制备了 Cu/VOx-TiO2 催化

剂 .   称取  2.5  g  DDA,  0.20  g  NH4VO3,  一定量的 

Cu(NO3)2·3H2O, 21 g 无水乙醇, 9 g 去离子水, 混合均匀配

制成溶液 A.  将 17 g TBOT 溶于 6.0 g 异丙醇中, 充分混合

均匀配制成溶液 B.  搅拌下, 将溶液 B 缓慢滴加到溶液 A 

中, 立刻形成浅黄色沉淀.  30 °C 水浴中继续搅拌 24 h, 形

成浅蓝色沉淀物, 陈化 24 h, 抽滤, 用 200 ml 去离子水进行

洗涤, 于 80 °C 干燥过夜, 并在一定温度下焙烧 6 h (升温

速率  2  °C/min),  所得  Cu/VOx-TiO2  催化剂标记为 

Cu(x)/V(4.3)TiO2-T 复合介孔材料, 并经 EDS 测定了 Cu 

和 V 的含量.  其中 x 代表 Cu 的质量百分数, x= 0.29%, 

0.36%, 0.75%, 1.1%, 2.5%, V 含量均为 4.3%, 焙烧温度 T= 

350, 400, 450, 500, 550, 600, 650 °C.   

2.2.  样品的表征 

XRD 使用德国 Bruker D8 Advance 型粉末衍射仪测

定, Cu Kα 辐射 (λ = 0.15418 nm).  N2 吸附-脱附曲线在 

NOVA 2000e 型比表面积和孔隙度分析仪上测量, 吸附

质为 N2, 吸附温度为–196 °C;  测量前样品在 300 °C 真空

脱气 3 h.  SEM 照片在日本日立公司 S-4300 型场发射扫

描电子显微镜上拍摄, 电压 20 kV, 样品室真空度优于  

10–4 Pa.  在日本日立公司 H-7650 型 TEM 上拍摄样品形

貌 ,  电 压  100  kV.   H2-TPR  在 美 国 康 塔 公 司 

Chem-BET3000 型化学吸附仪上测试, TCD 检测器, 桥电

流 140 mA, 升温速率 10 °C/min.  XPS 谱在美国热电公司

的 VG ESCALAB 250 型分光仪上测试, 使用非单色 Al Kα 

X 射线源 (1486 eV).   

2.3.  苯羟基化反应 

向 50 ml 三口瓶中依次加入一定量的催化剂、5.0 ml 

乙腈、2.3 g 苯 (0.03 mol), 在磁力搅拌下加热至一定温度, 

然后逐滴加入 6.8 g 30% H2O2, 于 30 min 内滴加完毕.  继

续反应 5 h 后, 混合液经离心分离, 取上层有机相在科创 

GC9800(N) 型气相色谱仪上分析, 内标法 (甲苯作内标

物) 对苯酚进行定量计算.  另外, 对产物进行检测发现, 除

苯醌外无其他副产物生成.   

3.  结果与讨论 

3.1.  催化剂的表征结果 

图 1 为各 Cu(0.75)/V(4.3)TiO2-T 催化剂的 XRD 谱.  

可以看出, 当焙烧温度低于 550 °C 时, 所得样品在 2θ = 

25.5°, 37.9°, 48.1°, 54.1°和 62.6°处出现特征衍射峰, 分别

对应于锐钛矿 TiO2 (JCPDS 21-1272) 中 (101), (004), 

(200), (105) 和 (204) 晶面[30~32].  焙烧温度升至 600 °C 时, 

TiO2 部分晶相由锐钛矿相转化为金红石相;  至 650 °C 时, 

催化剂的晶相全部转化为金红石相.  还可以看出, Cu 的

掺杂抑制了催化剂由锐钛矿相向金红石相转化[22,26].   

图 2 为不同 Cu 含量的 Cu(x)/V(4.3)TiO2-600 催化剂

的 XRD 谱.  由图可见, 没有负载 Cu 时, 600 °C 焙烧所制

催化剂的晶相全部为金红石相;  随着 Cu 负载量的增加, 

催化剂的晶相明显地由金红石相向锐钛矿相转化;  至 x = 

2.5% 时, 所得样品中锐钛矿相的含量达到 75.4%, 说明 

Cu 的掺杂有效地促进催化剂由金红石相向锐钛矿相转

变.  另外, 该样品在 2θ = 35.5°, 38.7°和 46.3°处出现 CuO 

晶面衍射峰, 说明其中有聚合态或晶态 CuO 生成[33,34].   

图 3(a) 为 Cu(0.75)/V(4.3)TiO2-T 催化剂的 N2 吸附-

脱附等温线.  由图可见, 当焙烧温度低于 600 °C 时, 样品

的 N2 吸附-脱附等温线为 IV 型, 并有 H2 回滞环, 表明样

品具有介孔结构[35,36].  随着焙烧温度继续增加, 样品的滞

后环完全消失了, 可能是由于高温焙烧使样品晶化度增

加, 晶粒增长, 使介孔结构发生坍塌所致[37].  图 3(b) 为上

述催化剂的孔径分布图.  当焙烧温度低于 600 °C 时, 所

得样品具有较窄的孔径分布 (3~5 nm), 说明样品具有规

则的孔道结构.  可以看出, 随着焙烧温度的增加, 样品孔

径分布发生了宽化;  至 600 和 650 °C 时, 样品的介孔完全

消失, 可能是由于晶体的增长所致.  与 XRD 结果一致.   

不同 Cu 含量的 Cu(x)/V(4.3)TiO2-450 催化剂的 N2 

吸附-脱附等温线示于图 4.  可以看出, 改变 Cu 含量, 催化

剂仍然保持有序的介孔结构.   

图 5(a) 为 Cu(0.75)/V(4.3)TiO2-450 催化剂的 SEM 照

片.  可以看出, 样品呈球形小颗粒, 其粒径大约为 15nm 左

右, 与 XRD 计算结果较为接近 (13.1nm).  图 5(b) 和 (c) 为

样品的 TEM 照片.  可以看出, 样品确为球形小颗粒, 且存

在规则的孔道结构.  由该样品的高分辨 TEM 照片 (见 

5(d)) 可知, 催化剂表面存在规则有序的虫孔状结构, 晶

面间距为 0.35nm, 其晶格条纹与锐钛矿相有序的 (101) 

晶相位面相对应[38,39].   

图 6 为 Cu(x)/V(4.3)TiO2-450 催化剂的 H2-TPR 谱.  

可以看出, 未掺杂 Cu 时, 催化剂中钒物种的还原峰在 

550 °C, 属于单分散 VOx 的还原峰[40].  随着 Cu 的加入, 且

其负载量不超过 0.75% 时, 钒物种只有一个较大的还原
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峰出现, 且逐渐向低位区偏移, 应为 VOx 的还原;  当 Cu 掺

杂量达到 1.1% 时, VOx 还原峰出现在 420 °C, 还在 300 °C 

出现一个小的还原峰 , 可能是由于 Cu 物种的还原所

致 [34].  继续增加 Cu 负载量至 2.5% 时, Cu 物种还原峰面

积增大, 说明随着 Cu 含量的增加, Cu 物种发生了聚合并

形成晶相的 CuO[41];  VOx 物种还原峰则出现在 400 °C.   

图 7(a) 为 Cu(0.75)/V(4.3)TiO2-450 催化剂中 Cu 2p3/2 

的 XPS 谱.  由图可见, Cu 2p3/2 谱峰出现在 931.2 eV 处, 说

明样品中 Cu 是以 Cu2+形式存在, 相对于标准 CuO 中 

Cu2+的电子结合能为 933.4 eV 略有偏移 [30,42].  图 7(b) 为

不同催化剂中 Ti 2p 的 XPS 谱.  可以看出, 样品中掺杂 Cu 

以后, Ti 2p1/2 和 Ti 2p3/2 的电子结合能分别从 465.6 和 

460.1 eV 位移至 466.0 和 460.4 eV[30,43].  这可能是因为 

CuO 的费米能级低于 TiO2, 导致 TiO2 中的电子向 CuO 转

移, 使 Ti 元素和 Cu 元素外部电子云密度发生变化, 所以 

Ti 2p 的电子结合能增加而 Cu 2p 的电子结合能降低, 表

明载体 TiO2 和 Cu 之间存在很强的相互作用[44].    

图 8 是 V 2p3/2 的 XPS 谱, 并对 V 2p3/2 的峰进行了分

峰处理.  由图可见, 未掺杂 Cu 的 Cu(0)/V(4.3)TiO2-450 样

品的 V 2p3/2 的电子结合能为 517.9 eV, 归属于 V5+, 而位

于 516.0 eV 的峰属于 V4+ [45], 说明催化剂中 VOx 物种以

+4 和+5 形式存在.  在掺杂 Cu 的 Cu(0.75)/V(4.3)TiO2-450 

催化剂中, V 2p3/2 的电子结合能增加为 519.3 和 518.1 

eV[46], 可能是由于 VOx 的电子向 CuO 转移所致.   

3.2.  催化剂的活性 

图 9(a) 为 Cu(0.75)/V(4.3)TiO2-T 催化剂上苯羟基化

反应结果.  由图可知, 随着催化剂焙烧温度的增加, 苯酚

收率和选择性增加;  至 450 °C 时, 苯酚收率达到 25.6%;  

继续增加焙烧温度, 苯酚的收率明显下降, 可能是因为高

温焙烧致使催化剂的晶相由锐钛矿相转化为金红石相, 

导致催化剂的比表面积下降, 或者因为高温焙烧使 VOx 

物种与载体 TiO2  相结合形成了 VxTi1-xO2  固溶体结

构 

[47,48], 使活性 VOx 物种的量减少.   

图 9(b) 为 Cu(x)/V(4.3)TiO2-450 催化剂上苯羟基化

反应结果.  由图可见, 随着 Cu 含量的增多, 所得催化剂上

苯酚的收率有所增加;  至 0.75% 时, 苯酚的收率最佳, 达

到 25.6%;  继续增加 Cu 的含量, 苯酚的收率明显下降, 可

能是因为过多的 Cu 物种发生了聚合并形成 CuO, 从而可

能加速了氧化剂 H2O2 的分解 [14,18,28].  另外, Cu 物种的聚

合不利于 VOx 物种的分散, 也会导致苯酚收率和选择性

下降[33].   

图 9(c) 为 Cu(0.75)/V(4.3)TiO2-450 催化剂用量对苯

酚收率和选择性的影响.  由图可知, 随着催化剂用量的

增加 , 苯酚的收率逐渐增加 ;  至 0.18 g 时达最大 , 为 

25.6%;  继续增加催化剂的用量, 苯酚的收率和选择性下

降, 可能是由于过多的活性物种使生成的苯酚发生了过

氧化.   

图 9(d) 为反应温度对 Cu(0.75)/V(4.3)TiO2-450 上苯

羟基化反应性能的影响.  可以看出, 随着反应温度升至 

60 °C, 苯酚收率达到最大, 为 25.6%;  继续增加反应温度, 

苯酚收率下降.  这可能是由于高温使得 H2O2 分解过快, 

从而导致催化活性降低, 与文献报道的钒基和铜基催化

剂催化苯羟基化反应结果相一致 [18,26].   

结合催化剂表征结果可以看出, 催化剂活性主要取

决于 V 物种和 Cu 物种的分散状态及载体 TiO2 的晶相.  

在苯羟基化反应中, H2O2 氧化剂与金属氧化物作用, 形

成了不同的过氧物种, 金属物种与 H2O2 相结合形成金属

过氧物种的过渡态, 失去一分子水后与苯环相结合, 再经

过电子迁移形成中间体及过渡态, 进而完成苯羟基化反

应[21,26,49,50].  加入的 Cu2+作为助剂有利于 Cu/VOx-TiO2 催

化剂活性的增加.   

4.  结论 

以 H2O2 为氧化剂, 以介孔 Cu/VOx-TiO2 为催化剂进

行液相苯羟基化制苯酚反应.  结果表明, Cu 作为第二金

属的加入增加了 Cu/VOx-TiO2 的热稳定性, 延缓了 TiO2 

锐钛矿相向金红石相的转化, 同时促进了 V 物种在载体 

TiO2 表面的分散和还原.  在催化剂中 VOx 物种以混合的

价态 (+4, +5) 存在, Cu 物种以 Cu2+形式存在, 它们与 TiO2 

之间存在很强的相互作用.  当 Cu 的含量为 0.75% 时, 孤

立的 V 物种和 Cu 物种高度分散于载体 TiO2 的表面, 催

化剂活性较高, 苯酚收率和选择性分别达 25.6% 和 92%.   
 


