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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/VO,-TiOz (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 N, adsorption-desorption,
scanning electron microscopy, Hz 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 VO,-TiO: cata-
lyst, and the vanadium was monodispersed on the TiOz support. The presence of Cu?* ions on the
catalyst surface was shown by XPS measurements. These Cu?* ions probably contributed to the
dispersion of vanadium on the surface of the TiOz support, and the more facile reduction of VO.. The
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Hydroxylation Cu?* ions also strengthened the thermostability of the Cu/VO:-TiO: catalyst. The effects of some
Phenol 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.

1. Introduction versions and yields [10,11]. For the reaction with H20: as the

oxidant, various solid catalysts under mild conditions have

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 N20 [2] or Oz [3-6] in the vapor phase and H202 [7-9] in the
liquid phase. The hydroxylation of benzene to phenol using
H20z2 is probably the most effective route since it has high con-
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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 H202 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 H202. 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  and ZSM-5 zeolites as catalysts for
the direct oxidation of benzene to phenol with H202 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
H20: as oxidant. The anatase phase gave a better performance
as a support of V20s for selective partial oxidation reactions
compared to the rutile phase [22,23]. A large number of publi-
cations have shown that the V20s 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 TiO2z surface [25]. In our laboratory, we have pre-
pared VOx-TiO2 catalysts and used them for the hydroxylation
of benzene to phenol with H202 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-TiOz 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-TiOz 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-TiOz 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 TiOz 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), Hz tem-
perature-programmed reduction (Hz-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 (NH4VO3s, = 99.0%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and
copper nitrate trihydrate (Cu(NO3)2:3Hz20, = 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 NH4VOs3,
and an amount of Cu(NOs)2-3H20 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 K. radiation (A =
0.15418 nm). The Nz 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. Hz-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 K« 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% H202 (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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Fig. 1. XRD patterns of the Cu(0.75)/V(4.3)TiOz-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.

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 26 = 25.5°, 37.9°, 48.1°, 54.1°, and 62.6° were the
(101), (004), (200), (105), and (204) diffraction peaks of ana-
tase TiOz (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/TiOz-supported
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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.

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 26 = 35.5°,
38.7°, and 46.3° corresponded to the formation of bulk CuO on
the catalyst surface [33,34].

The N: adsorption isotherms of the Cu(0.75)/V(4.3)TiOz-T
samples are shown in Fig. 3(a). For calcination temperatures
below 600 °C, the isotherms were classical Type IV, with a typ-
ical Hz 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. 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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Fig. 4. N; 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.

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)Ti02-450 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,
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Fig. 6. H2-TPR curves of the Cu(x)/V(4.3)Ti02-450 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.

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

Fig. 5. SEM (a) and TEM (b, ¢, d) images of the Cu(0.75)/V(4.3)Ti02-450 sample.
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Fig. 7. XPS spectra of Cu 2p in Cu(0.75)/V(4.3)Ti02-450 and Ti 2p in Cu(0.75)/V(4.3)TiO2-450 (1) and Cu(0)/V(4.3)Ti02-450 (2).

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 2ps3,2 XPS plot for the Cu(0.75)/V(4.3)Ti02-450 cat-
alyst is presented in Fig. 7. The Cu 2ps/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)Ti02-450 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 TiO,
so TiOz 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 TiOz and Cu species [44]. The XPS
spectrum of V 2ps/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)Ti02-450 sample, the V 2ps/2 binding energies
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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-«Oz 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 H202[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

\Y% 2p3/z (b)
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Binding energy (eV)
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Fig. 8. XPS spectra of V 2p in Cu(0)/V(4.3)TiO2-450 (a) and Cu(0.75)/V(4.3)TiO2-450 (b) catalyst samples.
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Fig. 9. Effects of Cu(0.75)/V(4.3)TiO2-T samples (a), Cu(x)/V(4.3)TiO2-450 samples (b), Cu(0.75)/V(4.3)TiO2-450 amount (c), and reaction tempera-
ture (d) on the hydroxylation of benzene. Reaction conditions: benzene 0.03 mol, benzene:H:0: = 1:2, acetonitrile 5 ml, t =5 h.

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 H20: 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 H20: as the oxidant, different per-
oxide intermediates can be formed with various metal oxides.
The metal and H202 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

H202 catalyzed by mesoporous Cu/VOxTiO2 catalysts was in-
vestigated. The addition of a second metal, Cu, improved the
thermostability of the Cu/VOx-TiO: catalyst as compared with
that of the VOx-TiOz 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 Cu?+. The binding
energies of the Ti and V ions were increased, which indicated
there were interactions among the Cu species, V species, and
TiOz 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)Ti02-450 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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CutBZ33 T FL VO, TIO ML F 2 B AL I KB B §2 11

_ s B2 b,#
o A, AT, FRAEIE
CFFRARFENFSNFETIR¥IR, EEILFF% /K 161006
PEL TR BEREANTE LR E, ERIITFF%AR 161006

BE: K CulfA S s, 4 T AN Cu B 2% B AN RIEL L F KRR I X i PR ) Cu/VO,-TiO, A AL, JFHI T WA L
PR AL R S b [ S5 O 4.3%, BT R VAT Cu B8R (w=0.29%~2.5%) (AL, JFAEA [ R 2 T
(350~650°C) HEAT T Kk, R X ERATH N WBH-MEMS o S BT BN BT, Ho Ry THELE I DU X 5 40t L1 RE T 0 fiE AL
FUHEAT T 2RAL. 85 KR, A Cu 5 HEACTI DRI e i FLE A, JF HAT ROBALIE T VO, MIFI R 24K TiO, L 23 Ui VO, M Fib
(K33 I, [P 3R e 1 AT AR VAR E P8, e Cu L +2 W IS ATAE TG S5 4h, %6 58 T EALTI T B, S it B S ) A2 4k
S A BE FRT R

KSR 4 PR, AL AR 3 IR R

WA FH#A: 2012-09-27. # % F#7: 2012-11-07. & R H #7: 2013-02-20.

* IR AL BAE: (0452)2742573; B 12 4 jIh29@163.com

B R AL BLIE: (0452)2742563; BT 1548 xfguo@163.com

4 KE: BREARBFESL(21176125); BRIAHEFTAFIE (2012TD012,125112030, 12521594); B L& # % 4 43 T

B (YJSCX2011-198HL).
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1 w=

Al

Tl

IR — P E A MU T OB, AT
90%% [ A 1y 2 30 ok 57 A 2RV 2B 77 1) i3k T 2 RE L g
e, VB 7= A S PR R St 1R A B L e sl =4, s 1 ek
ek, B, TR REER A BRI 1.2
TP 3 N, ket o, R4t U4
NLO AR O, H IR HL0, Wi A Ak i)
8 L HLO0, S A 2R — 20 A ORIy ME— I I =4 2 K
ToHR LG G, WAk R ks A A5 B T AR BT T
SO AT L HyO, My S8 A, 2E BN 41 R it
1T AR B HEA R N BT R F (0 [ 4 i A0 7], A48 TS 43
T, A SR B A A )% Pan 25K Cu £ 3k
BB EEATEERG 1 b, BLHL0, U0 7], TR R I
0B AR T 1 BN, 2RI IR S 40%, JE BRI 80%.
AL U35 f Y Cu-MCM-41 fE AL, 4 Cu f gk N
26.0% I, ZMEAG R E HoO, S AR FLE R I S B rh 36
T L e (AL 3 M. Dimitrova Z5EUORER B A Bl 43 50 45
F 2 B 4> T I A ZSM-5 437t b, T H00 8 AR B 4%
FRHEAL S N, Horpr V-BRY O3 1 i B T A IR HE AL 1 e,
IRIYCR TN £ 43 591k 24.5% Fi1 70%; 1] V-ZSM-5 74
I3 F I ) 2RI R A 11.3%, IEHREIE R 75%. 3X
PIRPMEAL L& L 2 M ST AR, SR G
AL PR AT B R AT PR R RS 1, R Y2
T2 R IE PR E A RN, DU IR SRR A B G
YIRS W 72021 DL HL0, by S8 A 51, AR 6 38 11 4

AT 28 12 LAk S N 2 B T A v IR R AL TS PR X T
VO,-TiO, fEAFIA R, 84K TiO, 4 BBk AH IR, g
PR G, 100k G 20 A AR, AN 1 58 FR 34712220, A
FER W, V05 10 A ] B 2 FE A TiO, (1 &b AH %5 10 76
JERA TR VO, IR 51 38 RERE 18K TiO, HBEERE A 1) 4x 41
ATEEAR IR AZ O (R SR T2 32, ML A B 23 BT 28044 THO,
R AR R 2 R R AR PR AR gl
£ T VO-TiO, AT, H TR 2 Ak
TR R SN, DA HL O, R 487, LI R s 771, e A 1) I
AT, 2RI RIS R R B 43 531l by 23.8% FiT 85% %),

AR BRI RN AT R 2 51 30 45 (Fe,
Cu, V %5) [ A6, (E 2 AL UR AN K HAR P72 4
BATHT N, A7 X4 JE 712511 Cu/VO,-TiO, {67 14
WD, U TR B AR AR Y (0 R B, A
SCR K #GE % — RVIATH Cu F & 1 Cu/VO,-TiO,
FEAGT, I TR E R I . 25 %2 Cu [ 1 2
SRR At S T BT (AL T T B i, DU B R ) R
A s N AT T PR A s AR AR RIS, R H R
4 J5 (Ho-TPR) I X 20 W7 Re 1% (XPS) B, W 5T
Cu, V A& 2 T0) (1A B HT 5 SR F NG IR B - I B XS5
LATH (XRD). HHHHLEL (SEM). iZE 4 LB (TEM).
H,-TPR FlI X 5 286t 7 BE I (XPS) Xif £ i 1 1 1 571) i3k
ATHRAL.

2. LIGERS

2.1 fEWFIRHIE
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PL-T—Jf% (DDA; 98%, [ 2548 B4 535014 B A =)
SRR, P I (99%, 2582 Ak = R BR A R Ky
I3 BRI DU T E (TBOT; 98%, [ 254 A1k 2R 14
PR 5]) NH4VOs3 (>99.0%, [F 245 5 b 23854 PR A 7))
AT Cu(NO3),-3H,0 (> 99.0%, [H 25 £ 14k 24 38 5045 PR 2>
) kIR AR SR KRB 2l 46 T Cu/VO,-TiO, fiE ik
#. FRHL 2.5 g DDA, 020 g NH,VOs, — & & 1)
Cu(NO;),3H,0,21 g To/K 41, 9 g LB 17K, I A3 5 I
TR A 17 g TBOT T 6.0 g SENEEH, 78 /IR &
S IC I RO VR B, BEHE R, K B 221 n B A
ST G T (O TTE. 30 °C KV 4k SE 1 HE 24 h, 16
B LT, A 24 h, $hE, T 200 ml 2535 1 /KA T
VEVR, T80 °C TR, JFAE— & i JE T AR 6 h (THl
% 2 °C/min), AF £ Cu/VO,-TiO, i 1k 7 ic N
Cu(x)/V(4.3)TiO,-T &AL KL, I 4 EDS Ml %E T Cu
vy Hrpx AR Cu R H 752, x=0.29%,
0.36%, 0.75%, 1.1%,2.5%, V 7 5344 4.3%, K heili & 7=
350,400,450, 500, 550, 600, 650 °C.

22 HMEIRLE

XRD 1% JT] £ [E Bruker D8 Advance ¥ AR AT 554
S, CuK, W5 (A = 0.15418 nm). N, W Fft - I3 B il 2k 76
NOVA 2000e 2 Et 22 [HTBR HIFL G BE 43 B 43 b0l 5, Wt
J5t k) No, W L BE —196 °C; I i FF i E 300 °C B 2%
Jit < 3 h. SEM [ v 7 H A H 3724 W] S-4300 B4 37 56 441
i B AR, R 20 kv, AR E B S ER T
107 Pa. {E H A H 3728 5] H-7650 %4 TEM _E 31454 5 1%
i, W 100 kv. Hy-TPR 7k 3 [H JF 8 2 #
Chem-BET3000 B4 44,2715 B A% _F 3, TCD il 4, #r i
W 140 mA, FHEE %K 10 °C/min. XPS i 7 3 [F $ Hi, 23 7]
() VG ESCALAB 250 73 A ik, A6 AR 55 ALK,
X U5 (1486 eV).

23. FEREARM

6] 50ml = FOf AR O A — & SR 5.0ml
M 2.3 g7K(0.03mol), 7ERE I HEFE NI E — i,
SRIG BN 6.8 g30% H,0,, T30 min A i N 58 5. 4%
SN S h G, A TG B 0o s, B R WU R
GC9800(N) S AH (A 1A 140 B, N FRide (2R A P A
W) X R BEAT S BB T3 AR, KA EAT R R IR, B
IRPRA N G A R P4 A k.

3. H#R5WE
31 BUFMRESR

B 1 4 4% Cu(0.75)/V(4.3)TiO,-T AL F1 f#) XRD .
AT LLE Y, R PR AR T 550 °C I, BT FE S 7E 20 =
25.5°,37.9°,48.1°, 54.1°F1 62.6° 4k tH BILR AE A7 S, 43 531)
Xf T 8RBT TiO, (JCPDS 21-1272) H (101), (004),
(200), (105) 1 (204) i 1HP 2. K5-beifih £ T 25 600 °C i,
TiO, 843 dbAH B BRI AR A0 4 206 A %2 650 °C I,
HE AT dt AH A 3 A0 R S 20 A A, 3B 1T DL HH, Cu 1)
523 T AT BB ERE ™ AH [ G 20 AT AH AR,

2 JANTA] Cu 55 & 1) Cu(x)/V(4.3)Ti0,-600 fi 457
(1) XRD 3. H B W] L, AT 574 Cu I, 600 °C Kb T il
TEACTU I A 4300 & 2040 HH; B Cu Bk 2 1 48 i,
AR 700 10 i A B S 3t e 4 2040 A ) B R R AL &S x=
2.5% IS, T AR b P B AR A 1K B Bk 3] 75.4%, 1t W]
Cu (145 747 RO AL FEAE A 7R EH <8 2040 AH 1) B0 BRAT AH
A5 AN ZRE R AE 20=35.5°, 38.7° M1 46.3° 4k H1 B CuO
s T AT 555 06, 130 P G P oAy 28 4 AR B A CuO A P,

Kl 3(a) A Cu(0.75)/V(4.3)TiO,-T HE AL 71 1) N, W B -
It B Al e EH PR AL, 2 KRR FEAIC T 600 °C I, FF: i
(160 N W B - Fd B 25 26 ol TV B, I H, [RIE IR, 26 W AR
AT A FLAG R T, B R Rl P Ak 518 o, A i (Y
JEFRGEAI R T, W] RE AL BT AL e AR o A A0 R Y
T, iR A FLGE R R A ST AT BT 1 3(b)
A FLAE 2 A B K5 beils FE AR T 600 °C 1, F
FFRE il HA B 0 FLAR 20 A (3~5 nm), T AL dh B AT R
WP FLAE S 4. W] LAt B 5 el X 11 185 o, A% i L
B R AT idk; & 600 F1650 °C INF, BE S A L5242
T2, TREAE T AR AR K I 3. 5 XRD 45 3L

ANTE] Cu 75 B 1 Cu(x)/V(4.3)TiO,-450 14k 71 1) N,
W - ot B S5t 2R T 4. T DUR H, B0 Cu 7 i, fiE b
FIIRORAFAT 7 LA 4.

Kl 5(a) 2 Cu(0.75)/V(4.3)TiO,-450 4L 71 ) SEM [
Jr. TR Y FE i R EROE/NRL, HoRAE K2 15nm /2
#, 5 XRD 545 BN H3 (13.1nm). & 5(b) A (c) A
FE TEM R, ] BUE H, FF i R 3KO% /NBORE, B A7
FE A TR FLIE S5 0. A FE i 1K) 20 % TEM B (0
5(d)) R %N, A0 T2 T AE AR A 1R LR E5 4, B
THITE] #E 24 0.35nm, He &g 4 805 BBk AT 7 1K) (101)
sir AR TR o 550,

6 M Cu(x)/V(4.3)TiO,-450 f#: 1L 7 ] H,-TPR .
A LLE W, RAB 2% Cu B, E 4K 7] A B0 b 1D 30 it Ve A1
550°C, J& T 850 B VO, (13 JR M0, Bt Cu A, H.
H AR 0.75% I, PA UH — AR IR )R
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W HA B, LI RMEA X RS, WYl VO IRTIE Ji; 4 Cu s
FREIRF 1.1% I, VO, I8 JR U6 H B 7E 420 °C, 3471 300 °C
H I — AN /NI R 0, AT R T Cu 4 Bl 15 s T
P ARSI Cu £ 355 5 2.5% I, Cu MRl ds st e Ty
FUROR, UL HBE Cu & S0, Cu Rl k42 T R & 9%
TE A (1] CuO™Y; VO, Al J5 e ) Hi B AE 400 °C.

Kl 7(a) A Cu(0.75)/V(4.3)TiO»-450 AL 7 o Cu2ps
(K XPS 3. &) L, Cu 2psn U Y BLAE 931.2 eV AL, 3
A RE S Cu J2 BL CuP I U A7 A, ARG T 451 CuO A
Cu* ML T-45 5 B8 N 933.4 eV IS A s B0 18] 7(b) hy
ANFEEACT R Ti2p () XPS 1%, v LA H, FEfh 5 2% Cu
PLJG, Ti 2p1 1 Ti 2ps, B HL T 45 5 BE 20 5 M\ 465.6 F
460.1 eV 17 # & 466.0 Fll 460.4 eI I nf g J& A
CuO K BERAL T TiO,, FELTIO, I HL - 7] CuO #
B, 1 Ti TG ZEF Cu Je AN L 72 35 5 R A AR 4k, FT LA
Ti 2p [ HL 745 A BE 3 DN 17 Cu 2p O HL T 45 4 BE PRI, 36
HA 8 TiO, A1 Cu 2 R4 AEAR B (1 AH B A FH U,

8 J& V 2p3p 1 XPS 1%, F X6 V 2ps ), [IGEHEAT T 43
U AR i P R] DL, K45 4% Cu i) Cu(0)/V(4.3)TiO,-450 F
ARV 2psn LT 5 A B0 517.9 eV, HJE T V7, i fir
T-516.0 eV [ & T VB B AL - VO, Pl
+4 F+5 JEAFAE. 7E354% Cu 1) Cu(0.75)/V(4.3)Ti0,-450
AT,V 2ps, (R HLF 5 A BRI Ik 519.3 AT 518.1
eVI*LHT B S 1 T VO, [ HLF i) CuO B T L.
32, fEULFINEMSE

& 9(a) b Cu(0.75)/V(4.3)TiO,- T AL 7 |2 F2 a4k,
SN E AT K, B A AR B (1 i, PRy
W REPEPERE N, 28 450 °C I, Ry R IA 31 25.6%;
ARSI IR Be B, AR IR B N B, T REAE DR D
TR 8 S A R0 1) A ER B AR L A0 R 4 410 A,
S BUHE AR 1 LU R TR T B, B30 DR il i e A VO,
YA 5 Ak TiO, M 45 & LT V. Tiy, O, [ 35 14 25
R U748 AT itk VO, (b

K 9(b) Ay Cu(x)/V(4.3)Ti0,-450 #E 1k 7 b A Ak
JES AL T L, B Cu & M 2, i sn) b
TR (AT BT 28 0.75% I, A8y e R et 38

£ 25.6%; 4RSI Cu 15 &, AW W B R I, mT
e R I 2 (10 Cup kA T 3R G IFIE B CuO, M ]
BEINTE T 48450 HLO, (K1 40t U4 1828 S 4k Cu Wb i) 5%
G AFT VORI 43 1, B2 3 BOR B Tk £
*Flpqg_[ﬁ].

9(c) A Cu(0.75)/V(4.3)TiO,-450 f 1k 71 Fi F % 4%
Py VAT 246 RT3 9% 1 P s e T T i, B R A7) A 11
B, Ry R TG N A 0.18 g I ik K,
25.6%; Ak SN M40 R 00 A, R RS S AL R R
B, WTRESE BT 2 (RS PR b A A B Ry A AR T
Adk.

9(d) A [z W32 % Cu(0.75)/V(4.3)Ti0,-450 b7
FRHEAL S N RE S . mT DA Y, BE A SN il T 2
60 °C, AR 81k B B K, b 25.6%; Ak 3G N B Nk B,
IR R . X AT BRI BT S A 1S HaO, 20 il it R,
T 53 A A 0 M B AT, 5 SRR T R R 0 i A4 A
TR FR AR, S5 N 45 SUAH — g 11920,

SEG AR AE S5 50T LA, A ARG 1k S B
PV P FIFT Cu PR ) 53 HOIR A S 3044 TiO, 1) dtAH .
TERFREA N, Ho0, B A ) 5 & J8 A e AR, T
BT AR B SR, & B YR S Ha00 M 456 T8 4 &
AR RS, R KR SRS &, 4
ok HL T RS R R () B sk P, b 1 8 BOR R B4k
JR7 212649300 i ) Cu® A Sk B 14 R T Cu/VO,-TiO, fif
AT P (3 .

4. ZE5ig

A Hy0, M S ALF, LA L Cu/VO,-TiO, b fiE AL 713k
AT AR IEAL I R T S . &5 R, CufE A 3 — 4
JEANALE N T Cu/VO,-TiO, A 5E M, #ELZ T TiO,
BUERH AH ) 4 20 A A I 54K, TRIIHE R TV W0 Rh e 24k
TiO, & [ (1) 73 HOFIE Jit . AL VO, A LR & 1)
W & (+4, +5) 7745, Cu R LL Cu* JE A7 A, B A1 Tio,
Z M AFAEAR SR A AR . 24 Cu i35 00 0.75% I, 9K
LRV PRI Cu 0B i BE 43 BT 8044 TiO, IR 2 1, fhi
PTG v, AR By R RT3 6 23 )3k 25.6% A1 92%.



