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A series of copper-containing SBA-15 samples were successfully synthesized via evaporation-induced
self-assembly route. The resulting materials were characterized by X-ray diffraction (XRD), 29Si MAS
NMR spectroscopy, transmission electron microscopy (TEM), N2 sorption, inductively coupling plasma-
atomic emission spectrometer (ICP-AES), thermogravimetry, and differential thermal analysis (TG–
DTA), Fourier-transform infrared spectroscopy (FT-IR), UV–vis diffuse reflectance spectra (UV–vis) and
X-ray photoelectron spectroscopy (XPS). The results indicated that: (1) all the samples exhibited typical
hexagonal arrangement of mesoporous structure; (2) copper ions could be incorporated into the frame-
work of SBA-15; (3) the addition of urea in the hydrothermal stage efficiently reduced the leaching of
copper and improved the thermal stability of the mesoporous materials. Catalytic performances of the
obtained materials were evaluated in the hydroxylation of phenol with H2O2. The catalytic tests showed
that the synthesized materials exhibited high activity for this reaction and copper ions in the framework
were more active than copper species in the extra-framework position. The nitric acid treatment on the
samples removed the bulk CuO species, which resulted in a dramatic increase in the catalytic activity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Diphenols (catechol and hydroquinone) are important chemi-
cals which have been widely used in many aspects in photographic
developer, polymerization inhibitor, pharmaceutical and flavor
industries [1,2]. Direct hydroxylation of phenol with H2O2 is the
most doable way for producing the diphenols. Compared to the
homogeneously catalytic hydroxylation of phenol with mineral
acids, simple metal ions and their complexes as catalysts, the het-
erogeneously catalytic hydroxylation with a solid catalyst has at-
tracted more interest due to its eco-friendly nature and catalyst
recoverability. TS-1, Ti-MSU, metal oxides, and heteropoly com-
pounds have been studied from both fundamental and industrial
standpoints [3–5].

In the recent decades, the copper-modified molecular sieves
have been also showed to be excellent catalysts for the hydroxyl-
ation of phenol with H2O2 [6–10]. SBA-15 materials display thicker
pore walls than MCM-41 materials, and thus, higher hydrothermal
and thermal stability is obtained, which suggests their wider and
more potential applications [11]. Several studies have dealt with
Cu-SBA-15 by post-synthesis method, such as impregnation
ll rights reserved.
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[12,13] and ion-exchange [14]. The post-synthesis method always
forms the metal oxides in the channels or external surface of the
catalysts, which will block the channels and not allow the reactant
molecules to access all the reaction sites in the porous matrix [15].
Comparatively, the direct synthesis can avoid the pore blockage
and provide well distribution of copper species in the framework.
What is more, the direct-synthesized mesoporous CuO/silica mate-
rials often show more excellent catalytic activity probably because
of the well-dispersed CuO and more catalytic active sites [16].
However, fewer researches concerning direct synthesis of
Cu-SBA-15 have been reported [17]. On the basis of synthetic con-
ditions, this difficulty could be classified into two ways. One is that
SBA-15 materials are generally synthesized under strongly acidic
hydrothermal conditions that easily induce the dissociation of
the Si–O–Cu bonds, if they have been formed. The other is the large
difference in the hydrolysis rate between the metals and silicon
precursors. It is still a challenge to prepare Cu-substituted
SBA-15 materials directly via the usual hydrothermal method.

The direct synthesis of metal ions substituted SBA-15 materials
via evaporation-induced self-assembly (EISA) progress is seldom
reported. Herein, we report an effective and convenient method
for incorporation of copper into SBA-15 by modified EISA route.
Finally, the resulting materials are characterized by XRD, 29Si
MAS NMR, TEM, N2 sorption, ICP, TG–DTA, FT-IR, UV–vis, and
XPS. Their catalytic performance in the hydroxylation of phenol
with H2O2 is also evaluated.
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2. Experimental section

2.1. Sample synthesis

A typical synthesis procedure of Cu-SBA-15 was as follows: 2 g
of nonionic triblock copolymer surfactant EO20PO70EO20 (P123, Al-
drich) was dispersed in 30 ml of ethanol and stirred at room tem-
perature for 2 h. 0.5 ml of water, 0.0002–0.002 mol of chloride
(CuCl2�2H2O), and 0.02 mol of tetraethyl orthosilicate (TEOS) were
added and this mixture was continuously stirred for 4 h to attain a
transparent sol. Then, the mixture was poured into an open Petri
dish to undergo evaporation-induced self-assembly progress at
room temperature. After drying for 24 h, the attained gel, 0.16 g
of urea, and 40 ml of water were put into the Teflon autoclave
and maintained at 100 �C for another 24 h and then cooled to room
temperature naturally. The solid product was filtered, washed with
deionized water and absolute ethanol for several times, dried nat-
urally and finally triturated. The as-prepared product was calcined
in air at 500 �C for 6 h to decompose the triblock copolymer. The
samples were denoted as xCu-SBA-15 where x denoted the nCu/
nSi molar ratio in the gel.
2.2. Sample characterization

The X-ray diffraction patterns were collected on a Philips X’pert
X-ray diffractometer with CuKa radiation (k = 0.15418 nm). The X-
ray tube was operated at 40 kV and 40 mA.

29Si MAS NMR spectra were carried out on a BRUKER AVANCE III
400 MHz spectrometer using 7 mm probe head with high power
proton decoupling recorded at 79.4 MHz, the samples spun at
6 kHz, p/6 pulse width of 1.5 ls, 32 s recycle delay.

Transmission electron microscopy (TEM) images were taken on
a JEM-2100 instrument at an acceleration voltage of 200 kV. The
samples were sonicated in A.R. grade ethanol for 15 min and the
resulting suspension was allowed to dry on carbon film supported
on copper grids.

N2 sorption isotherms were measured at �196 �C using a
Micromeritics ASAP 2020 system. The samples were degassed for
160 min at 300 �C in the degas port of the adsorption analyzer.
The Brunauer–Emmett–Teller (BET) specific surface area was cal-
culated using adsorption data in the relative pressure range from
0.04 to 0.2. The total pore volume was determined from amount
adsorbed at a relative pressure of about 0.98. The pore size distri-
bution (PSD) curves were calculated from the analysis of the
desorption branch of the isotherm using the Barrett–Joyner–Halen-
da (BJH) algorithm.

Chemical compositions were determined using a Jarrell-Ash
1100 inductively coupling plasma-atomic emission spectrometer
(ICP-AES). The samples were completely dissolved in suitable hot
acid before analysis.

Thermogravimetry and differential thermal analysis (TG–DTA)
experiment was carried out on STA-449C, NETZSCH apparatus,
and 6.01 mg sample was placed in a ceramic crucible and heated
from room temperature to 1000 �C at 10 �C min�1 in air streams.

Fourier-transform infrared spectroscopy (FT-IR) was carried out
on a Nicolet 5700 FT-IR instrument running at 2 cm�1 resolution.

UV–vis diffuse reflectance spectra (UV–vis) profiles were
recorded in the range of 200–1000 nm by a Shimadzu UV-2401
spectrophotometer with BaSO4 as reference.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versaprobe system, using monochromatic AlKa
radiation (1486.6 eV) operating at 25 W. The sample was
outgassed overnight at room temperature in a UHV chamber
(<5 � 10�7 Pa). All binding energies (BE) were referenced to the C
1s peak at 284.6 eV. The experimental errors were within ±0.1 eV.
2.3. Catalytic tests

Phenol hydroxylation was carried out in a three-necked flask
(50 ml) equipped with a magnetic stirrer, a reflux condenser, and
a temperature controllable water bath. The reaction condition
was as follows: The reaction temperature was 60 �C; the molar ra-
tio of phenol to H2O2 was 1:1 with 1.0 g phenol in 16.5 ml distilled
water for the reaction; the mass of catalyst used once was 0.05 g;
and each reaction time was 3.5 h. After reaction, the products were
centrifuged to remove the catalyst before analysis. van der Pol et al.
[18] and Gao and coworkers [19] pointed out that HPLC was the
preferred technique to analyze the composition of products when
H2O2 was used as oxidant. Thus, in the present experiments, an
Agilent 1100 HPLC equipped with a reversed phase C18 column
was used to determine the product composition. The mixture
was separated on the column using a methanol/water mixture
(30/70, volume ratio) as the mobile phase at a flow rate of
1 ml min�1 and detected at UV wavelength of 245 and 271 nm.
The identification and quantification of reactant and products were
performed using standard compounds (phenol, hydroquinone, and
catechol).

The conversion of phenol and the selectivity to diphenols (cat-
echol and hydroquinone) were defined as follows:

The conversion of phenol : Xphenol ¼
n0

phenol � nphenol

n0
phenol

The selectivity to catechol : SCAT ¼
nCAT

n0
phenol � nphenol

The selectivity to hydroquinone : SHQ ¼
nHQ

n0
phenol � nphenol

The selectivity of diphenol : Sdiphenol ¼ SCAT þ SHQ

The yield of diphenol : Ydiphenol ¼ Xphenol � Sdiphenol

n0 and n denote the initial mole number and the final mole number
of phenol. CAT and HQ represent catechol and hydroquinone,
respectively.

3. Results and discussions

3.1. Mesoporous structure of Cu-SBA-15 materials

The small angle XRD patterns of 0.03Cu-SBA-15 sample with dif-
ferent amount of urea added in the hydrothermal stage are shown
in Fig. 1A. Three diffraction peaks (100), (110), and (200) are
resolved and can be indexed to the hexagonal space group p6mm.
With content of urea increasing, the intensity of the peak (100)
reaches to maximum at 0.16 g of urea added and then decreases,
which indicates that moderate amount of urea can improve the
ordering of mesoporous materials, while excessive urea can destroy
the ordering. It is well known that urea is easily transferred into car-
bonate species by reaction with water [20], and carbonate species
could enhance the degree of silica condensation [21], which
improves the thermal stability of mesoporous materials and then
prevents the structural collapse in the process of calcination. 29Si
MAS NMR spectroscopy is an effective tool for direct observation
on the degree of silica condensation. Usually, amorphous silica
materials exhibit three bands centered at chemical shifts of 92,
102, and 112 ppm, which can be attributed to Si(OSi)2(OH)2 (Q2),
Si(OSi)3(OH) (Q3), and Si(OSi)4 (Q4), respectively, and a large
amount of Q4 species indicate the high degree of silica
condensation. Fig. 1B shows 29Si MAS NMR spectra of as-
synthesized 0.03Cu-SBA-15 with different mass of urea. Notably,
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Fig. 1. (A) The small angle XRD patterns of calcined and (B) 29Si MAS NMR spectra of as-synthesized 0.03Cu-SBA-15 with different amount of urea added in the hydrothermal
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0.03Cu-SBA-15 in the absence of urea shows Q4/(Q4 + Q3 + Q2) at
about 0.52 (Fig. 1C). With content of urea increasing, Q4/
(Q4 + Q3 + Q2) reaches to maximum at 0.16 g of urea added and then
keep fixed value (about 0.72), indicating that samples exhibit high-
er degree of silica condensation after introduction of urea in the
synthesis, which improves the thermal stability of mesoporous
materials and then the ordering. When 0.32 g urea is added,
although the sample exhibits very high degree of silica condensa-
tion, the ordering of the sample decreases, which may be due to
the absence of sufficiently strong electrostatic or hydrogen-bond-
ing interactions between silica species and surfactant at higher
pH based on the deformation of urea [11]. For the sample 0.03Cu-
SBA-15 in the absence of urea, the Cu/Si molar ratio in the calcined
sample is 0.00015. For the sample 0.03Cu-SBA-15 with 0.16 g of
urea added, the Cu/Si molar ratio in the calcined sample increases
to 0.022 (Table S1 in Supplementary material). When urea is added
in the hydrothermal stage, the decomposition of urea results in an
increase in the pH value of the solution and efficiently avoids the
leaching of copper in the framework position. Based on the consid-
eration that urea can improve the degree of silica condensation and
avoid the leaching of copper, all samples are synthesized with
0.16 g of urea added in the hydrothermal stage.

The small angle XRD patterns of Cu-SBA-15 materials are shown
in Fig. 2A. For all the samples, three well-resolved peaks at (100),
(110), and (200) can be clearly seen. The (210) peak is too weak to
be recognized probably due to the incorporation of heteroatoms
into the framework of SBA-15, which may cause decrease in the or-
dered structure [22]. Interestingly, the intensity of the diffraction
peaks of Cu-SBA-15 samples increases with increasing nCu/nSi ratio,
which indicates that the structural order is significantly improved
with the Cu introduction. It is proposed [23] that the hexagonal
mesophase formation undergoes several stages as in the following
sequence: (i) spherical micelles of P123 block copolymer are pres-
ent in the synthesis mixture during the first stage; (ii) the second
stage of the synthesis, the formation of hybrid organic–inorganic
micelles is observed accompanied with the transformation from
spherical to cylindrical micelles, which takes place before the pre-
cipitation of the ordered SBA-15 material; (iii) during the third
stage, these micelles begin to aggregate into a two-dimensional
hexagonal structure, confirming that the precipitation takes place
as the result of self-assembly of the hybrid cylindrical micelles into
the two-dimensional hexagonal structure of SBA-15. During this
proposed evolution from ‘‘disorder’’ to ‘‘order’’, the process by
which spherical micelles merge to form cylindrical micelles and a
final 2D hexagonal framework seems very important. In the weakly
acidic conditions, the hydrolysis and condensation of silica can be
slowed [24], and thus, the transition process of ‘‘disorder-to-order’’
and/or ‘‘sphere-to-rod’’ will take longer. In this situation, the pres-
ence of salt in the system will accelerate the transition process of
‘‘disorder-to-order’’ and/or ‘‘sphere-to-rod’’ [25,26], and thus, the
presence of salt (CuCl2) improves the structural order of mesopo-
eous materials. Therefore, the intensity of the XRD patterns of
the Cu-SBA-15 materials increases upon increasing the Cu content.
Fig. 2B shows the change of d100 spacing with copper content
increasing. The d100 spacing of Cu-SBA-15 increases to 10.1 nm
with copper content increasing. This shift corresponds to an in-
creased length of unit cell a0 from 10.7 nm to 11.7 nm in Table
S1 in Supplementary material. And the shift indicates the expan-
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sion of mesopore, likely due to the increase in Cu2+ incorporated
into silica pore walls, which is well consistent with those previous
reports [27,28]. This is because the Cu–O bond length is higher
than the Si–O bond length due to the larger radius of Cu2+ (Pauling
radius = 70 pm) than that of Si4+ (Pauling radius = 41 pm).
However, with an increase in copper content, the d100 spacing of
the 0.1Cu-SBA-15 sample decreases to 9.5 nm. The reason for this
phenomenon is likely that the formation of crystalline copper
oxide (CuO) is anticipated at higher content [29]. To learn more
about the state of the formed crystalline CuO, X-ray diffraction
data of the corresponding wide angle region for the sample
0.1Cu-SBA-15 are shown in Fig. 2C and the trace of the
characteristic peaks of crystalline copper oxide (typical at
2h = 35.4� and 38.6�) are detected. These peaks are not observed
for the samples with lower copper content (Fig. 2C), and hence, it
is assumed that copper species may be incorporated into the
framework or highly dispersed on the surface of SBA-15.

The excellent structure ordering of Cu-SBA-15 samples can be
directly observed by TEM. Fig. 2D and E shows the TEM images
of 0.03Cu-SBA-15 sample. The sample has well-ordered hexagonal
arrays of mesopores with one-dimensional channels, indicating a
2D hexagonal (P6mm) mesostucture, in agreement with the XRD
results.

For further understanding of pore structures of Cu-SBA-15
materials, N2 sorption isotherms of the corresponding samples
are closely investigated as shown in Fig. 2F. The samples exhibit
isotherms of type IV of the IUPAC classification featuring a narrow
step due to capillary condensation of N2 in the primary mesopores
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[30]. Filling of the mesopores of the Cu-SBA-15 materials occurs at
P/P0 = 0.7–0.95, which is reflected as a steep increase in the iso-
therm. All isotherms exhibit a H1-type hysteresis loop that is
mainly due to the capillary condensation and desorption of nitro-
gen, which strongly suggests the presence of large mesopores in
the Cu-SBA-15 materials. The typical BJH pore size distributions
(Fig. 2G) indicate narrow pore size distributions for the samples,
which become broader with copper content increased, attributed
to the particles within the mesopores, narrowing part of the mes-
oporous channels.

The structure parameters of the samples are summarized in Ta-
ble S1 in Supplementary material. As the copper content increases,
the pore diameter increases from 7.3 to 9.1 nm and the pore vol-
ume increases from 1.06 to 1.31 cm3/g. The observed pore size
enlargement in Cu-SBA-15 can be explained as follows. In crystal-
line zeolites, the pore size slightly increases upon metal–ion incor-
poration because metal–oxygen bond are longer than Si–O bonds.
However, there is no regular rule in SBA-15 as it has an amorphous
structure where both bond length and angle may change. Usually,
it is observed that the pore size of SBA-15 is increased after metal–
ion incorporation, but there is no clear explanation for this obser-
vation. SBA-15 has thicker pore walls relative to zeolites so that all
the metal ions cannot be substituted into the silica framework
completely. That is because some of the metal ions will be exposed
on the pore wall surface, possibly resulting in properties similar to
impregnated metal–ion complexes on the SBA-15 walls. The metal
ions may interact with surface hydroxyl groups and contract the
pore wall when combined with two or three hydroxyl groups, so
that the pore size will be decreased. If these metal ions are deeply
substituted within the silica framework, this pore shrinkage might
not occur as with condensed surface hydroxyl groups, and the pore
size might be increased instead by the increased metal–oxygen
bond length, as for zeolites. In this study, an increase in the pore
size after copper–ion incorporation is observed. This strongly sug-
gests that the pore size increases because a larger amount of cop-
per ions are deeply incorporated within the silica framework
according to the above hypothesis. Moreover, it is shown that the
pore size enlargement occurs without any ascertainable change
in the structural order of the materials with increasing the amount
of copper ions in the synthesis gel. These changes indicate that
copper may be incorporated into the wall of SBA-15. For the
0.1Cu-SBA-15 sample, the lattice parameters, pore diameter, and
pore volume decrease. This may be attributed to the formation of
a small amount of CuO particles in the mesoporous channels of
SBA-15, in agreement with the XRD results. Additionally, it is ob-
served that calcined Cu-SBA-15 have relatively low surface area
(near 500 m2/g), compared with SBA-15 [31] (850 m2/g). Generally,
the materials with uniform pores of simple circular or hexagonal
geometry exhibit the value of dA/V at near 4 (d, A and V stand
for pore diameter, surface area, and pore volume, respectively).
SBA-15 does not fulfill a fundamental relation between the struc-
tural parameters, giving the dA/V ratios between 5.8 and 10.8,
which are assigned to the presence of a large amount of micropo-
rosity in SBA-15 [32]. However, Cu-SBA-15 samples give dA/V ra-
tios at ca. 3.5, in agreement with the proposed model. Theses
results suggest that unlike SBA-15, Cu-SBA-15 materials are almost
free of microporosity in the mesoporous walls [32].

For the elemental compositions, the calcined Cu-SBA-15 mate-
rials with different Cu contents are characterized by ICP as listed
in Table S1 in Supplementary material. Generally, in all cases, the
nCu/nSi ratios of the calcined materials are lower than the input
nCu/nSi ratio in the synthesis gel. This is due to the high solubility
of the Cu precursors in the hydrothermal synthesis conditions.

The combined results of XRD, TEM, and nitrogen adsorption
show that Cu species plays a role in the formation of the high struc-
turally ordered mesoporous materials. The pH value in the P123
solution is �7 and dropped to between 3.1 and 3.5 after dissolution
of CuCl2, respectively, for nCu/nSi between 0.01 and 0.1. The self-
generated acidity from the hydrolysis of Cu precursors, combined
with the reasonable hydrolysis time, is probably effective for the
hydrolysis of TEOS. When the solution is at pH � 3, lower than
the point of zero charge of SiO2 (�4.0) [33], the silica species show
positive charge in the solution. Cu-SBA-15 samples are based on a
new pathway denoted (S0M+)X�I+, where S0 is the surfactant, M+ is
the Cu2+ cations, X� is halogen anions, I+ is silica species with po-
sitive charge (Scheme S1 in Supplementary material). The com-
plexation of Cu2+ cations by the EO groups of P123 brings the
assembly process by a combination of electrostatic and hydro-
gen-bonding interactions, and forms ordered mesostructures. The
(S0M+)X�I+ pathway offers a promising alternative approach for
introducing electrostatic forces and long range structural order
into the assembly process while avoiding the need for high acid
concentrations.
3.2. Thermogravimetry and differential thermal analysis of the sample

The TG–DTA curve of the as-synthesized 0.03Cu-SBA-15 is
shown in Fig. 3. The first mass-loss process below 120 �C is due
to the loss of physically absorbed water (1.6%) [34]. The second
mass-loss progress between 120 �C and 224 �C with a weight loss
of 18.6% is caused by the decomposition of the surfactant [34].
The temperature of this decomposition process is lower than that
of the pure P123 (ca. 250 �C), suggesting a catalytic decomposition
process [11]. Subsequently, between 224 �C and 337 �C, another
weight loss of 8.2% is measured, assigned to the combustion of
remaining carbon species [34,35]. The weight loss after 337 �C
may be caused by the dehydroxylation of Si–OH groups (4.1%)
[35]. A total weight loss measured is about 32.5%, lower than the
previously reported values (58%) [31], because the sample have
been washed by the distilled water and absolute ethanol repeat-
edly to remove large amount of surfactant in advance. When the
temperature increases above 500 �C, there is little mass change,
which indicates the template can be completely removed in air
at 500 �C for 6 h. In DTA curve, the two exothermic peaks centered
at ca. 169 �C and 312 �C are corresponding to the decomposition of
surfactant and the combustion of remaining carbon species,
respectively.
3.3. The Cu species states of Cu-SBA-15 materials

The FT-IR spectra of various samples are given in Fig. 4A. For
pure silica SBA-15, the bands at 1097 cm�1 and 810 cm�1, assigned
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to antisymmetric stretching vibration and symmetric stretching
vibration of [SiO4] in SBA-15 [36], shift to lower wavenumber as
heteroatoms are introduced, while the band at 466 cm�1 assigned
to rocking vibration of [SiO4] [36] is unchangeable. The same phe-
nomenon has also been reported in the metal-substituted meso-
porous materials [37], indicating a strong interaction between
heteroatoms and silicon, for example, Si–O–M bonds are formed.
The greater bond length of Cu–O than that of Si–O leads to the de-
crease in the force constant (k) and the bigger atomic weight of Cu
causes the increase in the reduced mass (l), hence the vibration
frequencies calculated from the formula m ¼ ð1=2pcÞ

ffiffiffiffiffiffiffiffiffi
k=l

p
de-

crease. These changes are related to incorporation of Cu atoms into
SBA-15 framework. The band at ca. 970 cm�1, assigned to a stretch-
ing vibration of a [SiO4] unit bonded to heteroatoms, may be the
evidence of the existence of framework metal ions [38]. However,
silanol groups m(Si–OH) of pure silica mesoporous materials can
also contribute to this band [39]. Therefore, there are some dis-
putes over the assignment of the band at 970 cm�1. In order to
solve the problem of the assignment, it is necessary to measure
the IR spectra in situ at elevated temperatures. According to the
previous research [40], the intensity of the band (970 cm�1) for
Si–OH decreased and disappeared completely by increasing tem-
peratures, while this band for Si–O–M did not disappear at ele-
vated temperature. Therefore, the IR spectra of 0.05Cu-SBA-15 at
elevated temperatures are measured as shown in Fig. 4B. The band
at 970 cm�1 gradually disappears with increasing temperatures
and thus is assigned to Si–OH groups. Therefore, the band at
970 cm�1 cannot be taken as proof of metal ions incorporation into
the framework of SBA-15.

The UV–vis diffuse reflectance spectroscopy is known to be a
very sensitive probe for the identification and characterization of
metal ion coordination and its existence in framework and/or in
the extra-framework position of metal containing zeolites. UV–
vis spectroscopy has been used extensively to characterize the
coordination circumstance of Cu2+ ions in mesoporous materials
[37]. The diffuse reflectance UV–vis spectra for Cu-SBA-15 samples
given in Fig. 4C exhibits a band centered at 230 nm and a broad
band between 520 nm and 890 nm, centered at about 730 nm.
The intense band centered at about 230 nm is assigned to the
charge-transfer translations involving isolated framework Cu2+ in
[CuO4] tetrahedral geometry, which suggests some Cu2+ ions are
incorporated into the framework of SBA-15. The absorption band
at about 730 nm can be due to d–d transitions of Cu2+ ions in an
pseudo-octahedral ligand oxygen environment [41], which is as-
signed to copper species in the extra-framework position (CuO par-
ticles) [42]. The intensity ratio I230/I730 decreases with Cu content
increasing (Table 1), which suggests the content of copper species
in the extra-framework increases.

The surface chemical compositions and chemical states of the
products are investigated using XPS. As is known, the XPS analysis
is used to detect the surface composition of the materials, while
the ICP analysis is a technique to detect the bulk composition of



Table 1
UV–vis spectra peak intensity ratio I230/I730 of different samples Cu-SBA-15 and Cu-SBA-15-H.a

Samples 0.01Cu-SBA-15 0.03Cu-SBA-15 0.05Cu-SBA-15 0.1Cu-SBA-15

I230/I730 19.17 7.42 4.74 2.53

Samples 0.01Cu-SBA-15-H 0.03Cu-SBA-15-H 0.05Cu-SBA-15-H 0.1Cu-SBA-15-H
I230/I730 42.69 14.25 14.23 13.39

a Cu-SBA-15 materials after the nitric acid treatment are denoted as Cu-SBA-15-H.

Table 2
Catalytic activity in phenol hydroxylation by H2O2 over different catalysts.a

Catalysts Conversion (%) Selectivity (%) Yield (%)

CAT HQ Diphenol

0.01Cu-SBA-15 28.6 31.8 18.3 50.1 14.3
0.03Cu-SBA-15 45.3 35.2 20.2 55.4 25.1
0.05Cu-SBA-15 45.6 36.5 21.1 57.6 26.3
0.1Cu-SBA-15 49.7 34.5 20.6 55.1 27.4
0.01Cu-SBA-15-Hb 8.1 17.8 15.5 43.3 3.5
0.03Cu-SBA-15-Hb 15.3 26.7 18.4 45.1 6.9
0.05Cu-SBA-15-Hb 15.8 25.6 18.7 44.3 7.0
0.1Cu-SBA-15-Hb 16.2 27.5 16.3 43.8 7.1
SBA-15 0 0 0 0 0

a Reaction conditions: phenol: 1.0 g; phenol/H2O2 (molar ratio): 1; catalyst:
50 mg; solvent (water): 16.5 ml; temperature: 60 �C; time: 3.5 h.

b Cu-SBA-15 materials after the nitric acid treatment are denoted as Cu-SBA-15-
H. 0.01Cu-SBA-15-H (nCu/nSi = 0.00083, Cu (wt.%) = 0.09), 0.03Cu-SBA-15-H (nCu/
nSi = 0.0021, Cu (wt.%) = 0.22), 0.05Cu-SBA-15-H (nCu/nSi = 0.0022, Cu (wt.%) = 0.24),
0.1Cu-SBA-15-H (nCu/nSi = 0.0024, Cu (wt.%) = 0.26).

Table 3
Comparison of catalytic performance in the phenol hydroxylation by H2O2 over
different catalysts.

Catalysts Conversion
(%)

Selectivity (%) TOF
(h�1)

CAT HQ Diphenol

0.01Cu-SBA-15a 28.6 31.8 18.3 50.1 130.6
Cu/MCM-41-Mb 4.2 40.1 19.2 59.3 3.8
Cu/MCM-41-Ib 22.4 36.6 21.2 57.8 19.8
Cu/MCM-41-Hb 25.0 39.9 23.0 62.9 23.3
Cu/MCM-41-Sb 37.9 39.2 26.1 65.3 37.4
Fe2+ (Fenton

reagent)c
20.5 68.7 18.9 87.6 17.6

Fe(II)-Qxc 25.8 65.3 32.7 98.0 18.1
TS-1c 27.0 53.0 47.0 100.0 13.8
Fe(II)-Qx/MCM-41c 48.2 57.5 41.8 99.3 33.9

a Reaction conditions: phenol: 1.0 g; phenol/H2O2 (molar ratio): 1; catalyst:
50 mg; solvent (water): 16.5 ml; temperature: 60 �C; time: 3.5 h.

b Reaction conditions [42]: phenol: 1.0 g; phenol/H2O2 (molar ratio): 1; catalyst:
50 mg; solvent (water): 20 ml; temperature: 60 �C; time: 6 h.

c Reaction conditions [46]: Reaction time: 6 h; temperature: 50 �C; reaction
medium: water; pH 7.0; concentration of phenol: 0.35 mol/l; molar ratio phenol/
H2O2: 1.0; volume of reacting mixture: 15 ml.
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the materials. By inspection of Table S1, it can be seen that the sur-
face contents of copper are lower than the bulk one. This suggests
that the Cu species are incorporated into the framework of the
SBA-15. Fig. 4D depicts Cu 2p XPS spectra of the samples. The Cu
2p XPS results present two group peaks, corresponding to Cu
2p3/2 and to Cu 2p1/2. The binding energy of Cu 2p3/2 is at ca.
935 eV with a satellite at 943.7 eV, which is the typical Cu2+ spe-
cies. The Cu 2p3/2 binding energies of Cu-SBA-15 samples are much
higher than that of pure CuO (�933.8 eV) [43], indicating that the
Cu atoms are surrounded by silicon in Cu-SBA-15 samples, most
likely in the structure of Cu–O–Si upon incorporation of copper
ions into the framework of SBA-15. The higher electron affinity of
silicon causes movement of electrons from copper to silicon and
then the increase in binding energy of Cu 2p.

3.4. Catalytic activity of Cu-SBA-15 samples in phenol hydroxylation

Several reports describe the catalytic activity of heteroatoms
incorporated mesoporous materials for phenol hydroxylation
[42,44]. For heteroatoms incorporated MCM-41, higher tempera-
ture will limit the recycling use of catalysts due to their poor
hydrothermal stability [45]. In contrast, for SBA-15 with better
hydrothermal stability than MCM-41, higher temperature will
not destroy its ordered mesostructure and affect its recycling use.
Meanwhile, the conversion increases markedly with an increase of
the reaction temperature [44]. Therefore, catalytic activity of all
the samples Cu-SBA-15 for phenol hydroxylation is investigated
at a relatively high temperature (60 �C) in the present work.

Catalytic activity of the materials with different copper contents
in phenol hydroxylation is given in Table 2. From the experimental
results, we find that all catalytic systems are able to oxidize phenol
at 60 �C and atmospheric pressure. Under the reactions, in the ab-
sence of Cu-SBA-15 or H2O2, the hydroxylation reaction does not
take place. No products are detected using SBA-15 as catalyst,
whereas the Cu-SBA-15 samples show a high catalytic activity for
the phenol hydroxylation, and this result indicates that the Cu spe-
cies has the tempestuous effect on the catalytic performance of Cu-
SBA-15. The conversion of phenol increases from 28.6% to 49.7%
with the copper content increasing. For 0.03Cu-SBA-15 and
0.05Cu-SBA-15, the conversion of phenol is approximate which
may be because the specific surface area of the two samples is al-
most the same [44], 490 m2/g and 494 m2/g, respectively. The
activity of 0.1Cu-SBA-15 sample is the highest, where the phenol
conversion, the selectivity and yield of diphenol are 49.7%, 55.1%
and 27.4%, respectively.

A comparison of several catalysts for the phenol hydroxylation
by H2O2 is shown in Table 3. The rates are expressed in terms of
TOF. TOF is defined as the number of phenol to diphenol per hour
per metal atom. This is done in order to have a uniform comparison
for rates which are obtained under different conditions. From the
TOF values, we can see that the activity of Cu-SBA-15 is higher than
other catalysts. Therefore, Cu-SBA-15 materials display promising
applications in the phenol hydroxylation.

The turnover frequency (TOF) of Cu-SBA-15 catalysts is shown
in Fig. 5. TOF of Cu-SBA-15 samples decreases significantly with
the copper content increasing. On the basis of the TOF results,
we propose that copper ions in the framework for phenol hydrox-
ylation are more active than CuO particles [42,47,48]. As copper
content increases in the product, the content of CuO particles in-
creases which can be deduced from UV–vis diffuse reflectance
spectra, and so the TOF of the samples decreases. This hypothesis
is confirmed by the following experiment. CuO particles can be
easily dissolved in nitric acid [49]. Thus, CuO particles in the Cu-
SBA-15 catalysts are removed by immersing the samples in dilute
nitric acid for 2 h and then filtering, washing with water, and dry-
ing at 500 �C for 2 h. The catalysts after this treatment are denoted
as Cu-SBA-15-H, and their compositions are shown in Table 2. UV–
vis spectra of the nitric acid-treated catalysts Cu-SBA-15-H (Fig. 6)
show that the intensity ratio I230/I730 of Cu-SBA-15-H is larger than
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that of Cu-SBA-15 (Table 1), which reveals that Cu-SBA-15-H have
more isolated framework Cu2+. Also Fig. 5 shows that TOF increases
after nitric acid treatment. Thus, we conclude that isolated frame-
work Cu2+ for phenol hydroxylation are more active than CuO
particles.
4. Conclusions

A series of copper-containing SBA-15 materials have been syn-
thesized via EISA progress. All the samples possessed well-ordered
hexagonal arrays of mesopores. The addition of urea in the hydro-
thermal stage efficiently avoided the leaching of copper. Moderate
amount of urea could improve the ordering of mesoporous materi-
als, while excessive amount of urea could destroy the ordering.
XRD, N2 sorption, FT-IR, UV–vis, and XPS indicated that Cu atoms
could be incorporated into the framework of mesoporous materi-
als. Finally, the catalytic activity of Cu-SBA-15 was investigated
in the reaction of hydroxylation of phenol. The catalytic activity
of Cu-SBA-15 was superior compared with the commonly used cat-
alysts, and the study indicated that the isolated framework Cu2+ of
Cu-SBA-15 was more active than CuO particles.
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