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h i g h l i g h t s

� One-pot synthesis for Cu and Co
mixed metal–organic frameworks
MOF-74(Cu/Co).

� MOF-74(Cu/Co) applied to aerobic
styrene oxidation under solvent-free
conditions.

� The catalytic properties can be tuned
by varying the Cu/Co ratio in MOF-74.

� Synergetic effects of Co2+ and Cu2+ in
MOF-74(Cu/Co) on the catalytic
oxidation of styrene.
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a b s t r a c t

The Cu and Co mixed metal–organic frameworks (MOFs) MOF-74(Cu/Co) with different Cu/Co ratios were
prepared via a facile one-pot synthesis method and then characterized by means of various techniques.
Whatever the Cu/Co ratios in the synthesized MOFs were, both Cu2+ and Co2+ could be uniformly dis-
tributed in MOF-74. The synthesized MOF-74(Cu/Co) materials were used as catalysts in styrene oxida-
tion with O2 under solvent-free and mild reaction conditions. The results show that the catalytic
properties of MOF-74(Cu/Co) can be tuned by varying the Cu/Co ratio in MOF-74. MOF-74(Cu) has a
rather low catalytic activity but an absolute selectivity for benzaldehyde while MOF-74(Co) possesses
a relatively higher catalytic activity, leading to the formation of benzaldehyde, styrene epoxide, and
phenylacetaldehyde as well as to polystyrene. It is surprising that the incorporation of Cu2+ in MOF-74
(Co) can completely inhibit the polymerization of styrene while the incorporation of Co2+ in MOF-74
(Cu) can significantly enhance the conversion of styrene to benzaldehyde, styrene epoxide, and phenylac-
etaldehyde. In addition, by increasing the Co2+ amount in MOF-74(Cu/Co), the conversion of styrene and
the selectivity for styrene epoxide and phenylacetaldehyde are increased while the selectivity for ben-
zaldehyde is decreased. Moreover, the catalytic properties of MOF-74(Cu/Co) were compared with those
of the physical mixtures of MOF-74(Cu) and MOF-74(Co), demonstrating the synergetic effects of Co2+

and Cu2+ in MOF-74(Cu/Co) on the catalytic oxidation of styrene. The current work reveals a strategy
to incorporate multiple metal cations into MOFs for enhancing a specific catalytic property or achieving
a new catalytic property.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The oxidation of styrene is of great interest, because the prod-
ucts of the oxidation act as versatile and useful intermediates in
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the production of many pharmaceuticals and fine chemicals [1–3].
Therefore, developing selective, efficient, and recyclable heteroge-
neous catalysts for the green oxidation of styrene, in which air or
pure oxygen can be used as oxidant under solvent-free and mild
reaction conditions, is of vital importance for both economic and
environmental reasons.

Metal–organic frameworks (MOFs) are a relatively novel class of
porous crystalline materials, constructed by the self-assembly of
inorganic metal ions or clusters and organic ligand linkers [4].
Due to their large surface area, diverse structure, and tunable
functionality, MOFs have received extensive attention in the
past decades, showing great potential applications in gas
storage/separation, molecular recognition, drug delivery, and
heterogeneous catalysis [5–24]. Recently, the strategy of multivari-
ate MOFs (MTV-MOFs), in which multiple functionalities are
introduced into a single MOF network, has attracted much scien-
tific interest [25–33]. Notably, Yaghi and coworkers showed that
up to eight distinct functionalized ligands or ten different metal
ions could be incorporated into a single MOF framework in a
one-pot synthesis [25,29]. Thus, MOFs can offer great opportunities
in the field of catalysis, especially for multi-metal–organic frame-
works (M-MOFs), since their catalytic properties are dependent
on the coordinated metal ions.

Isostructural MOF-74(M) series, also referred to as CPO-27-M,
of general formula M2(DOBDC) (M2+: divalent metal ions;
DOBDC4�: 2,5-dioxido-1,4-benzenedicarboxylate), are of 3D MOFs
featuring 1D [M(l-COO)(l-OH)]n chains and honeycomb-like
hexagonal channels with a free diameter of �1.2 nm [34–37].
MOF-74(M) series show a high chemical stability, making them
good candidates for heterogeneous catalysts. Furthermore, the
isomorphism of MOF-74(M) series facilitates the preparation of
M-MOFs with variable metal composition that could possess
tunable catalytic properties. Actually, some pioneering studies
have already shown that several M-MOFs do exhibit some superior
catalytic properties, compared to the corresponding single-metal–
organic frameworks (S-MOFs) and the physical mixtures of the
corresponding S-MOFs, and in some cases, can even induce new
functionalities, because of the synergetic effects of the
multi-metal ions incorporated in MOFs [38–42]. For example, the
incorporation of Ni2+ or Co2+ into MOF-74(Mg) can enhance the
stability of the framework against water, because the incorporated
Ni2+ or Co2+ ions are less vulnerable to hydrolysis than Mg2+ [38].
Co2+ and Mn2+ simultaneously coordinated into the framework,
denoted as MOF-74(Co/Mn), shows a higher catalytic activity for
cyanosilylation of aldehydes with trimethylsilylcyanide, compared
to MOF-74(Co) and MOF-74(Mn) [39]. Sun and coworkers [40]
have recently reported that the partial substitution of Ni2+ in
MOF-74(Ni) by Co2+ via a post-synthetic metal-ion exchange
enables the resultant MOF, denoted as MOF-74(Ni/Co), to possess
a higher catalytic activity for cyclohexene oxidation than MOF-74
(Co) while MOF-74(Ni) is catalytically inert for this oxidation.
Despite the fact that very limited M-MOFs offer great opportunities
in separation and catalysis, studies on M-MOFs as heterogeneous
catalysts, one of the most potential applications of MOFs, have
remained largely unexplored.

Herein, we report a facile one-pot synthesis method to prepare
MOF-74(Cu/Co) with different Cu/Co ratios, and these synthesized
MOFs were used as catalysts in the oxidation of styrene with O2

under solvent-free and mild reaction conditions. In comparison,
Cu and Co salts, MOF-74(Cu), MOF-74(Co), and their physical mix-
tures with different MOF-74(Cu)/MOF-74(Co) ratios were also used
as catalysts in order to elucidate the synergetic effects of Cu2+ and
Co2+ in MOF-74(Cu/Co) on the catalytic oxidation. An attempt is to
open the possibility of using M-MOFs to tune their catalytic prop-
erties and to develop catalysts for specific and/or new applications.

2. Experimental

2.1. Materials

2, 5-Dihydroxyterephthalic acid (H4DOBDC) and styrene (guar-
antee reagent) were purchased from Aladdin Reagent Co. Cu
(NO3)2�3H2O, Co(NO3)2�6H2O, dimethylformamide (DMF), and
methanol (MeOH) were purchased from Shanghai Chemical
Reagent Co. All reagents were used as received without further
purification.

2.2. Synthesis

2.2.1. MOF-74(Cu)
MOF-74(Cu) was prepared in a similar manner as described by

Sanz et al. [37] with some modification. A solid mixture of
H4DOBDC (0.2999 g, 1.514 mmol) and Cu(NO3)2�3H2O (0.7316 g,
3.028 mmol) were added to a 60 mL solution of DMF and H2O with
a volume ratio of 9:1. The above mixture was rapidly stirred to get
a homogeneous solution and then transferred into a 100 mL
Telflon-lined autoclave and the synthesis was carried out without
agitation in an oven at 120 �C for 24 h. The resultant suspension
was filtered and the solid was washed with DMF. The used DMF
was decanted and fresh DMF was then replenished. This procedure
was repeated five times in two days. Finally, the solid was further
washed with MeOH. The used MeOH was decanted and fresh
MeOH was then replenished. This procedure was repeated six
times in two days. Afterward, the washed sample was dried at
150 �C for 5 h in a vacuum desiccator prior to further analysis or
use.

2.2.2. MOF-74(Co)
The synthesis conditions and procedure were the same as those

for MOF-74(Cu) except that Cu(NO3)2�3H2O was replaced by Co
(NO3)2�6H2O (0.8812 g, 3.028 mmol).

2.2.3. MOF-74(Cu/Co)
The synthesis procedure for MOF-74(Cu/Co) with different

Cu/Co molar ratios was the same as that for MOF-74(Cu), except
for the solid mixtures of Cu(NO3)2�3H2O and Co(NO3)2�6H2O with
different compositions, instead of Cu(NO3)2�3H2O, for Cu2+ and
Co2+ sources. Three different solid mixtures with different Cu/Co
molar ratios, i.e., 90/10, 75/25, and 30/70, respectively, were used
in the syntheses. The nomenclature used for the synthesized
MOF samples was MOF-74(Cu-90/Co-10), MOF-74(Cu-75/Co-25),
and MOF-74(Cu-30/Co-70), respectively, corresponding to the solid
mixtures with Cu/Co molar ratios of 90/10, 75/25, and 30/70,
respectively, used in the syntheses.

2.3. Characterization

The powdered X-ray diffraction (PXRD) patterns were obtained
on a Philips PW3040/60 diffractometer using Cu Ka radiation
(k = 0.1541 nm) in a scanning range of 5–45� at 0.5 �/min. The tex-
tural properties of the prepared samples were determined by N2

adsorption at �196 �C using a Micromeritics ASAP 2020 instru-
ment. The sample was outgassed in vacuum at 150 �C for 10 h prior
to the adsorption measurement. The infrared (IR) spectra were col-
lected on a Nicolet NEXUS670 Fourier transform IR spectropho-
tometer in KBr disks at room temperature. The scanning electron
microscopy (SEM) images and energy dispersive spectrometer
(EDS) mappings were performed with a Hitachi S-4800 scanning
electron microanalyzer equipped with an energy dispersive X-ray
analyzer under an accelerating voltage of 5 or 15 kV. After
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