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A mixed-node MOF catalyst Ag–Cu–BTC was prepared by postsynthetic exchange (PSE) method. It is believed
that PSE method can realize isomorphous replacement of Ag ion to framework Cu ion in Cu–BTC successfully.
The catalytic performance of Ag–Cu–BTC was investigated via selective oxidation of toluene to benzaldehyde
by molecular oxygen in the absence of solvent and initiator. This catalyst exhibits good catalytic performance:
on the premise of keeping highly selective catalysis of Cu–BTC for toluene oxidizing to benzaldehyde, the intro-
duction of Ag (Ag content is 2.76 wt.%) can promote toluene conversion from 6.5% to 12.7%.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The selective oxidation of hydrocarbons into useful oxygenated
chemicals is an important family of chemical transformations [1–3].
Among them, the direct oxidation of toluene by oxygen to produce
benzaldehyde is an attractive process. Benzaldehyde is a versatile
intermediate in the manufacture of perfumes, pharmaceuticals, dyes
and so on [4–6]. Commercially, benzaldehyde is mainly produced by
the chlorination of toluene followed by the hydrolysis process, which
generates large amounts of toxic acidic/basic discard solution, leading
to equipment corrosion and environmental pollution. Even worse, the
benzaldehyde produced by this route is not qualified to synthesize
some high-quality compounds such as perfumes or pharmaceuticals
because the product contains chlorine [7,8]. Therefore, there is a clear
need to develop selective oxidation of toluene as an alternative route
to produce benzaldehyde. There have been many attempts to find an
effective heterogeneous catalyst for this reaction. It was reported
that Cu–Fe/γ-Al2O3 catalyzed solvent-free toluene oxidation with
O2 to produce benzaldehyde with 85.9% selectivity at 7.3% conver-
sion in the presence of pyridine(463 K, 1.0 MPa and 2 h) [4]. Au–Pd
nanoparticles supported on carbon gave 63.4% selectivity to benzalde-
hyde at 1.5% conversion (433 K, 1.0 MPa and 7 h) [6]. Obviously, a cata-
lyst with high selectivity and improved activity for this process is greatly
demanded.
Recently,metal-organic frameworks (MOFs) have generated substan-
tial attention for the use in catalysis [9,10]. They are porous materials
composed of metal nodes connected by organic ligands, allowing for
great chemical and structural diversity. These characters as well as
functionizable crystalline framework provide multiple opportunities to
create desirable active sites and determine MOFs as excellent candidates
for catalysis application [11–13]. Among reportedMOF catalytic systems,
node metal as catalytic center is the most common case [14–16]. These
node metals provide uniform, high density and non-leaching catalytic
centers and exhibit versatile catalytic properties. However, the investiga-
tions mainly focus on single-node MOF catalysts and the explorations of
mixed-node MOF catalysts are very limited so far. The development of
mixed-node MOF catalyst is of special interest because the incorporation
of two or more kinds of metal ions can add different functionalities. A
mixed-node MOF may realize more complicated catalysis such as multi-
ple catalysis or cooperative catalysis.

A useful strategy to prepare mixed-node MOF is to use different
metal ions in the synthetic system [17]. But this method is not widely
applicable and needs strict control to synthetic conditions, since the ad-
dition of another metal ion may affect the formation of target structure.
An alternative strategy is to substitute some of the metal nodes in a
pre-formed MOF with another metal ion by postsynthetic exchange
(PSE) [18]. Unlike other porous materials such as zeolites, mesoporous
silicas and porous carbons, one distinct feature of MOFs is their excel-
lent postfunctionalization ability [19]. A variety of functional groups
can be introduced to MOFs through postsynthetic approaches, such as
postsynthetic modification (PSM) [20] and postsynthetic deprotection
(PSD) [21]. PSE is a recently reported postsynthetic approach to
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Scheme 1. The preparation of Ag–Cu–BTC.
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produce functionalized MOFs [22]. It denotes a process that the node
metals or ligands in a MOF crystallite can be readily replaced with
other ones through an exchange fashion while keeps the structure of
MOF intact. This approach provides a generally applicablemeans to pre-
pare mixed-node MOFs, in which the proportions of metals can be
adjusted.

Herein, we report amixed-nodeMOF denoted as Ag–Cu–BTC,which
was prepared by PSEmethod. The catalytic performance of thismaterial
was investigated via selective oxidation of toluene to benzaldehyde by
molecular oxygen in the absence of solvent and initiator.

2. Experimental

2.1. Catalyst preparation

The nitrates were purchased from Sinopharm Chemical Reagent
Company, Ltd. Trimesic acid was purchased from J&K Chemical
Company. All the chemicals were used as received without further
purification.

MOFs were synthesized and activated according to the literatures
[23–26]. Ag–Cu–BTC was prepared through a PSE method. Typically,
0.064 g AgNO3 was dissolved in the mixture of 48 mL deionized
water and 48 mL ethanol in 125 mL stainless steel autoclave with a
polytetrafluoroethylene liner. 0.4 g prepared Cu–BTC was added
into and the autoclave was put in a 358 K oven. The ion exchange was
carried out for 1 day. Then, the reactor was cooled down to room tem-
perature. After filtration, the cyan solidwaswashedwith excess ethanol
and deionized water. Finally, the product was dried under vacuum at
373 K over the night (Scheme 1).

2.2. Catalyst characterization

The element contents of the sampleswere determined by inductive-
ly coupled plasma (ICP) on Optima 2000DV instrument. Powder X-ray
Table 1
The catalytic performances of different catalysts in toluene selective oxidation.a

Entry Catalyst Conv./% Benzyl alcohol select./%

1 None 4.2 15.8
2 Cr–BTC 12.4 0
3 Al–BTC 9.0 3.5
4 Fe–BTC 5.9 17.0
5 Cu–BTC 6.5 0
6 AgNO3 20.5 41.8
7 Ag–Cu–BTC(0.69)b 9.8 0
8 Ag–Cu–BTC(2.76)b 12.7 0
9 Ag–Cu–BTC(4.15)b 13.0 0
10 Ag–Cu–BTC(4.15)b,c 20.1 0

a Reactive condition: catalyst 0.1 g; O2 pressure 1.0 MPa; reaction temperature 433 K; react
b Data in bracket are weight percentage contents of Ag.
c The test was performed for 8 h while other conditions kept unchanged.
diffraction (XRD) patterns were employed to identify the structures of
prepared samples. The XRD patterns were recorded on Rigaku D/Max
2400 diffractometer employing Cu Kα radiation. Raman spectra were
recorded using DXRmicro Raman spectrometer from Thermo Scientific
Company. The 532 nmwavelength laser source was adopted to investi-
gate theM–O bonding situation inMOFs. X-ray photoelectron spectros-
copy (XPS) was conducted to determine the states of elements in
material using a Thermo ESCALAB 250 X-ray photoelectron spectrome-
ter. Al–Kα acted as light source and Cls (284.6 eV) was used to correct
XPS peaks of other elements. The scanning electron microscopy (SEM)
imageswere obtained on aNOVANANOSEM450 field-emission scanning
electron microscopy using a 20 kV energy source under vacuum. Oxford
energy dispersive X-ray analysis (EDAX) and Inca software were used to
determine elemental mapping of particle surfaces at a working distance
of 5mm. TheBET surface areas of the samplesweremeasured byN2phys-
ical adsorption–desorption at 77 K on a Quantachrome AUTOSORB-1
apparatus.

2.3. Catalytic test

Typically, the selective oxidation of toluene was carried out in a
100 mL stainless steel autoclave with a polytetrafluoroethylene liner.
10 mL toluene and 0.1 g solid catalyst were added into the reactor.
The autoclave was charged with 1.0 MPa oxygen, stirred and heated to
reactive temperature and kept on reacting for 4 h. Afterward, the reactor
was cooled down to room temperature and the pressure was released
slowly. The products were diluted with acetone and transferred to a
50mL volumetric flask totally. After enoughmixing, the samplewas an-
alyzed by Agilent GC-6890 N (HP-5 capillary column, Flame Ionization
Detector).

For the recyclability tests, the reactions were performed under the
same reaction conditions, except using the recovered catalyst. To
study the leaching of exchanged ion during the reaction, the reaction
mixture was treated by centrifugation and the solution was analyzed
by ICP.

3. Results and discussion

3.1. Catalytic performances of MOFs with different node metals

In order to investigate the catalytic performances of different node
metals for toluene selective oxidation, MOFs prepared by trimesic acid
(H3BTC) coordinated with different metal ions (Cr, Al, Fe, Cu) were
taken as catalysts. The concentrations of Cr, Al, Fe, and Cu in the samples
are 19.53, 16.15, 21.64 and 29.82 wt.%, respectively. These data imply
that the amounts of active centers are enough and the catalytic perfor-
mance of sample is mainly determined by the nature of node metal.
The reaction results are listed in Table 1 (entry 2 to 5). Contrasting the
catalytic performances of MOFs with different node metals, we can see
Benzaldehyde select./% Benzoic acid select./% Others/%

47.6 33.7 2.9
49.5 47.5 3.0
53.1 41.8 1.6
58.4 24.3 0.3
99.5 0 0.5
41.4 13.6 3.2
99.1 0.5 0.4
99.0 0.7 0.3
98.2 1.1 0.7
90.6 7.9 1.5

ion time 4 h.

image of Scheme�1


Fig. 1. Powder XRD patterns of samples: (a) Cu–BTC; and (b) Ag–Cu–BTC.

Table 2
Electronic binding energies of various Ag species.a

Orbit Ag Ag2O AgO Ag–Cu–BTC

Ag 3d3/2 373.4–374.2 373.9 – 374.9
Ag 3d5/2 367.9–368.4 367.7–368.4 367.3–368.0 368.8

a The data of Ag, Ag2O and AgO come from NIST XPS Database.
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that node metals have huge influence on toluene selective oxidation.
When Cr–BTC acts as catalyst, the conversion rate of toluene is highest
among the single-node MOF catalysts. However, the products are mix-
ture of benzaldehyde and benzoic acid, leading to the selectivity of
benzaldehyde is only 49.5%. For Cu–BTC catalyst, although the conver-
sion rate of toluene is not high, the selectivity of benzaldehyde can
reach to 99.5%. The exploitation of high selective chemical reaction
can reduce thewaste of rawmaterial, save energy consumption in prod-
ucts separation and protect environment. Therefore, we take Cu–BTC as
main body catalyst for selective oxidation of toluene to benzaldehyde
and explore method to improve its activity. Then, Ag–Cu–BTC was pre-
pared and its catalytic performance in toluene selective oxidation to
benzaldehyde was studied.

3.2. Characterization of Ag–Cu–BTC

The most direct means to judge whether Ag was introduced to MOF
matrix is elemental analysis. The ICP analysis indicates that the actual Ag
content of Ag–Cu–BTC prepared by described method is 2.76 wt.%. In
addition, Ag–Cu–BTC was treated with nitric acid and the filtrate was
analyzed by ICP. There is no detectable Ag in filtrate discloses that Ag el-
ement does not exist in the form of Ag2O or AgO on the Cu–BTC surface.
The XRD patterns were employed to identify the Cu–BTC samples
(Fig. 1). The patterns of the Ag–Cu–BTC and Cu–BTC are very similar,
which indicates that the ion exchange process is isomorphous replace-
ment and crystal structure of Cu–BTC is kept intact under adopted
conditions. No any new peak appears in the pattern of Ag–Cu–BTC,
Fig. 2. The Raman spectra of samples (A): (a) Cu–BTC; (b) Ag–Cu–BTC(Ag content 2.76%); (c) A
which can exclude the cases that Ag species is existed in new crystal
form or loaded on framework in AgNO3 form. Fig. 2A presents Raman
spectra of Cu–BTC and Ag–Cu–BTC with different Ag exchange degrees.
The most notable change for Ag–Cu–BTC spectra is that a new peak
appears at 230 cm−1 and the intensity of this peak increases with the
Ag exchange degree. This indicates that the peak directly relates to the
newly generated Ag species and can be attributed to the characteristic
peak of Ag\O bond. Fig. 2B shows high resolution XPS of Ag 3d region
for Ag–Cu–BTC. It can be seen that the electron binding energies corre-
sponding to Ag 3d3/2 and Ag 3d5/2 photoelectron peaks are 374.9 and
368.8 eV, respectively. These numerical values are bigger than that of
common chemical states of Ag element (Table 2). This is owing to the
Ag ion in Ag–Cu–BTCwhich is linkedwith four oxygen atoms of carbox-
ylic ligands. The oxygen atoms with large electronegativity make share
electron pair deviate from Ag ion, which leads to the increase of inner
electron binding energy. Scanning electron microscopy and energy
dispersed X-ray analysis (SEM-EDAX) also confirmed the presence of
both Cu and Ag in Ag–Cu–BTC particle (Fig. 3). The even distribution
of Ag element implies that Ag species is located in the crystal lattices
of Ag–Cu–BTC. All above results together provide substantial evidence
to that Ag–Cu–BTC was prepared successfully.

3.3. Catalytic performance of Ag–Cu–BTC in toluene selective oxidation

The catalytic performances of AgNO3 and Ag–Cu–BTC with different
Ag exchange degrees for toluene selective oxidation to benzaldehyde
are listed in Table 1 (entry 6 to 10). It can be seen that when AgNO3 is
used as catalyst, the conversion rate of toluene is comparatively high,
which indicates that Ag ions can boost the activation of toluene. Howev-
er, the selectivity of benzaldehyde is not satisfactory. When Ag–Cu–BTC
acts as catalyst, comparing with Cu–BTC, the conversion of toluene can
be greatly improved while the selectivity of benzaldehyde has no
obvious decrease. In order to compare selectivity of Ag–Cu–BTC with
that of AgNO3 at the similar level of conversion, the conversion rate of
toluene was raised to 20.1% by increasing reaction time to 8 h. It was
found that the selectivity of benzaldehyde is still above 90%. The BET
specific surface areas of Cu–BTC and Ag–Cu–BTC are both N1000 m2/g
while that of AgNO3 is b1 m2/g. Big specific surface area means a large
g–Cu–BTC(Ag content 4.15%) and high resolution XPS of Ag 3d region for Ag–Cu–BTC(B).

image of Fig.�1
image of Fig.�2


Fig. 3. SEM-EDAX mapping of Ag–Cu–BTC single particle: SEM image (A) and the corre-
sponding elemental distributions of Cu (B, green) and Ag (C, red). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Recyclability of Ag–Cu–BTC for toluene selective oxidation.
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number of accessible active sites. So it can be concluded that single atom
activity of Ag is much higher than that of Cu. This may account for the
obvious increase of toluene conversion on Ag–Cu–BTC. A small amount
of framework Ag ions can promote the conversion of toluene. However,
the raise of toluene conversion becomes very slow when Ag exchange
degree achieves a certain value. Moreover, the selectivities of by-
products also increase with Ag exchange degree of catalyst. So there is
an appropriate Ag exchange degree to obtain satisfactory catalytic per-
formance. When Ag content is 2.76 wt.%, the conversion of toluene
reaches to 12.7% while the selectivity of benzaldehyde keeps at 99.0%
over Ag–Cu–BTC catalyst. The above results demonstrate that the intro-
duction of Ag indeed enhances the catalytic ability of Cu–BTC for toluene
selective oxidation to benzaldehyde.

The recyclability is also a vital character for a practical solid catalyst.
Other ion exchange catalysts such as ion exchange zeolite and ion ex-
change resin, usually deactive in reuse since the leaching of exchanged
ions. In this work, we examined the recyclability of Ag–Cu–BTC (Ag
content is 2.76 wt.%) in toluene selective oxidation by using the recov-
ered catalyst under the same reaction conditions. Fig. 4 reveals that
Ag–Cu–BTC exhibits good recyclability: no noticeable decreases of tolu-
ene conversion or benzaldehyde selectivity can be observed during
4 cycle run. The ICP analyses can't detect any Ag or Cu in the solution
of reaction products. It indicates that Ag–Cu–BTC holds outstanding
stability and both framework Cu ions and exchanged Ag ions do not
leach out. Ag–Cu–BTC has much better stability than other ion ex-
changed catalysts because the exchanged ion was introduced to matrix
by coordinate bond rather than physical force.

4. Conclusions

In summary, a mixed-node MOF catalyst Ag–Cu–BTC was prepared
by PSEmethod and used in toluene selective oxidation to benzaldehyde.
Ag–Cu–BTC exhibits good catalytic performance: on the premise of
keeping highly selective catalysis of Cu–BTC, the introduction of Ag
greatly promotes toluene conversion. It demonstrates that PSE is a prac-
tical and powerful route to develop mixed-node MOF catalysts.
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