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Noble-metal nanoparticles (NPs) (such as Au, Ag, Pd, and Pt)
have been the subject of intense research because their
unique physiochemical properties are different from those of
their bulk counterparts[1] and various applications are antici-
pated in sensing,[2] imaging,[3] cancer therapy,[4] optical data
storage,[5] and catalysis.[6] However, it is well known that free
noble-metal NPs have high surface energies and tend to
aggregate and fuse; as a result the intriguing properties
observed for the NPs disappear and difficulties arise for long-
term storage, processing, and applications. Therefore, great
efforts have been devoted to develop novel strategies to
stabilize NPs,[7] and the most common approach is to coat
noble-metal NPs with either organic or inorganic shells. These
shells not only endow NPs with high stability but also offer
them additional functionalities. As an example, in addition to
good stability and biocompatibility, the mesoporous silica
shells that are currently broadly used have high surface area
and tunable pore size and volume, which can accommodate
analytes and drug molecules.[7, 8] Unfortunately, the amor-
phous structure of silica and its own characteristics determine
that it may be used only as a carrier, stabilizer, and ligand
linker. In order to break through the limitations and develop
a wide range of applications, it is necessary to search for new
types of shell materials that not only have properties similar
to those of porous silica but also impart new functionalities.

In addition to high specific surface area and tunable pore
size and volume, metal–organic frameworks (MOFs) have
many exciting characteristics including structural adaptivity
and flexibility, ordered crystalline pores, and multiple coor-
dination sites, and offer various functions such as chemical
separation,[9] gas storage,[10] drug delivery,[11] sensing,[12] and
catalysis,[13] which originate from the limitless choice of

building blocks.[14] Recently, MOFs have been used as func-
tional materials to fabricate nanostructures with noble-metal
NPs by either embedding NPs in the MOF matrices or
encapsulating NPs within the MOF layers.[15] Nevertheless,
effective control over the dispersibility of NPs within MOFs
as well as the morphology and size of the composite products
still presents significant challenges. For example, to our
knowledge, there are few reports about the construction of
well-defined core–shell noble-metal@MOF NPs,[15f,g] and
none on the successful synthesis of core–shell noble-metal@-
MOF NPs with a single metal NP core coated with a uniform
MOF shell. Herein, we report a facile one-pot method to
prepare core–shell Au@MOF-5 (Zn4O(BDC)3, BDC = 1,4-
benzenedicarboxylate) NPs with uniform shape and tunable
size, in which the single Au NP core is coated with a uniform
MOF-5 shell. Impressively, the core–shell Au@MOF-5 NPs
with a specific shell thickness are highly selective sensors of
CO2 in gas mixtures.

Different from the conventional two-step method to
synthesize NP@MOF composites by adding the presynthe-
sized NPs into the MOF precursors, we prepared the core–
shell Au@MOF-5 NPs by directly mixing both the Au and
MOF precursors (HAuCl4, Zn(NO3)2·6 H2O, and H2BDC) in
the reaction solution containing N,N-dimethylformamide
(DMF), polyvinylpyrrolidone (PVP), and ethanol (see
Part S1 in the Supporting Information). By controlling the
reaction conditions, the formation rates of Au NPs and MOF-
5 in the mixture solution could be adjusted effectively. It was
found that at 140 8C HAuCl4 was first reduced to Au NPs by
DMF within a very short time (Figure S1a).[16] Subsequently,
MOF-5 formed and spontaneously grew on the surface of the
PVP-capped Au NPs, so that uniform PVP-stabilized core–
shell Au@MOF-5 NPs were produced (Figure S1b–d). Finally,
the PVP stabilizer and DMF were removed from the core–
shell NPs by rinsing with DMF and CHCl3 several times. The
core–shell NPs were dried under vacuum at 120 8C for 36 h
before further characterization and performance measure-
ments (see Part S1 in the Supporting Information). It should
be noted that DMF, PVP, and ethanol are indispensable to the
preparation of the core–shell Au@MOF-5 NPs. DMF is the
solvent for the H2BDC solution and directly determines
whether MOF-5 can be produced; meanwhile, it is also the
reducing agent for the synthesis of Au NPs within the core–
shell structures.[16] PVP acts as the stabilizer of Au NPs.[15g,16b]

When no PVP was added to the reaction solution, the
produced Au NPs readily aggregated before the MOF-5 shell
was synthesized, and no core–shell NPs like those shown in
Figure 1a–c were obtained (Figure S2). Ethanol is also vital
for the formation of the core–shell NPs; its presence can
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change the coordination environment of metal ions such that
MOF-5 grows preferentially around the Au NPs instead of
self-nucleating in solution (Figure S3).[17]

Figure 1 shows that all the NP products have well-defined
core–shell structures with uniform size and shape (see also
Figure S4 in the Supporting Information). Further statistics
based on the products shown in Figure 1 a–c indicate that the
shell thickness can be controlled from several nanometers
((3.2� 0.5) nm, Figure S5a) to several tens of nanometers
((69.0� 12.4) nm, Figure S5c), while the diameter of the Au
NP cores varies from (54.0� 7.4) nm to (30.0� 7.0) nm
(Figure S5), and correspondingly the size of the core–shell
Au@MOF-5 NPs can be tuned from (60.7� 6.5) nm to
(156.9� 19.8) nm, when the added amount of the Au pre-
cursors in the reaction solution is simply changed. Thanks to
the rapid growth rate of the Au NP cores compared with the
MOF-5 shells, the more Au precursors are added, the larger
Au NP cores are produced, and correspondingly, the MOF-5
shells grown are thinner in the resulting core–shell NPs.
Analysis of the cores by high-resolution transmission electron
microscopy (HRTEM) imaging indicates that the spacing
between two adjacent lattice planes is about 0.235 nm (Fig-
ure 1d). This value is in agreement with the spacing of (111)
planes of cubic Au, suggesting that the cores in the core–shell
NPs are Au. Unfortunately, an atomic image of the shell is not

possible by HRTEM imaging, and one plausible explanation
is that the organic–inorganic MOFs are not stable to the
illumination of high-energy electron beam.[15e] Nevertheless,
powder X-ray diffraction (XRD) patterns further confirm
that such core–shell NPs are composed of two components:
face-centered-cubic Au (JCPDS card no. 001-1172) and cubic
crystalline MOF-5 (Figure 2),[18] and no peak assigned to

other impurities is detected. Finally, the composition of the
core–shell NPs is directly evident in high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging and energy-dispersive X-ray (EDX) elemen-
tal mapping (Figure 1e,f). The HAADF-STEM image (Fig-
ure 1e) clearly demonstrates that the produced NPs have
a typical core–shell structure, and EDX elemental mapping
further shows that the element Au is distributed only in the
core and that the elements C, O, and Zn of MOF-5 are
homogenously distributed throughout the whole NP (Fig-
ure 1 f), suggesting that a Au NP core is surrounded with
a uniform MOF-5 shell.

The features of the MOF shells, especially the porosity,
determine the properties of the core–shell NPs. All of the
obtained core–shell Au@MOF-5 NPs were characterized by
Brunauer–Emmett–Teller (BET) analysis. Figure 3 presents
the corresponding N2 adsorption–desorption isotherms of the
core–shell Au@MOF-5 NPs with different shell thicknesses
shown in Figure 1a–c. The core–shell Au@MOF-5 NPs with
shell thicknesses of (3.2� 0.5) nm and (25.1� 4.1) nm exhibit
a typical type I N2 isotherm (curve a and curve b, respectively,
in Figure 3), characteristic of the micropores.[15g] In compar-
ison, the core–shell Au@MOF-5 NPs with a shell thickness of
(69.0� 12.4) nm show a type IV sorption isotherm with an H3
hysteresis loop (curve c in Figure 3), demonstrating the
mesoporosity of the NPs.[19] The conversion from micropores
to mesopores is also supported by pore size distribution
measurements, in which the average size of the pores
increases from 0.47 nm to 3.84 nm when the thickness of the

Figure 1. Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) (inset) images of the core–shell Au@MOF-5
NPs with shell thicknesses of a) (3.2�0.5) nm, b) (25.1�4.1) nm, and
c) (69.0�12.4) nm. d) HRTEM image of a core–shell Au@MOF-5 NP.
e) HAADF-STEM image of core–shell Au@MOF-5 NPs with a shell
thickness of (69.0�12.4) nm. f) EDX elemental mapping of the core–
shell Au@MOF-5 NP marked in (e).

Figure 2. Powder XRD patterns of core–shell Au@MOF-5 NPs with
shell thicknesses of a) (3.2�0.5) nm, b) (25.1�4.1) nm, and
c) (69.0�12.4) nm. Two series of peaks are assigned perfectly to the
face-centered-cubic Au (marked with squares) and cubic crystalline
MOF-5 (marked with triangles).[18]
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MOF-5 shells increases (Figure S6). The mesopores mainly
originate from the voids between MOF aggregates in the thick
shells, which is consistent with the TEM observation that the
surface of the thick shells is much rougher than that of the thin
shells (Figure 1 a–c and Figure S4).[20] Moreover, as the shell
thickness increases, the corresponding surface area of the
core–shell NPs increases from 7.0 m2 g�1 to 599.7 m2 g�1 owing
to the decreasing contribution of nonporous Au NP cores to
the mass of the core–shell NPs (Table S1).

The integration of MOF-5 and Au NPs into well-defined
core–shell NPs might generate many new functionalities. For
example, MOF-5 is known to be an attractive adsorbent for
the separation of CO2 from flue gas, because compared with
N2, O2, CO, and other components of flue gas, CO2 has higher
polarizability and quadrupole moment, resulting in the
stronger electrostatic attraction between the partially charged
carbon atoms in CO2 and the aromatic rings in MOF-5.[9a, 10d,21]

On the other hand, this dramatic amplification of the
electromagnetic field surrounding Au NPs endows themselves
many optical applications, for example, surface-enhanced
Raman scattering (SERS) for highly sensitive detection.
Therefore, core–shell Au@MOF-5 NPs can be expected to
function as sensors for the selective detection of CO2 since
they take advantage of the selective adsorption property of
the MOF-5 shell and the tremendous optical enhancement of
the Au NP core.

The SERS performance of the core–shell Au@MOF-5
NPs with different shell thicknesses was investigated along
with that of a couple of the contrast samples including bare
Au NPs (Figure S7a) and pure MOF-5 spheres (Figure S7b),
and the results are shown in Figure 4a. It should be pointed
out that in order to avoid the possible influence of aggrega-
tion number and conformation, all the investigations were
conducted on single NPs that were pre-positioned by SEM
imaging (Figure S8). All the samples were put into a sealed
flask that was filled with the mixture gas for 6 h before SERS
measurement. Impressively, only the core–shell Au@MOF-5
NPs with a shell thickness of (3.2� 0.5) nm exhibit highly
selective sensing toward CO2 in the CO2/N2 gas mixture
(trace 5 in Figure 4a), whereas no Raman signals are
observed for bare Au NPs ((60.5� 11.2) nm, Figure S7d),
pure MOF-5 spheres, and even the core–shell Au@MOF-5
NPs with shell thicknesses of (25.1� 4.1) nm and (69.0�

12.4) nm (traces 1–4 in Figure 4a, and Figure S9). This
comparison demonstrates that selective detection of CO2 is
realized only by the combination of Au NP and MOF-5 in the
specific core–shell nanostructure (Figure 1a) and moreover,
the shell thickness is a key factor in determining the test
results.[22] It is well known that the electromagnetic enhance-
ment of Au NPs is near field, mostly within a distance of less
than 3 nm.[22, 23] For the core–shell Au@MOF-5 NPs with
a shell thickness of (3.2� 0.5) nm, the shell is thin enough,
allowing not only selective capture of CO2 molecules but also
maximization of the detected SERS intensity. Thus, a charac-
teristic Raman peak corresponding to the symmetric stretch-
ing vibration of CO2 appears at 1395 cm�1 (trace 5 in Fig-
ure 4a) and the SERS enhancement factor is 2.4 � 103 (see
Part S3 in the Supporting Information).[23] For core–shell
Au@MOF-5 NPs with a shell thickness of (69.0� 12.4) nm
(trace 3 in Figure 4a) or (25.1� 4.1) nm (trace 4 in Fig-
ure 4a), the thick shells make the diffusion of CO2 into the
interface of the Au NP cores difficult, while the captured
molecules far away from the Au NP cores could not
contribute the SERS signal significantly.[24] In contrast, for

Figure 3. N2 adsorption–desorption isotherms of the core–shell
Au@MOF-5 NPs with shell thicknesses of a) (3.2�0.5) nm,
b) (25.1�4.1) nm, and c) (69.0�12.4) nm.

Figure 4. a) SERS spectra of single Au NPs (trace 1), single MOF-5
spheres (trace 2), and single core–shell Au@MOF-5 NPs with a shell
thickness of (69.0�12.4 nm) (trace 3), 25.1�4.1 nm (trace 4), and
(3.2�0.5) nm (trace 5) toward CO2 in the CO2/N2 gas mixture (the
ratio is 1:5 for CO2 vs. N2) at room temperature. b) SERS spectra of
single core–shell Au@MOF-5 NP with a shell thickness of
(3.2�0.5) nm toward N2, CO, and O2. The arrows point to the
characteristic SERS peak positions of N2, CO, and O2.
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bare Au NPs, though diffusion into the interface is easy,
selective enrichment of CO2 nearby the Au NPs is absent
(trace 1 in Figure 4a). Accordingly, both cases did not result
in high response to CO2. Furthermore, for pure MOF-5
spheres (trace 2 in Figure 4a), the lack of Raman signature is
understood since the dramatic amplification effect of Au NPs
does not exist.

Lastly, we found that the core–shell Au@MOF-5 NPs with
a shell thickness of (3.2� 0.5) nm have no SERS activity
toward other possible interferents such as N2, CO, and O2

(Figure 4b and Figure S10, the specific frequency vibration
signals for gas-phase N2, O2, and CO are 2331 cm�1,
1556 cm�1, and 2145 cm�1, respectively).[23] Evidently, the
highly selective sensing property should originate from the
specific adsorption capability of the MOF-5 shell toward CO2

molecules.
In summary, we have successfully prepared core–shell

Au@MOF-5 NPs in which a single Au NP core is coated with
a uniform MOF-5 shell. Notably, this is the first example of
core–shell noble-metal@MOF NPs with a single metal NP
core. Moreover, the one-pot synthesis method used in the
work is a general technique for the preparation of different
types of core–shell noble-metal@MOF NPs, for example,
Au@ZIF-8 NPs, Au@IRMOF-3 NPs, and Ag@MOF-5 NPs
(Figure S11). Compared with bare Au NPs and pure MOF-5
spheres, the core–shell Au@MOF-5 NPs with a shell thickness
of (3.2� 0.5) nm show unique SERS activity toward CO2 in
gas mixtures. Such sensitive SERS detection can be easily
applied to other analytes including dimethylformamide and
ethanol by using the core–shell Au@MOF-5 NPs and core–
shell Au@ZIF-8 NPs, respectively (Figure S12). Considering
the excellent properties and broad applications of both noble-
metal NPs and MOFs, we anticipate that this new type of
core–shell nanostructure will find use in many fields such as
catalysis, sensors, and drug delivery.[15f,g]
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