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ABSTRACT: To obtain stable and ultrafine Pt nano-
clusters, a trigonal prismatic coordination cage with the
sulfur atoms on the edges was solvothermally synthesized
to confine them. In the structure of {Ni24(TC4A-
SO2)6(TDC)12 (H2O)6} (H4TC4A-SO2 = p-tert-
butylsulfonylcalix[4]arene; H2TDC = 2,5-thiophenedicar-
boxylic acid), three Ni4-(TC4A-SO2) SBUs are bridged by
three TDC ligands into a triangle and two such triangles
are pillared by three pairs of TDC ligands to form a
trigonal prism. The cage cavity has 12 sulfur atoms on the
surface. Because of the porous structure and strong
covalent interaction between metal and sulfur, ultrafine
Pt nanoclusters composed of less than ∼18 Pt atoms can
be facilely confined in the present trigonal prismatic cage
(Pt@CIAC-121). The as-synthesized Pt NCs exhibit
higher electrocatalytic activity than commercial Pt/C
toward hydrogen evolution reaction.

Polyhedral coordination cages (PCCs) or hollow metal−
organic polyhedra with fascinating structures have broad

potential applications.1−3 Tunable pore sizes and controllable
pore environments would facilitate the PCCs to act as
functional molecular microreactors or to entrap various
nanoparticles (NPs) to form nanomaterials with catalytic
properties.1a,c Furthermore, the heteroatom donors on the
framework would effectively prevent the aggregation and
migration of catalytically active NPs in solid state, which
consequently makes the NPs@metal−organic composite
catalysts be highly active and reusable.4 Calixarenes are
reported to be a kind of effective multidentate ligands for the
construction of PCCs.5−8 For instance, a series of octahedral
PCCs with tunable sizes were constructed by linking the M4-
TC4A or M4-(TC4A-SO2) SBUs with deliberately chosen di/
tricarboxylate ligands.6,8a,b A Johnson-type hexadecahedronal
cage was constructed by linking M4-TC4A SBUs with 5-
(pyridin-4-yl)isophthalate.7 Three trigonal prisms were as-
sembled by two calixarene-capped Na2Ni12Ln2 clusters and
three linear dicarboxylates.8c All of these indicated that the
shuttlecock-like M4-calixarene SBU holds the desired curvature
necessary for the construction of PCCs.

To fabricate some PCCs with heteroatom donors to bind Pt
NCs, the M4-(TC4A-SO2) SBUs bridged with H2TDC were
designed.
On the other hand, because of the intrinsic high surface area-

to-volume ratio and unique electronic and geometric structure,
metal nanoclusters represent a novel class of highly efficient
catalysts.9−13 To date, much effort has been devoted to
electrochemical water splitting to acquire clean hydrogen
resources.14,15 To this end, various catalysts have been
developed for hydrogen evolution reaction.16 Although Pt-
based nanomaterials are the most efficient catalysts for
hydrogen evolution reaction (HER),17 the limited reserve in
nature, high cost of Pt and the strong tendency to aggregate
largely block the application of Pt NPs. One solution is to
design an effective support for stabilizing Pt NPs while lowering
the dosage of Pt and improving its atomic utilization.18

Here, we present a discrete trigonal prismatic coordination
cage {Ni24(TC4A-SO2)6(TDC)12(H2O)6} (CIAC-121) con-
structed by bridging the Ni4-(TC4A-SO2) SBUs with TDC.
Meanwhile, the prepared CIAC-121 with small-sized cage,
sulfur-containing framework and open structure provides a
perfect environment for the formation and catalytic application
of Pt NCs (Scheme 1). Electrochemical tests indicated that the
synthesized Pt NCs have high electrocatalytic performance
toward HER with low overpotential and high current density.
The high catalytic activity could be attributed to the highly
active surface of the ultrafine Pt NCs and the synergistic effect
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Scheme 1. Illustration of the Assembly of Trigonal Prismatic
{Ni24} Coordination Cage (CIAC-121) and the Fabrication
of Ultrafine Pt NCs
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of the Pt NCs and the cage matrix. To our knowledge, this is
one of the most efficient electrocatalysts for HER so far.
Compound CIAC-121 was synthesized by a solvothermal

reaction of H4TC4A-SO2, NiCl2·6H2O and H2TDC under a
basic condition. It crystallizes in the hexagonal system with
space group P6m2. The structure is featured by a nanosized
trigonal prismatic coordination cage of calixarene (Figure 1 and

S1). There are three crystallographically independent nickel
sites (Ni1−Ni3) that are six-coordinated by two phenoxo μ2-O
atoms, one axial sulfonyl oxygen atom, one μ4-oxygen and two
carboxyl oxygen atoms from different TDC ligands, resulting in
an approximately octahedral coordination environment. Anal-
ysis of the bond lengths and bond valence sum calculations
suggest all nickel cations to be divalent. Four adjacent nickel
atoms bond a calixarene molecule adopting a cone
conformation to form a shuttlecock-like Ni4-(TC4A-SO2)
SBU, whose bottom is capped by a μ4-OH2 molecule. Three
such Ni4-(TC4A-SO2) SBUs are bridged by three TDC ligands
into a coordination triangular framework which are further
pillared by three pairs of TDC ligands to form a trigonal prism.
Thus, six Ni4-(TC4A-SO2) SBUs are interconnected by 12
TDC linkers into an isolated trigonal prismatic {Ni24}
coordination cage (Figures S1 and S2). So, there are 12 sulfur
atoms on the surface of the cage cavity. The internal cavity is
communicating to the outside through five apertures on the
side facets and two bases. However, the communication
between the internal void and the well-known calixarene cavity
is blocked by the μ4-OH2 molecule at the bottom of the SBU.
The nanocage has an inner cavity of about 12.1 × 12.1 × 9.6 Å
measured between opposite μ4-oxygen atoms of the coordi-
nated water molecules. The discrete nanocages are stacked
through molecular interactions into a 3D supramolecular
structure with some hexagonal channels (Figure S3). The
interstices are presumably occupied by some disordered solvent
and organic amine molecules.
Under the similar reaction conditions, the analogous trigonal

prismatic {Co24} coordination cage was not obtained. Instead,
an isolated triangular {Co12} frame (CIAC-122) was obtained.
CIAC-122 crystallizes in the monoclinic system with space
group C2/c. Different from those in CIAC-121, the shuttle-
cock-like Co4-(TC4A-SO2) SBUs are interconnected together
by three pair of TDC ligands (Figures S4 and S5). The
formation of different CIAC-121 and CIAC-122 would be due
to different coordinaiton of nickel and cobalt.
In this work, a simple one-step method was designed to

prepare the Pt@CIAC-121 hybrid without any auxiliary
reagents. As shown in Figure 2c, the MALDI-TOF MS spectra
of CIAC-121 give a sharp peak at 8814.0, which can be
assigned to the species [Ni24(TC4A-SO2)6(TDC)12(H2O)6]·
[(CH3)4N

+Cl−]·[(CH3)4N]
+. After Pt NCs loading, three

groups of peaks around 9461.9, 10 679.4 and 11 875.3
appeared, which would be assigned to the composites
encapsulating Pt6, Pt12 and Pt18, respectively. During the
reaction, CIAC-121 plays three key roles for the formation of
Pt NCs, i.e, reducing agent, stabilizing ligand and robust
template. Briefly, because of the strong interaction between
platinum and sulfur, which is demonstrated by the absorption
of Pt−S bond at 328 cm−1 in the far IR spectrum (Figure
S11),19 the introduced ionic Pt species were initially
sequestered into the cage of CIAC-121. Then, Pt(IV) species
were gradually reduced to Pt(0) atoms through the electron
transfer between metal and the surrounding organic groups of
CIAC-121. Note that, similar to the previous reports, the
ligands of H2TDC and thiophene in the present study can serve
as reducing agents for the formation of Pt clusters.20 The
formed Pt(0) atoms spontaneously collapsed and grew into Pt
NCs. Because of the limited space of CIAC-121 cage, only tiny
Pt nanoclusters but not large Pt nanoparticles can be produced.
Moreover, here we present a facile, straightforward and mild
method compared to the reported methods for synthesis of
metal@MOF and/or Mx(SR)y NCs.21

As shown in Figure S12, the original CIAC-121 and Pt@
CIAC-121 hybrids show similar UV−vis absorption profiles
with two peaks around 280 and 345 nm, indicating the stable
structure of CIAC-121 during encapsulating Pt NCs. However,
a slight blue-shift from 349 to 344 nm and a new shoulder peak
from 360 to 400 nm can be observed in the spectrum of Pt@
CIAC-121, suggesting the possible electronic interaction
between CIAC-121 and Pt NCs. From the TEM measurements
(Figure 2), ultrafine Pt nanoclusters have been successfully
formed and evenly encapsulated in CIAC-121 cage without
changing the apparent cuboid morphology of CIAC-121
crystals, indicating the structural robustness of CIAC-121
(Figure 2a and inset). The average size of the formed Pt NCs
was measured to be around 1.4 nm, close to the cage size of
CIAC-121. In addition, the ICP-MS measurements further

Figure 1. Crystal structure of a {Ni24} coordination cage in CIAC-121.
Cyan truncated cones denote Ni4-(TC4A-SO2) SBUs and violet
dotted lines represent the trigonal prismatic assembly.

Figure 2. TEM images of the prepared Pt@CIAC-121 hybrids at
different magnifications (a, b) and MALDI mass spectra of CIAC-121
before (c) and after Pt NCs loading (d). The scale bars are 20 nm (a)
and 5 nm (b), respectively. The inset in panel a shows the morphology
of the Pt@CIAC-121 composite, which is similar to the original
CIAC-121.
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demonstrated the formation of Pt species in the crystal of
CIAC-121 (Ni:Pt = 2.27:1). Supposing one cluster occupies
one cage, the present Pt NC was calculated to be composed of
11 atoms, i.e., Pt11, which is consistent with the results of
MALDI-TOF MS.
The electrocatalytic performance of Pt@CIAC-121 for HER

was examined in 0.5 M H2SO4 and compared with Pt/C. As
shown in Figure 3a, the Pt@CIAC-121 shows an onset

potential of −0.24 V for HER, which is a little positive than that
on Pt/C (−0.26 V). Meanwhile, the current density on Pt@
CIAC-121 is obviously larger than that obtained from Pt/C.
Moreover, current densities of 5, 10, 15 and 20 mA·cm−2 μg−1

were obtained from the Pt@CIAC-121 at the potentials of
−0.40, −0.48, −0.53 and −0.60 V, respectively, which are
around 1.1, 1.38, 1.6 and 2.0 times higher than those from Pt/C
(Figure 3b). These results suggest that the Pt@CIAC-121
hybrid has enhanced electrocatalytic performance for HER and
thus the usage of Pt can be largely reduced. Moreover, with
respect to the onset potential and current density, the present
Pt@CIAC-121 shows much better performance than the
reported noble metal-based electrocatalysts for HER.17a,22 The
electrochemical stability of the Pt@CIAC-121 was also
evaluated by accelerated durability tests (ADTs). As shown in
Figure S13, after 5000 cycles tests, the HER current density
from the Pt@CIAC-121 is still much higher than that from Pt/
C. Such a result indicates the higher durability and stronger
corrosion-resistance of the Pt@CIAC-121 compared to the Pt/
C.
For comparison, CIAC-122, H4TC4A-SO2 and the mixture

of H4TC4A-SO2 and H2TDC were also used to synthesize Pt
NCs. As shown in Figure S14, similar Pt NCs can be formed in
the CIAC-122 frames. However, only large Pt NPs were
produced with the mixture of H4TC4A-SO2 and H2TDC, and
no Pt NCs or NPs can be observed with H4TC4A-SO2 (Figure
S15). The electrochemical measurements shown in Figure S16
indicate that the Pt@CIAC-121 has the highest electrocatalytic
activity for HER.

To get the mechanistic insights into the outstanding catalytic
activity of Pt@CIAC-121 for HER, catalytic kinetic was
evaluated from the Tafel plots (Figure 3c). The Tafel slope
of 58 mV·dec−1 from the Pt@CIAC-121 reveals that the rate-
determining step of HER is the electrochemical desorption
process, i.e., the Heyrovsky reaction. In comparison, the Tafel
slope of 33 mV·dec−1 from commercial Pt/C suggests that the
Tafel recombination step is the dominated process.23 These
results show that two different mechanisms are involved in
these two catalysts. As shown in Figure 3d, compared to Pt@
CIAC-121, the current density from pure CIAC-121 is
negligible, indicating that the catalytic activity of Pt@CIAC-
121 is mainly from the encapsulated Pt NCs.
In addition, XPS was performed to get further insight into

the high catalytic activity of Pt@CIAC-121 (Figure S17). The
deconvoluted XPS of Pt 4f displays two sets of peaks (Figure
4a), corresponding to the Pt0 and Pt2+, respectively, further

demonstrating the successful encapsulation of Pt NCs in
CIAC-121 cages. Interestingly, compared to the original CIAC-
121, the Ni 2p binding energy from the Pt@CIAC-121 shows
an obvious upshift (Figure 4b), indicating that nickel ions
centers are electron donators in the hybrid system, which can
increase the electron density of the Pt NC and in turn enhance
the electrocatalytic activity for HER. Moreover, the binding
energy of S 2p in Pt NC@CIAC-121 shows an obvious shift
compared to that in CIAC-121 (Figure S18), suggesting again
the interaction between Pt and S.
In summary, we present a novel calixarene-based trigonal

prismatic coordination cage, constructed by six Ni4-(TC4A-
SO2) SBUs as vertices and 12 TDC ligands as arris. Based on
the strong covalent interaction between Pt and sulfur, ultrafine
Pt NCs were confined inside the coordination cages. The Pt
NCs exhibited high electrocatalytic activity for HER with an
onset potential of −0.24 V and current density of 10 mA·
cm−2·μg−1 Pt at the potential of −0.48 V, which are much
superior to those from Pt/C. The present study not only
demonstrates a novel coordination cage structure but also
provides a method for synthesizing confined metal nanoclusters
with promising application in catalysis.
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Figure 3. (a) Polarization curves of the Pt@CIAC-121 and Pt/C for
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Figure 4. (a) Deconvoluted Pt 4f XPS of the Pt@CIAC-121; (b)
deconvoluted XPS spectra of Ni in Pt@CIAC-121 (top) and CIAC-
121 (bottom).
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