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Polyoxometalate-encapsulated twenty-nuclear
silver-tetrazole nanocage frameworks as highly
active electrocatalysts for the hydrogen evolution
reaction†

Shaobin Li,‡ab Li Zhang,‡a Yaqian Lan, c Kevin P. O’Halloran, d Huiyuan Ma *a

and Haijun Pang*a

Two unprecedented polyoxometalate-encapsulated twenty-nuclear

silver-tetrazole nanocage frameworks have been synthesized, which

exhibit high activity in hydrogen evolution reaction. HUST-100 shows

an onset overpotential of 148 mV and a Tafel slope of 82 mV dec�1, and

the catalytic current density approaches 10 mA cm�2 at an overpotential

of 234 mV.

Molecular hydrogen (H2) has been advocated as the ideal
energy carrier because it is a potential clean and renewable
alternative for fossil fuels in the future.1 The electrocatalytic
reduction of water is considered to be the simplest way to
produce hydrogen of high purity at the most economical price.
The hydrogen evolution reaction (HER, 2H+ + 2e� - H2)
constitutes the second half of the water-splitting reaction.2

The ideal catalysts for the HER should achieve a large exchange
current and a small Tafel slope. Platinum (Pt) is the best known
HER catalyst, but the high cost and limited global supply of Pt
may hamper its use in a large scale commercial process.3 The
exploitation of inexpensive and effective catalysts is highly
desirable to produce viable water electrolytic systems.

Metal–organic nanocages (MONCs) have a well-defined porous
structure and are a special type of metal–organic frameworks
(MOFs).4 The permanent porosity and high surface area of MONCs

may provide an advantage towards electrocatalytic reactions such
as HER and oxygen reduction reaction (ORR).5 However, it is
difficult to intentionally construct MONCs structures due to the
random coordination between the metal ions and organic ligands.
In this regard, control of the assembly processes of constructing
metal–organic nanocages is obviously a synthetic challenge.
Recently, an important and effective synthesis strategy uses various
anions such as halide anions, NO3

�, BF4
�, ClO4

�, PF6
�, and SO4

2�

as templates to direct the formation of MONCs (Scheme S1, ESI†).6

In this regard, POMs are a unique class of inorganic metal
oxide clusters,7 which can provide polyoxoanions as templates to
direct the formation of MONCs. Compared with simple anionic
templates, POMs display two advantages: (i) as a structural
advantage, POMs exhibit a wide variety of shapes, sizes and high
negative charges, directing the formation of various MONCs with
adjustable sizes; and (ii) as a functionality advantage, POMs can
participate in rapid reversible multi-electron transfer reactions.
For instance, the Keggin POMs exhibit a reversible uptake of
24-electrons.8 The fast, reversible multi-electron transfer demon-
strated by POMs makes them well suited for HER catalysts, and
several excellent studies hitherto utilizing POM-based MOFs
(POMOFs) for HER applications have been reported.9 However,
after carefully searching the CSD database and previous litera-
ture, only rare examples of POMs as templates to direct the
formation of MONCs were observed so far;10 furthermore, the
utilization of POM-templated MONCs for HER applications has not
yet been investigated. Lu et al. made an important breakthrough in
2010, in which Keggin-type polyoxoanions played a template
role to direct the formation of the silver-triazole (1,2,4-triazole)
polycatenane framework with adamantine-like [Ag24(trz)18]6+

nanocages.10a Inspired by this successful example, we sought
to introduce Keggin-type polytungstates into a silver-tetrazole
framework to construct new POM-encapsulated MONCs structures
and provide a new model for HER applications. Compared to other
azolates with fewer N-donors, tetrazolate (tta) not only has the
highest number of N-donors, but it also has versatile coordination
modes (Scheme S2, ESI†). Classic examples of the m4 bonding
mode for tetrazolate have been observed in [Ag1.5(m4-tta)]-(NO3)0.5
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as reported by Ciani et al.11 and [Cu(m4-tta)] as reported by
Zhang et al.12 These discoveries led us to use these frameworks
with polyoxometalate systems.

Herein, the isolation of two novel 3D silver-tetrazole frame-
works with unprecedented [Ag20(tta)16]4+ nanocage encapsulated
24-connected POMs is described, namely, Ag10(m4-tta)4(H2O)4-
(PWVI

9 WV
3O40) (HUST-100) and Ag10(m4-tta)4(H2O)4(SiWVI

10WV
2O40)

(HUST-101) (HUST = Harbin University of Science and Technology;
tta = tetrazolate). It should be pointed out that HUST-100 and
HUST-101 represent the first examples of 3D POM-encapsulated
silver-tetrazole frameworks with twenty-nuclear [Ag20(tta)16]4+ nano-
cages. More importantly, 24-connected POMs exhibit the highest
connection numbers in POM-based hybrids to date. This work is
additional evidence to authenticate that POMs could play a
template role to direct the formation of MONCs. Furthermore,
the electrocatalytic activities of the as-synthesized HUST-100 and
HUST-101 toward HER were examined in acidic aqueous
solution (0.5 M H2SO4). As a novel, non-noble-metal HER catalyst
in acidic media, HUST-100 shows high activity with a Tafel slope of
82 mV dec�1 and an exchange current density of 0.011 mA cm�2,
which needs an overpotential (Z) of 234 mV to attain a current
density of 10 mA cm�2.

The red block crystals of HUST-100 and HUST-101 were obtained
from the reaction of the Keggin-type POMs (H3PW12O40 and
H4SiW12O40), AgNO3, tetrazolate and 1,3,5-benzenetricarboxylate
in water under hydrothermal reaction conditions (Fig. S1, ESI†).
Although 1,3,5-benzenetricarboxylate is not part of the final struc-
ture, it’s use is necessary in the synthesis as the title compounds
cannot be obtained without it. Single crystal X-ray diffraction (ESI†)
reveals that HUST-100 and HUST-101 are isomorphous crystals
with the tetragonal space group I4m2 (no. 119). The Keggin-type
POMs (H3PW12O40 and H4SiW12O40) have been introduced into a
20-nuclear silver nanocage framework as guests. Therefore, only
the structure of HUST-100 is described for brevity. The asymmetric
unit of HUST-100 consists of one [PWIV

9WV
3O40]6� polyanion

(abbreviated as PW12O40), ten silver ions, four deprotonated tta
ligands and four coordinated water molecules (Fig. S2, ESI†). The
reduced-polyanion PW12O40 shows a classic Keggin-type structure
and possesses a higher charge density than common oxidized
Keggin polyanion, which makes them favourable for forming a
highly connected framework.

There are three crystallographically independent silver cations
(Ag1, Ag2 and Ag3) with two kinds of coordination modes (Fig. S3,
ESI†). Both Ag1 and Ag2 cations adopt a similar tetra-coordinated
‘‘seesaw-shape’’ geometry, which is coordinated by two nitrogen
atoms from two tta ligands, and two oxygen atoms from two
PW12O40 polyoxoanions. The Ag3 cation is coordinated by four water
molecules, two terminal oxygen atoms from two PW12O40 clusters
and one silver atom [Ag3–Ag3 = 2.97 Å], forming a {Ag–Ag}2+

aggregate (Fig. S3, ESI†). It should be pointed out that the distance
between two adjacent silver atoms (2.97 Å) is much shorter than
the van der Waals contact distance of silver atoms (3.44 Å), and
longer than the sum of their covalent radius contact distance
between silver and oxygen atoms (2.27 Å).13 The bond lengths
of Ag–N (1.918–2.082 Å) are within the normal range of silver-
nitrogen compounds. The tta ligand is deprotonated during the

reaction, and each tta ligand is attached to four Ag atoms in a
m4-coordination fashion (Fig. S3, ESI†). Thus, four silver cations
are linked with four tta ligands to generate two kinds of
[Ag4(tta)4] macrocycles (Fig. S4, ESI†). The windows of macro-
cycle A and B are about 4.81 � 4.81 Å and 7.29 � 7.29 Å,
respectively. Each macrocycle A is linked with four macrocycle
B, and each macrocycle B is linked with four macrocycle A.
Interestingly, a novel three dimensional silver-tetrazole host
framework is formed by this alternate connection mode. From a
topological view, if the tta ligands are considered as 4-connected
nodes, this host framework is considered as a 4-connected net.
Simplifying further, the topology of the host framework is a
classical dia net (Fig. S5, ESI†).

A prominent structural feature of the host framework is the
presence of an unprecedented vase-like nanocage built from
20 Ag centers and 16 tta ligands (Fig. 1 and Fig. S6, ESI†).
Clearly the diameter of the nanocage is suitable to encapsulate
the Keggin polyoxoanion (B10.5 Å). Finally, the polyoxoanion
acts as a 24-connected inorganic template which is encapsulated
into a vase-like [Ag20(tta)16]4+ nanocage host framework (Fig. 1b
and c). Meanwhile, these adjacent polyoxoanions are further
fused together by four Ag–O bonds from the {Ag–Ag}2+ aggre-
gates, which integrally stabilize the nanocage framework (Fig. S7,
ESI†). A most remarkable structural feature is that HUST-100
represents the first example of a 3D silver-tetrazole framework
with a [Ag20(tta)16]4+ nanocage. More importantly, 24-connected
POMs exhibit the highest connection numbers in POM-based
hybrids to date.

From a topological view, if the tta ligands and {Ag3–Ag3}
aggregates are regarded as 4-connected nodes, and the Keggin
POM clusters as a 24-connected node, the structure of HUST-100
can be considered as a 3D (4,4,24)-connected framework, which
exhibits a novel topology (Fig. S8, ESI†). It should be pointed out
that this Keggin POM cluster is the second real 24-connected node,
which is an important discovery in topological crystal chemistry.14

Offering further insight into this intricate architecture, if each
POM-encapsulated [Ag20(tta)16]4+ nanocage is considered as a

Fig. 1 (a) The 3D POM-encapsulated 20-nuclear nanocage framework
in HUST-100; (b) the structure of the POM-encapsulated nanocage;
(c) the 24-connected POM cluster; (d) the structure of the 20-nuclear
[Ag20(tta)16]4+ nanocage.
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14-connected node, the overall structure of HUST-100 can also
be considered as a uninodal 14-connected framework. Each
POM-encapsulated [Ag20(tta)16]4+ nanocage has a dodecahedron
coordination figure which is enclosed by fourteen adjacent POM-
encapsulated [Ag20(tta)16]4+ nanocages (Fig. 2 and Fig. S9, ESI†).
Attempts have been made to use other types of POMs (such as
Dawson-type, Anderson-type, and Lindqvist-type) to construct
this framework. However, the framework could not be main-
tained with other types of POMs under the same conditions. This
indicates that Keggin-type POMs are efficient templates for the
in situ-formation of porous frameworks due to their quasi-
spherical architecture and suitable size.

A high structural stability is key to some applications of
materials. The phase purities of HUST-100 and HUST-101 were
established by comparing their observed and simulated powder
X-ray diffraction (PXRD) patterns. HUST-100 and HUST-101 are
air-stable, maintaining their crystallinities for at least several
months, with no observed efflorescence. Furthermore, HUST-100
and HUST-101 are stable in acidic aqueous solutions in the pH
range of 1–7 at room temperature, as confirmed by the sub-
sequent IR and PXRD measurements (Fig. S11 and S12, ESI†). As
highly active HER catalysts, POM-based hybrid materials should
be stable in acidic media.

The HER catalytic activities of as-synthesized HUST-100 and
HUST-101 were also evaluated by electrochemical experiments.
Fig. 3a shows the HER polarization curves of electrocatalysts in
0.5 M H2SO4 aqueous solution with a scan rate of 5 mV s�1,
including those of HUST-100 and HUST-101-modified electrodes
with different loading amounts (20 wt%, 50 wt%, as well as
pure crystals), and commercial Pt/C (20 wt% Pt/XC-72R). The
HER activities of HUST-100 and HUST-101-modified electrodes
are enhanced after carbon black doping. These results demon-
strate that the HER activity of POM-encapsulated MOF-modified
electrodes mainly originates from the synergistic effect between
the POM-encapsulated MOF material and carbon black. After
careful analysis of these results, we infer that the title com-
pounds may contribute to the low overpotential, and carbon
black contributes to the high current density. It is necessary
to dope carbon black into POM-encapsulated MOF, which not only
improves the electrical conductivity but also increases the current.
Increasing the content of the title compounds in the composite
electrode facilitates charge transfer to some extent and thereby
results in improved HER activity. For instance, the composite
with 50 wt% title compounds exhibit better catalytic behavior
than the composite with 20 wt% title compounds. The HUST-100
(50 wt%) shows an onset potential of 148 mV and a Tafel slope of

82 mV dec�1. As expected, among all tested electrodes, Pt/C exhibits
the highest activity for HER with nearly zero onset overpotential (Z)
and a high current density. Pure XC-72R has negligible electro-
catalytic activity, while the doped samples may enhance the HER
activity by the introduction of active sites. The HUST-100-modified
electrode is highly active toward HER, and it approaches a large
current density of 10 mA cm�2 at an overpotential of 234 mV. The
required overpotentials for driving a current of 10 mA cm�2 (Z10) is
more practical owing to the fact that a solar light-coupled HER
apparatus usually runs at 10–20 mA cm�2 under standard condi-
tions, indicating that 10 mA cm�2 is meaningful as the point of
reference.2b According to previous reports,9b the modified electrodes
NENU-500, NENU-501, e(trim)4/3, NENU-499, NENU-5 and HKUST-1
require an overpotential of 237, 392, 515, 570, 585 and 691 mV,
respectively, to achieve a 10 mA cm�2 HER current density (Table S3,
ESI†). These six reported MOF composite electrodes exhibit larger
overpotentials (Z10) than that of the HUST-100 composite electrode,
suggesting that fast and efficient electron transfer occurs on the
HUST-100 modified electrode. The results imply that HUST-100 is
superior in catalytic activity over the other six electrocatalysts.

Tafel slope is an inherent property of electrocatalytic materials,
which is determined by the rate-limiting step of HER. Additionally,
the determination and interpretation of Tafel slope are important
for the elucidation of the HER mechanism involved. Fig. 3b dis-
plays the Tafel plots for HUST-100 and HUST-101-doped compo-
sites with different contents. The linear portions of the Tafel plots
are fitted to the Tafel equation.9e Commercial Pt/C shows a Tafel
slope of 30 mV dec�1 which is in agreement with the reported
value.15 The Tafel slopes of HUST-100, HUST-101, NENU-500, NENU-
501, e(trim)4/3, NENU-499, NENU-5 and HKUST-1 obtained from the
Tafel plots are 82, 94, 96, 137, 142, 122, 94 and 127 mV dec�1,
respectively (Table S3, ESI†). The exchange current density ( j0) of
HUST-100 is calculated to be about 0.011 mA cm�2. Compared
with those non-noble-metal electrocatalytic materials reported

Fig. 2 Schematic view of the 14-connected POM-encapsulated [Ag20(tta)16]
nanocage uninodal framework and a dodecahedron coordination figure.

Fig. 3 (a) Polarization curves of HUST-100 and HUST-101-doped com-
posites with different loadings in 0.5 M H2SO4 aqueous solution; (b) the
corresponding Tafel plots; (c) polarization curves of HUST-100 and HUST-
101 (50 wt%) initially in 0.5 M H2SO4 aqueous solution and after 2000
cycles; and (d) electrochemical impedance spectroscopy (EIS) Nyquist
plots of HUST-100 and HUST-101 (50 wt%).
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recently, the HUST-100 electrode presents a quite large
exchange current density and a relatively small Tafel slope,16

suggesting that HUST-100 is highly efficient for the kinetics of
hydrogen evolution. A promising material for electrocatalytic
HER should exhibit not only high activity but also good dur-
ability. Therefore, we also examined the stability of HUST-100
and HUST-101 in hydrogen generation by an accelerated degra-
dation experiment. As shown in Fig. 3c, after continuous CV
scanning for 2000 cycles in 0.5 M H2SO4 aqueous solution at a
scan rate of 100 mV s�1, the polarization curves show a
negligible difference compared with the initial one. The result
demonstrates that HUST-100 and HUST-101-modified electrodes
are durable during electrocatalytic hydrogen production. The time-
dependent current density curves of HUST-100 and HUST-101
show excellent long-term stability (Fig. S13, ESI†). Electrochemical
impedance spectroscopy (EIS) analysis was also performed to
investigate the activity of HUST-100 and HUST-101 toward HER.
Fig. 3d exhibits the obtained charge transfer resistance (Rct).
Rct values of 100.4 O and 135.3 O were obtained for HUST-100
and HUST-101 (loading amounts of 50 wt%), respectively. This
lower value for HUST-100 validates the higher electrocatalytic
activity for HER.

In conclusion, two novel POM-encapsulated silver-tetrazole
nanocage frameworks, HUST-100 and HUST-101, were synthe-
sized, which represent the first examples of 3D silver-tetrazole
frameworks with 20-nuclear [Ag20(tta)16]4+ nanocages. More
importantly, 24-connected POMs exhibit the highest connec-
tion numbers in POM-based materials to date. Furthermore,
HUST-100 and HUST-101 exhibit not only good air stability but
also acid tolerance. Therefore, HUST-100 and HUST-101, as
POM-based materials, were utilized as electrocatalysts toward
HER, owing to the combination of the redox activity of POM
moieties and the porosity of MONCs. Remarkably, HUST-100 is
highly active for electrochemically generating hydrogen from
water under acidic conditions, with a Tafel slope of 82 mV dec�1

and an exchange current density of 0.011 mA cm�2. The present
study not only demonstrates a successful case to construct stable
POM-encapsulated MONCs but also provides novel hydrogen-
evolving electrocatalysts with excellent activity. Further investi-
gation is currently underway in our group.
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