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Interrupted Chalcogenide-Based Zeolite-Analogue Semiconductor:
Atomically Precise Doping for Tunable Electro-/Photoelectrochemical
Properties**
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Abstract: Incorporation of semiconductor property into
zeolite materials is a plausible approach to graft oxide zeolites
with multifunctionality in which both electronic/optoelectronic
functions and high porosity are integrated. However, creating
such semiconductor zeolites, especially the ones with control-
lable function regulation still remains as a great synthetic
challenge over the years. Hereby, we reported the first case of
an interrupted chalcogenide-based zeolite-analog semiconduc-
tor with an entirely new boracite-related framework and
specific sites at the interrupted section. The semiconducting
nature and band structure of this open-framework n-type
semiconductor material were characterized with solid-state
UV/Vis diffuse reflectance spectroscopy and Mott–Schottky
measurements. More importantly, the In–Se chalcogenide
zeolite analog was for the first time explored as an effective
electrocatalyst for the oxygen reduction reaction (ORR). The
specific indium sites served as active centers and proved to be
responsible for a superior ORR activity. Meanwhile, these
specific sites could be precisely replaced by bismuth(III) ions,
leading to facile manipulation in their electro-/photoelectro-
chemical properties. Such atomically precise doping success-
fully implemented at the semiconductor zeolite material with
specifically interrupted sites presents a very promising route for
accurately regulating electronic structure and photoelectrical
properties of other open-framework semiconductor materials.

Zeolites, as an important class of inorganic crystalline
microporous materials, are widely used in petroleum refining
and fine chemical industry as catalysts.[1] Enormous economic
benefits brought by these porous materials have stimulated
long-lasting academic research interest in exploration of
zeolite materials with variable composition and new types of
frameworks. Therefore, the number of zeolite framework
type codes assigned by the Structure Commission of the
International Zeolite Association (SC-IZA) has experienced
a rapid growth in recent years,[2] especially when new
structure determination techniques (such as electron crystal-

lography and model-building) are used for ultra-small single
crystals.[3] However, the inherent insulating characteristic of
oxide-based zeolites greatly limits their applications in the
aspect of photo-/electric-related processes. To solve this
problem, great efforts have been devoted to creating chalco-
genide-based semiconductor zeolites (CSZ) by simultane-
ously replacing oxygen with chalcogen (S/Se/Te) and Si/Al
with tetrahedrally coordinated main-group metal ions (such
as In/Ga/Sn/Ge).[4] Such methodology is proved to have
successfully integrated both zeolitic architecture and semi-
conductor properties into one material which possesses both
high specific surface area and UV/Vis photocatalytic activity.
However, to our best knowledge, there is only one out of 225
zeolite framework types in newly released zeolite database,
which is composed by metal chalcogenide (coded as
RWY).[2, 4] In fact, three other metal chalcogenides with
zeolitic framework reported in Ref. [4] were not coded by SC-
IZA. Because the variable connecting modes (m2-, m3- and m4-)
adopted by the chalcogen anions inevitably leads to more
complicated non-zeolitic structures, especially under the
absence of the tetravalent metal ions in the system.[5]

Synthesizing CSZs with more diverse composition and
achieving visible-light activity is of great importance, how-
ever, still very challenging.

Other than the concern on the composition of zeolite
materials, on a structural aspect, there is always great interest
in searching for the zeolites with large or extra-large pores.[6]

Interrupted sites (i.e. tetrahedrally coordinated cations are
bonded to one or two terminal hydroxides), as a naturally
occurring phenomenon in oxide-based zeolite framework
formation, is generally accepted to facilitate the construction
of extra-large pores or channels. Among the reported oxide-
based zeolites, 11 out of 224 frameworks have been found to
possess interrupted sites.[2] More recently, in metal–organic
framework zeolite analogs, interrupted sites have also been
found in ZIF-100[7] with a colossal cage and BIF-201.[8]

However, these earlier researches on interrupted zeolitic
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structures have mainly focused on the structural features or
the introduction of specific sites as catalytically active sites,
seldom if any, studied the possibility of specific site modifi-
cation towards function regulation. In CSZ materials, ordered
interrupted sites are highly desirable because they cannot
only serve as unique active sites for selectively catalytic
reactions but also allow for atomically precise doping for
purposely tuning of the electric or photoelectric properties.

Herein, we reported an interrupted chalcogenide-based
zeolite-analog semiconductor ([In28Se54(H2O)4]

24�·24(H+-
PR)·n H2O, denoted as CSZ-5-InSe, H+-PR = protonated
piperidine). It features an entirely new boracite-related
topology and specific sites at the interrupted section. These
interrupted indium sites embedded in the open-framework n-
type semiconductor zeolite material are proved to be active
centers, answering for good performance on electrocatalytic
oxygen reduction reaction. Interestingly, these specific sites
are available for atomically precise doping exemplified by
BiIII ions, giving rise to fine-tuning of the electro-/photo-
electrochemical properties.

Dark red cubic crystals of CSZ-5-InSe were synthesized
by solvothermal reaction of elemental indium and selenium
powders in the mixture solvents of piperidine (PR) and
deionized water at 170 8C for 7 days. The structure and
composition of CSZ-5-InSe were characterized by single-
crystal X-ray diffraction (SCXRD), temperature-pro-
grammed desorption mass spectroscopy (TMP-MS), elemen-
tal analysis (EA), and its solid-state stability as well as phase
purity were identified by powder XRD (PXRD) and thermal
gravimetric analysis (TGA), respectively (see Tables S1,S2,
Figures S1–S3 in the Supporting Information). The single-
crystal structure refinement shows that CSZ-5-InSe, crystal-
lizing in the cubic space group F�43c, contains three inde-
pendent indium ions in an asymmetrical unit (Figure S4): both
In1 and In2 are connected to four In3+ ions through m2-Se2�,
and In3 only connected to three In3+ ions through m2-Se2� and
interrupted by a neutral terminal water molecule at the fourth
direction. The completely tetrahedral coordination mode of
In3+ ions together with the bi-coordinated mode of Se2� ions
endows CSZ-5-InSe with a typically zeolitic framework
(Figure 1a).

In the zeolitic framework of CSZ-5-InSe, a three-mem-
bered ring (3-MR) serves as primary building unit, which is
preferred in the CSZ system as a result of smaller bond strain
derived from a longer bond length of M-S/Se than that of Si/
Al-O.[4] Four 3-MRs can fuse together to form a 3*1 secondary
building unit (SBU). This unique SBU has not yet been
observed in an oxide-based zeolitic framework, but only been
found in a chalcogenide zeolite analog of UCR-20 with RWY
topology.[2, 4] To better understand the structure of CSZ-5-
InSe, we here simplify it as cluster-based framework. The
framework of CSZ-5-InSe contains two types of secondary
building units: supertetrahedron cluster A [In4Se10] and
supertetrahedron cluster B [In4Se9O] (Figure 1b). Cluster A
is connected to four clusters B through corner-sharing mode,
while cluster B is connected to three clusters A and leaves the
fourth corner interrupted by a neutral water molecule, in
which the interrupted indium metal site bonded to H2O is
denoted as specific site X (Figure S5). The intercluster con-

nectivity provides two types of cages: cage a consisting of six
clusters A and four clusters B is an extended adamantane
cage with six 12-MR window apertures (7.58*7.04 � with
consideration of the Van der Waals radius; Figure 1c); cage b

composed of twelve clusters A and sixteen clusters B pos-
sesses a large pore with four 12-MR window apertures and six
16-MR window apertures (Figure 1d). Each cage b is filled
with twenty four H+-PR species, and no H+-PR species are
found within the cage a. In fact, cage b surrounded by eight
cages a could be formed through four fused cages a by
missing the central shared cluster A (Figure S6), which means
there are periodically cluster-based vacant sites in the frame-
work of CSZ-5-InSe. It is obviously observed that 16-MR is
enclosed to four “cantilevers” from cluster B, two of them
directing to the center of cage b and the other two pointing to
the outside of the same cage b. Two sets of enclosed “canti-

Figure 1. a) 3D zeolitic framework of CSZ-5-InSe. b) Supertetrahedron
cluster A [In4Se10] and cluster B [In4Se9O]. c) Adamantane cage a with
12-MR window aperture. d) Large cage b with 16-MR window aperture
and filled with 24 H+-PR. e) (3,4)-connected qzh net. f) Bismuth-doped
cluster B at specific site X. (green ball: In1; blue ball: In2; red ball:
In3; black ball: O from water molecule; yellow ball: Se; large gray
sphere: pore in the cage a ; large green sphere: pore in cage b ; small
orange sphere: cluster-based vacancy in center of cage b).
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levers” in 16-MR give rise to four lateral-broken 10-MR
(9.04*6.20 �). The connectivity between cage a and cage b

also leads to a multiple channel system: channel I with 12-MR
aperture along h100i direction and channel II with 16-MR
aperture along h110i direction (Figure S7). The unique
“cantilever” structure in the cage b reduces the size of
channel II, and makes CSZ-5-InSe seem like an inorganic
“cardiac valve” that may limit the degree of freedom of the
molecule diffusion in the framework.

The most prominent structural feature of CSZ-5-InSe is its
interrupted network exclusively formed by 3-MR. Even
though there are only six cases with the framework exclu-
sively formed by 3-MR in the zeolite framework database,[2]

no one is associated with an interrupted structure. The
occurrence of 3-MR generally leads to a low framework
density (FDT, defined as the number of Tatoms in 1000 �3), as
observed in oxide-based zeolites.[9] Interestingly, integration
of the interrupted framework with the exclusive primary
building unit 3-MR makes such a net bearing quite low
framework density. The FDT of CSZ-5-InSe is 3.87, much
lower than that of oxide-based zeolites, and even lower than
the previously reported chalcogenide framework (UCR-20)
with the lowest FDT (4.39). Although CSZ-5-InSe is bestowed
with a zeolitic framework due to tetrahedrally coordinated
metal sites, the interrupted structure leads to a previously
unknown (3,4)-connected net with vertex symbols
(3.12.3.12.3.*)(3.122.3.16.3.16)(3.3.3) (Figure 1 e, Table S3).
As a matter of fact, it has recently been officially collected
into the Reticular Chemistry Structure Resource (RCSR)
database and denoted as qzh-type net. The qzh net is very
close to, but different with, the topology of bor-a. In addition,
while the aforementioned clusters A and B are treated as
pseudo-atom, the framework of CSZ-5-InSe could be further
simplified into well-known (3,4)-connected bor topology. The
detailed topological differences and their derivative relation-
ship between bor/bor-a and qzh are illustrated in Figure S8
and Table S4.

Another important feature of the interrupted framework
of CSZ-5-InSe is the atomically precise doping at the specific
indium site X. It is well-known in oxide-based zeolites that
the type and location of the tetrahedral atoms are associated
with variations in bond angles as well as the pore architec-
tures, which may eventually affect their catalytic properties.
Likewise, the specific metal site X in CSZ-5-InSe inspires us
to investigate its feasibility of precise doping for purposefully
changing its optical and electrical properties. Considering the
distorted tetrahedral chemical environment of the specific
indium site which is surrounded by three Se2� anions and one
H2O molecule, Bi is chosen as a perfect candidate in the study
of atomically precise doping. Once a Bi source is introduced
into the reaction system, it could only be fitted into the
interrupted metal site in the form of trivalent Bi3+ with
pyramidal three-coordinated BiSe3 with a lone pair of
electrons since the tetrahedrally coordinated pentavalent
Bi5+ ion in selenides is extremely unstable (Figure 1 f). As
designed, bismuth-doped crystals of CSZ-5-InSe (denoted as
CSZ-5-InBiSe) were successfully prepared. The PXRD
pattern of CSZ-5-InBiSe matches well with its simulated
pattern (Figure S1). Although the SCXRD analysis could not

fully differentiate Bi from In, the EDS and XPS data beyond
doubt prove that the specific sites X are exclusively doped by
Bi3+ ions, and no Bi5+ ions are present at other metal sites.
There are 32 interrupted metal sites out of all 224 metal sites
in a crystallographic unit cell. EDS analysis shows that the
molar percentage content of Bi out of all metal sites is always
less than the ideal doping value (32/224 = 14.3 %) no matter
how much amount of Bi source was added (Figure S9). Bi
XPS indicates a 4f multipeak at the binding energy between
157.3 eV (4f7/2) and 162.6 eV (4f5/2) with a separation of
5.3 eV, which are in good agreement with Bi3+, as observed in
Bi2Se3 (Figure S10).[10]

Further exploration for potential applications of CSZ-5
necessitates a detailed characterization of its band structure.
Hence, solid-state UV/Vis diffuse reflectance spectroscopy
(DRS) and Mott-Schottky (MS) measurements using electro-
chemical impedance techniques were used to characterize
band gap, and the band position of conduction band (CB) and
valence band (VB). Optical absorption investigation reveals
that CSZ-5-InSe and CSZ-5-InBiSe have a direct band gap
(EBG) of 2.10 and 2.03 eV, respectively, by extrapolating the
linear region of the plot of the absorbance square versus the
energy from the absorption edge (Figure 2a). These values,

being larger than commercialized a-In2Se3 (EBG� 1.4 eV)
with condensed phase, lie well in the energy range suitable for
photocatalytic applications in the visible-light region. The
positive slope of the linear region on the MS plot measured at
frequency of 1000 Hz in a 0.5m sodium sulfate solution
confirms CSZ-5s to be a n-type semiconductors. As shown in
Figure 2b, the flat band potentials (Efb) of CSZ-5-InSe and
CSZ-5-InBiSe are approximately �0.55 and �0.41 V (vs.
NHE), respectively. It is generally accepted that the flat band

Figure 2. a) Tauc plot of In2Se3, CSZ-5-InSe, and CSZ-5-InBiSe derived
from UV/Vis DRS. b) Mott–Schottky plots of CSZ-5-InSe and CSZ-5-
InBiSe measured at a frequency of 1000 HZ. c) Schematic band
structures of In2Se3, CSZ-5-InSe, and CSZ-5-InBiSe. d) The photocur-
rent–vlotage behavior for In2Se3, CSZ-5-InSe, and CSZ-5-InBiSe films;
the inset shows the photoresponse under pulsed illumination at
a constant potential of 0.6 V (vs. Ag/AgCl).
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potential of a n-type semiconductor equals its Fermi level and
the conduction band edge of such n-type semiconductor is
more negative by about 0.10 V than Efb.

[11] In this way, the
conduction band of CSZ-5-InSe and CSZ-5-InBiSe can be
approximately estimated to be �0.65 and �0.51 V (vs. NHE),
respectively. In combination with the measured EBG from
DRS, we hence calculated their valence band potential at
1.45 V and 1.52 V, respectively. For comparison, the band
position of commercialized In2Se3 was also determined (Fig-
ure S11). On the basis of the relationship between the normal
electrode potential and the absolute vacuum energy with the
numerical difference of 4.44,[12] the band position versus
vacuum level could be also calculated (all above dada are well
organized in Figure 2c and Table S5). Open-framework CSZ-
5-InSe exhibits a slight lower ECB and much lower EVB

comparing to condensed-phase In2Se3, however, the bis-
muth-doped CSZ-5-InBiSe has slight difference in its band
position relative to original material of CSZ-5-InSe.

In order to investigate the effect of precise doping at
specific sites on photo-electrochemical properties of resulting
semiconductor zeolite framework, measurements on the
potential-dependent photocurrent response were performed.
As shown in Figure 2d, the anodic (positive) photocurrent
responses indicate that CSZ-5 exhibits n-type semiconductor
characteristics under visible light illumination, which is
consistent with the results obtained by Mott–Schottky
measurements. The photocurrent traces of CSZ-5/ITO photo-
electrodes show a rapid response and good reproducibility at
the start and end of illumination. By applying biased potential
of 0.6 V, the photoelectrodes of CSZ-5s can generate approx-
imate photocurrent density from 0.20 (CSZ-5-InSe) to
0.50 mA cm�2 (CSZ-5-InBiSe) compared with the commer-
cialized In2Se3 (0.30 mAcm�2).

The CSZ-5-InSe materials have shown high electrocata-
lytic activity for the ORR, which is of the very essence to
renewable energy technologies. More importantly, the elec-
trocatalytic experiments reveal that the interrupted specific
indium site X plays a crucial role in the oxygen reduction
process. Although selenides with noble-metal ions (such as
Ru, Ir) were widely studied as electrocatalysts in the ORR,[13]

indium selenides have never been investigated as noble-
metal-free electrocatalysts for the ORR. The cyclic voltam-
mograms (CVs) of the ORR on In2Se3/CB(carbon black)-
modified and CSZ-5-InSe/CB-modified glassy carbon (GC)
electrodes are shown in Figure 3a. The In2Se3/CB electrode
exhibited a poor ORR catalytic activity with the current
density of the reduction peak and the potential at around
0.59 mAcm�2 and �0.32 V, respectively. Compared to In2Se3/
CB, CSZ-5-InSe/CB had a much higher current density of the
reduction peak at 1.56 mAcm�2 and a slight higher potential
at around �0.29 V, indicating better catalytic performance.
However, bismuth doping at specific sites deteriorated the
catalytic activity of the original framework with a current
density of 0.79 mAcm�2 at around �0.28 V. Rotating disk
electrode (RDE) voltammetry was further performed to
study the kinetics of the electrochemical catalytic ORR for
CSZ-5-InSe/CB. Figure 3b showed that the current density
was enhanced by increasing the rotating rate. The corre-
sponding Koutecky–Levich (K–L) plots (the inset in Fig-

ure 3b, Table S6) demonstrated good linearity with parallel-
ism over the potential range from �0.45 to �0.65 V, suggest-
ing a similar electron-transfer number per O2 molecule
involved and first-order dependence of O2 kinetics in the
ORR. The electron transfer number of CSZ-5-InSe/CB was
about 2.2, indicating that the CSZ-5-InSe/CB was close to the
classical two-electron process. To further investigate whether
the enhanced ORR activity originates mainly from specific
sites or only from the porous structure of CSZ-5-InSe, another
open framework material of UCR-2-InSe which possesses
a similar composition and optical gap but no interrupted
In sites was applied as electrocatalyst for the ORR (Fig-
ure S12 and Table S7).[14] Its electrocatalytic ORR behavior is
very similar to that of In2Se3 and CSZ-5-InSe, however, shows
a much lower current density. Therefore, although the
detailed mechanism for the electrocatalytic ORR occurring
at In–Se compounds still remains unclear, all the current
results suggest that the indium ions on interrupted sites within
the open-framework semiconductor material are responsible
for the high activity, and thus are very likely the catalytic
active sites.

In conclusion, an interrupted chalcogenide-based semi-
conductor zeolite material has been created for the first time,
and its band structure was also established by DRS and MS
measurements. This n-type semiconductor material features
a zeolitic framework with an entirely new boracite-related
topology and interrupted metal sites. In particular, these
specific indium sites serve as electrocatalytically active center
in the ORR, and could be precisely doped by pyramidal
three-coordinated trivalent Bi3+ ions with absolutely no Bi

Figure 3. a) Cyclic voltammograms of In2Se3/CB, CSZ-5-InSe/CB, and
CSZ-5-InBiSe/CB in O2-saturated 0.1m KOH solutions. Scan rate:
50 mVs�1. b) RDE voltammograms at different rotation rates of CSZ-5-
InSe/CB. Inset: the corresponding Koutecky–Levich plots at different
potentials of CSZ-5-InSe/CB.
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present on other indium sites. CSZ-5-InSe displays superior
electrocatalytic activity for the ORR compared to commer-
cialized In2Se3 and bismuth-doped CSZ-5-InBiSe. The atomi-
cally precise doping implemented at the zeolitic semiconduc-
tor material with specifically interrupted sites represents
a promising new strategy for the fine regulation of the
electronic structure and the photoelectrical properties of the
semiconductor materials. Our study reveals deliberate doping
at the interrupted sites, which could be a facile route to
property engineering for CSZ materials or even oxide-based
zeolites with interrupted sites. Atomic precise doping with
other metal ions and a more detailed electrocatalytic mech-
anism of In–Se-involved ORR is still under investigation.

Keywords: electrochemistry · interrupt structures ·
mesoporous materials · oxygen reduction reaction ·
zeolite-analog semiconductors
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