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Porous nanostructures have received considerable attention
because of their improved chemical and physical performance
over solid materials'? as well as their intriguing applica-
tions® in nanoreactors, actuators, energy storage, solar cells,
ultrafiltration and separation, CO, capture, catalysis, cell
imaging, and drug delivery. Among materials with various
shapes, nanosheets have attracted intensive interests as
sheetlike materials with predominantly exposed crystal
facets may exhibit improved catalytic performance over
their wirelike or spherical structures.*! But, the efficient
synthesis of porous single-crystalline sheets still remains a
challenge. Thus, their improved properties and promising
applications are driving researchers to develop facile strat-
egies to synthesize porous sheetlike materials, especially with
adjustable composition and pore size.

Since the discovery by Alivisato and co-workers of the
cation-exchange reaction in nanocrystals,”) much attention
has been paid to the transformation of one crystalline
material to another through cation exchange in aqueous
solution.’! At present, research efforts mainly focus on the
modulation of the composition, structure, and properties of
solid inorganic nanocrystals and nanowires.’! In these cases,
some hollow regions are produced because of the Kirkendall
effect.’! Recently, metal-organic frameworks and coordinat-
ing compounds have been found to exhibit unique cation-
exchange properties.”) Our previous study demonstrated that
vapor-phase cation-exchange reactions of CdS with organic
zinc could generate 1D nanostructures with adjustable
composition and morphology.®! Although these advances
have been achieved, the development of solution-phase
cation-exchange reactions for the synthesis of nanoporous
1D and 2D nanostructures, especially sheetlike materials with
predominantly exposed crystal facets, is still in its infancy.
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The inorganic—organic hybrid nanomaterials can be used
as a template for the preparation of functional materials.’’ For
example, Yu and co-workers found that hybrid nanowires
could be transformed into inorganic nanotubes by removing
the organic components in selected solvents.” The thermal
decomposition of hybrid materials in air can lead to the
formation of porous oxides.” However, to the best of our
knowledge, there are few reports on using hybrid semi-
conductors as starting materials for ion-exchange reactions to
produce porous materials with modulated pore size and
composition.

Here we adopt the inorganic—organic hybrid semiconduc-
tor sheets as the starting materials and describe a facile
cation-exchange strategy to fabricate single-crystal-like
porous nanosheets. We show that nanoporous inorganic
Cd,Zn,_,S nanosheets with controlled pore size and adjust-
able composition are accessible by this approach. The as-
prepared single-crystal-like porous Cd,sZn,sS nanosheets are
highly active for photocatalytic H, evolution from water
splitting. In addition, the cation-exchange strategy of inor-
ganic—organic hybrid materials is suitable for fabricating
other porous nanostructures.

To demonstrate the cation-exchange method of hybrid
materials for producing porous nanostructures, transforming
inorganic—organic hybrid ZnS-diethylenetriamine (DETA)
into porous Cd,Zn,_.S nanosheets is selected as the model
system. As shown in Figure 1a, the ZnS-DETA nanosheets
are first prepared using a modified amine-assisted hydro-
thermal method, and then react with different concentrations
of Cd*" cations to obtain nanoporous Cd,Zn,_,S and CdS (see
the Supporting Information). The ZnS-DETA nanosheets
are firstly examined using scanning electron microscopy
(SEM). The SEM images (the inset in Figure 1b and Fig-
ure S1-1a in the Supporting Information) clearly show that
ZnS-DETA nanosheets were successfully fabricated in high
yields. Typical X-ray diffraction (XRD) pattern of the as-
prepared hybrid precursors indentify them as the ZnS-
(DETA),s (see Figure Sle in the Supporting Information).
When the ZnS-DETA nanosheets exchange with Cd*"
cations, solid sheets become nanoporous (see Figure 1e).
After the hybrid precursors have reacted with excessive Cd**
cations, the completely exchanged products are nanoporous
CdS nanosheets with a pore size of 10-50 nm (see Figure 1 g,h
and Figure S1-1c,d in the Supporting Information) and a
thickness of around 20 nm (see Figure S1-2 in the Supporting
Information). FTIR spectra shown in Figure S1-1f in the
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Figure 1. a) Nanoporous sheets with adjustable composition prepared
through the cation-exchange strategy of the inorganic—organic hybrid
sheets. b—c) TEM and SEM images (b and the inset), and EELS
elemental mapping images (c) of the ZnS—DETA hybrid sheets. d—

f) TEM and HRTEM images (d and its inset), SEM image, and EDX
spectrum of the nanoporous Cd,sZn,sS nanosheets. g-I) SEM (g, h),
TEM (i), HRTEM images and the associated SEAD pattern (j and its
inset), EELS elemental mapping images (k), and EDX spectrum (l) of
single-crystal-like nanoporous CdS nanosheets obtained by the cation-
exchange strategy of hybrid precursors.

Supporting Information also confirm that the hybrid precur-
sors can be successfully transformed into inorganic materials.
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These nanoporous sheets are assigned to the hexagonal phase
of CdS by the XRD patterns(see Figure S1-le in the
Supporting Information). These results imply cation-
exchange reactions of the inorganic—organic hybrid materials
with cadmium cations can lead to the formation of nano-
porous inorganic nanosheets.

The structure transformations induced by cation exchange
are further characterized using transmission electron micros-
copy (TEM) and electron energy loss spectroscopy (EELS).
Figure 1b,c shows TEM images and EELS elemental map-
ping images of ZnS-DETA hybrid nanosheets, respectively,
suggesting that the flakelike hybrid precursors contain N, S, C,
Zn elements. When the molar ratio of ZnS-DETA to Cd*" is
2:1, the nanoporous sheets with a pore size of around 20 nm
are obtained (see Figure 1d,e). Clearly observed lattice
fringes in a HRTEM image (the inset in Figure 1d) indicate
the single-crystal-like structure of nanoporous sulfide nano-
sheets. The point-scan energy dispersive X-ray spectrum (see
Figure 1 f) shows that porous nanosheets of the composition
CdysZn,sS, which is in accordance with the molar ratio of
agents added. When enough Cd*" cations are adopted to react
with ZnS-DETA nanosheets, nanoporous CdS sheets, the
completely exchanged products, can be generated, as con-
firmed by TEM and EDX spectra (see Figure 1i,1). EELS
elemental mapping images (see Figure 1k) imply that the
nanoporous sheets are composed of Cd and S. The HRTEM
image and the associated selected electron diffraction
(SAED; see Figure 1j) pattern show that the as-prepared
nanoporous CdS sheets are single-crystalline. These results
show that the single-crystal-like Cd,Zn,_,S with adjustable
composition can be successfully obtained by changing the
relative ratio of hybrid precursors to cation in the current
approach.

The pore size of the nanoporous sheet of Cd,Zn,_,S can
be modulated by varying the solvent. When water is used as
the solvent for cation-exchange reactions and the molar ratio
of ZnS-DETA to Cd*" is 1:2, the products are nanoporous
CdS nanosheets with pore sizes of about 10-50 nm (see
Figure S2 in the Supporting Information). The pore size of
porous CdS nanosheets experiences an obvious decrease to
around 10-20 nm (see Figure S3 in the Supporting Informa-
tion) when the exchange reaction is performed in ethylene
glycol whereas other conditions remain unchanged. The
solvent has a noticeable influence on the pore size of the
ion-exchanged products, which may be associated with the
solvability of DETA in different solvents. Size distributions of
two different porous CdS nanosheets (see Figure S4 in the
Supporting Information) confirm that the pore size modu-
lation can be accomplished by changing the reacting solvents,
which may be important for investigating size effects of the
pores on the chemical and physical properties. Representative
nitrogen adsorption/desorption isotherms (see Figure S4 in
the Supporting Information) display the typical character of
IV-type isothermal curves, suggesting that the mesoporous
structure of the nanoporous nanosheets is obtained.

Furthermore, this strategy presented here can be broad-
ened to the synthesis of nanoporous metal selenides and
oxides with single-crystal-like structures. For instance, when
ZnSe-DETA nanosheets are used as staring materials for
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Figure 2. a) SEM and TEM (the inset) images of the ZnSe-DETA
hybrid sheets. b-c) TEM (b and its inset) and HRTEM (c) images of
nanoporous single-crystal-like CdysZn,sSe nanosheets, indicating the

generality of the cation-exchange protocol of hybrid precursors in
generating nanoporous single-crystal-like sheets.

cation-exchange reactions with Cd®" cations, porous
Cd,Zn,_,Se single-crystal-like nanosheets can also be gener-
ated, (see Figure 2 and Figure S5 in the Supporting Informa-
tion). In addition, the as-prepared CeO,-amine nanowires
can be transformed into nanoporous Ce,Zr;_ O, single-
crystal-like nanowires through cation exchange with ZrOCl,
in aqueous media (see Figure S6 in the Supporting Informa-
tion). These extending works indicate that our cation-
exchange protocol of inorganic—organic hybrid composites is
successful for producing porous nanostructures and may be
developed into a generalized strategy for preparing porous
single-crystalline nanostructures.

To understand the growth mechanism of nanoporous
sheet-like nanostructures prepared by the cation-exchange
reaction method, TEM, HRTEM, and EDX were used to
characterize the intermediates collected at different reaction
stages. When the cation-exchange reaction proceeds for 0.5 h,
the sheets become rough with voids (see Figure S7a,b in the
Supporting Information). The associated EDX spectrum (see
Figure S7c in the Supporting Information) reveals that most
of the zinc ions in ZnS-DETA have been exchanged with
cadmium cations in a very short time, suggesting the rapid
kinetics of this cation-exchange reactions. But, we find that
the exchange of cadmium in Cd-DETA with zinc cations
cannot occur under the same condition. This may suggest that
the driving force for the cation exchange is the enthalpy-
driven formation of CdS which makes the reaction thermo-
dynamically favorable.™”! The appearance of voids can be
attributed to the rapid kinetic and stain release because of the
large lattice mismatch (7-8 % ). Similar strain-driven forma-
tion of hollow structures has been observed and theoretically
predicted for partial cation exchange'! and sulfidation/
oxidation of nanocrystals.” In addition, the dissolution of
DETA in aqueous solution is responsible for the appearance
of voids. In fact, when the inorganic-organic ZnS-DETA
nanosheets were treated in aqueous solution in the absence of
Cd*" cations and the other conditions remain unchanged, the
hybrid nanosheets transformed into ZnS nanoparticles (see
Figure S8 in the Supporting Information), suggesting that
DETA in the hybrid sheets can be dissolved in water. With the
continuous increase of the reaction time, the ratio of zinc in
Cd,Zn(_,S—amine is decreasing, and the pores become
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bigger because of the correlating roles of the strain-driven
voids and the dissolution of DETA in aqueous media during
cation-exchange reactions. This finally leads to the formation
of nanoporous CdS nanosheets with single-crystal-like struc-
ture (see Figure 1g-i).

Recently, metal sulfide nanostructures have been found to
show significant catalytic activity for the photocatalyic hydro-
gen generation from water splitting (PHWS).!"®! Here, PHWS
is tested for comparative studies on the catalytic activity of
porous single-crystal-like Zn,;Cd,sS nanosheets (C-I) and
ZnysCdysS nanorods (C-II). UV/Vis diffuse reflectance
spectra (DRS; see Figure 3a) show that the spectrum of C-I
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Figure 3. a) UV/Vis diffuse reflectance spectra and b) time course of
evolved H, under irradiation of visible light of the as-prepared
Zn,5Cd,sS porous nanosheets (x) and ZnysCdysS nanorods (e).

shifts to longer wavelengths relative to the spectrum of C-II,
corresponding to a decrease in the band gap."* In addition,
the absorption region of C-I is much steeper and higher than
that of C-II, indicating the stronger absorption ability of C-I
relative to that of C-II. Figure 3b displays the reaction time
courses for H, evolution over C-I and C-II. As displayed in
Figure 3 b, the photocatalytic reaction upon C-I shows a stable
H, release rate of around 0.5 mmolh™'/0.3 g, which is about
2.5 times that of C-II. The improved activity of C-I may be
associated with its narrower band gap!**'¥l and stronger
absorption ability of photons. The single-crystal-like structure
reduced the number of defects, where the photogenerated
electrons and holes recombine.® In comparison with other
solid nanostructures, porous structures not only possess larger
active surface area and much more active sites,[***! but they
also effectively prevent the agglomeration of catalysts. In
addition, networklike porous nanosheets might also shorten
the distance between the generation center and the active
surface, and make it possible for electrons to migrate easily to
surface active sites. The cation-exchange strategy of hybrid
materials presented here may be a step forward to the
synthesis of novel porous single-crystal-like nanomaterials for
H, production.

In summary, we report the synthesis of nanoporous single-
crystal-like Cd,Zn,_,S nanosheets with good structural stabil-
ity by cation-exchange reactions of the prepared ZnS-DETA
hybrid nanosheets with Cd*' cations. The pore size and
composition of the nanoporous Cd,Zn,_,S sheets are modu-
lated by changing the solvent and varying the ratio of the
hybrid precursor and cadmium ions, respectively. The for-
mation of nanopores is possibly associated with the dissolu-
tion of organic components of the hybrid nanosheets during
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the cation-exchange reaction. The porous Cd,Zn;_.S nano-
sheets show a higher catalytic performance relative to their
solid crystals for the photocatalytic H, evolution from water
splitting. The improvement may be attributed to the narrow
band gap and strong absorption ability of photons, the
intrinsic single-crystal-like properties, and the unique config-
uration of porous Cd,Zn,_.S nanosheets. We also show that
this cation-exchange strategy of hybrid nanostructures can be
extended to the preparation of nanoporous metal selenides
and oxides. The present work may open a new general route
for the fabrication of single-crystal-like porous inorganic
nanomaterials with enhanced chemical/physical performance.
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