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Synthesis of Hollow Cd,Zn,_,Se Nanoframes through the Selective
Cation Exchange of Inorganic—Organic Hybrid ZnSe-Amine

Nanoflakes with Cadmium Ions**
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Novel applications of nanostructures in catalysis, electronics,
photonics, and bionanotechnology!"! are driving the explora-
tion of synthetic approaches to control and manipulate the
morphology and chemical composition of nanostructures.”””!
Among these nanomaterials, hollow skeleton-like structures
involving nanorings,® nanoskeletons,” and nanoframes!”
have attracted increasing interest owing to their unique
structures, interesting properties, which are different from
their solid counterparts, and promising applications in differ-
ent fields.”! In recent years, hollow skeleton-like or frame-
like Au, Co, Fe, Cu,0, Fe,05, ZnO nanostructures have been
successfully fabricated by using many advanced methods
including self-assembly or oriented attachment of nanocrys-
tals, template-assisted chemical etching, and self-coiling of
nanobelts. However, with present methods the synthesis of
frame-shaped semiconductors of controlled composition is
a great challenge. Thus, it should be of great interest to
develop a facile approach to generate frame-like hollow
materials with adjustable composition, because the properties
of these materials are strongly dependent on their composi-
tion.[

Since Alivisatos and coworkers discovered the cation-
exchange reaction in nanocrystals,”! the cation-exchange
reaction has received growing attention as an effective way
to modulate the composition, the structure, and the properties
of nanomaterials.*'¥ For instance, a partial cation-exchange
reaction was adopted to create semiconductor superlattice
structures in nanorods.”®! Chalcogenide gels and metal phos-
phides and sulfides were successfully generated by the ion-
exchange reaction of corresponding nanostructures by
Brock’s group.”’ Dorn etal. developed an insitu electric
measuring method to monitor the exchange process of
nanowires.'”! Our recent study demonstrated that the vapor-
phase cation-exchange reaction of CdS with organic zinc
could generate one-dimensional nanostructures with adjust-
able composition, morphology, and optical properties.!"!
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Interestingly, the selectivity of facet reactivity was also
observed in the case of the cation-exchange reactions of
CdS nanorods and octapod-shaped CdS nanocrystals.' At
present, research efforts mainly focused on modulating the
composition, structure, and properties of solid inorganic
nanocrystals or one-dimensional nanostructures, while pre-
serving their size and shape. Recently, we adopted the
inorganic-organic hybrid sheets as starting materials and
described a facile cation-exchange strategy to fabricate single-
crystal-like porous nanosheets.”® Although these advances
have been achieved, the development of selective cation-
exchange reactions to synthesize frame-like nanostructures,
especially with adjustable composition, is still in its infancy.

Herein, we report a facile and effective protocol to
prepare Cd,Zn,_,Se nanoframes through the selective cation-
exchange reaction of unpurified inorganic—organic ZnSe-
amine nanosheets with Cd*" ions (see Figure 1a). We show
that Cd,Zn,_,Se nanoframes with adjustable composition are
accessible by varying the relative ratio of hybrid precursors to
cations in this approach. Moreover, the selective cation-
exchange strategy of hybrid nanosheets is suitable for
fabricating other frame-like nanostructures. Furthermore,
we demonstrate that the as-prepared Cd,;;Zng¢;Se nano-
frames are highly active for photocatalytic H, evolution from
water splitting. The composition of hollow Cd,Zn,_.Se nano-
frames has exerted an important influence on their photo-
catalytic activities.

The unpurified ZnSe-DETA nanosheets (DETA = dieth-
ylenetriamine) were first prepared using a modified amine-
assisted solvothermal method,!"” and were then reacted with
different concentrations of Cd*" ions to obtain Cd,Zn, ,Se
nanoframes (see the Supporting Information). The ZnSe-
DETA nanosheets were firstly examined using scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). SEM images (Figure 1b,c) clearly
demonstrate that ZnSe-DETA nanosheets were successfully
synthesized in high yields. The typical X-ray diffraction
(XRD) pattern of the as-prepared hybrid precursors shown
in Figure 1f is identical to that of the reported ZnSe-
(DETA), s nanobelts,™! thus suggesting that the composition
of the as-prepared hybrid nanosheets is ZnSe(DETA),s
(named ZnSe-DETA here). When ZnSe-DETA nanosheets
exchange with an appropriate amount of Cd*" ions at elevated
temperature, the solid sheets become hollow frame-like ones
with a skeleton size of 3040 nm (Figure 1d,e). The FTIR
spectra shown in Figure 1 g also confirm that the hybrid
precursors can be successfully transformed into inorganic
materials. The composition of hollow Cd,Zn,_,Se nanoframes
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Figure 1. a) Scheme illustrating the synthesis of composition-tunable
Cd,Zn,_,Se nanoframes through the selective cation-exchange reaction
of the unpurified inorganic—organic ZnSe—DETA hybrid sheets with
Cd*" ions at 150°C. b,c) SEM images of the ZnSe-DETA nanoflakes.
d,e) Typical SEM images of hollow Cdy33Zn,¢,Se nanoframes prepared
by the selective cation-exchange reaction of the ZnSe—DETA nano-
flakes. f) XRD patterns of ZnSe-DETA nanosheets (black, lowest
trace), Cdg33Znge;Se nanoframes (dark gray, middle trace), and CdSe
(light gray, upper trace). g) FTIR spectra of ZnSe-DETA nanosheets
(black, lower trace) and Cdg33Zn,¢;Se nanoframes (dark gray, upper
trace).

can be modulated by varying the ratio of the starting hybrid
sheets to metal cations. For instance, when the ratio of ZnSe—
DETA to Cd*' is 3:1, the products are Cd,3;Zn,¢;Se nano-
frames, as displayed in the SEM images (Figure 1d,e), the
associated EDX spectrum (see Figure S1 in the Supporting
Information), and the inductively coupled plasma emission
spectrograph (ICP). By controlling the molar ratio of the
starting hybrid materials to cadmium cations, Cd,,sZn,sSe,
Cd,sZn,sSe, Cd,¢,Zn,15Se, and CdSe hollow nanoframes can
be generated (see Figure S1 and Table S1 in the Supporting
Information). But, when the hybrid precursors react with an
excess of Cd*! ions, the completely exchanged products are
porous network-like CdSe flakes rather than frame-shaped
CdSe (see Figure S2 in the Supporting Information). This
finding indicates that the relative initial cation concentration
is important for the formation of nanoframes through
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selective cation exchange. We find that the final products of
one-step partial exchange reactions of hybrid ZnSe-DETA
with cadmium ions are Cd,Zn,_,Se nanoframes (0<x<1)
when the molar ratio of CdCl, to ZnSe-DETA is lower than
1.2. These results suggest that Cd,Zn,_,Se nanoframes with
a controlled composition can be successfully synthesized by
such selective cation-exchange reactions of the inorganic—
organic hybrid nanosheets.

The cation-exchange-induced transformations were fur-
ther characterized using transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and -electron
energy loss spectroscopy (EELS). The TEM image of
ZnSe-DETA hybrid nanosheets (Figure 2a) shows the
flake-like solid morphology of the hybrid precursors. The
typical TEM image of the Cd, 5;Zn,;Se nanoframes displayed
in Figure 2b shows that the nanoframes with a skeleton size of

Figure 2. a) TEM image of the ZnSe—DETA hybrid nanosheets; b) TEM
image of the Cd,33Zny¢;Se nanoframes; c) HRTEM image and high-
magnification TEM (inset) of the Cdy33Zn,¢,Se nanoframes; d) EELS
elemental mapping images of Cd3;Zn¢,Se nanoframes. The
Cdy33ZN,6,S€e nanoframes were prepared through the selective cation
exchange reaction of the ZnSe—DETA hybrid sheets with Cd**.

approximately 40 nm are obtained in high yield. High-
magnification TEM image (the inset in Figure 2c) and
HRTEM image (Figure2c) show that the skeletons in
hollow Cd,3;Zn,4,Se nanoframes are composed of single-
crystalline nanorods with a size of 820 nm. Furthermore, it
was found that other Cd,Zn, ,Se nanoframes with different
composition (0 <x<1) possess a shape similar to that of
Cd,33Zng ¢ Se (see Figure S1 in the Supporting Information).
EELS elemental mapping images (Figure 2d) imply that the
nanoframes are composed of Cd, Zn, and Se. These results
demonstrate that the composition of the highly crystalline
hollow Cd,Zn,_.Se nanoframes can be successfully adjusted
by changing the relative ratio of hybrid precursors to cations
in the current approach.

To clarify the formation mechanism of hollow nanoframes
prepared by the selective cation-exchange method, SEM,
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TEM, and EDX were used to characterize the intermediates
collected at different reaction stages. When the exchange
reaction of the unpurified ZnSe-DETA nanosheets with Cd**
ions proceeds for 0.5 h, the edges of the sheets become rough,
while their middle parts are still smooth (Figure 3a,b),
indicating that the edges of the hybrid sheets are more
reactive than the middle parts of the sheets. The point-scan
EDX spectra of the edge and the middle (Figure 3¢, d) reveal
that most of the zinc ions in the edges of ZnSe-DETA
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Figure 3. a) Typical SEM image, b) TEM image, and c,d) the point-
scan EDX spectra of the intermediates collected after the cation
exchange proceeded for 0.5 h, suggesting the selectivity of the cation-
exchange reaction of ZnSe-DETA with Cd*". The circles in (b) indicate
the positions where the EDX spectra for (c) and (d) were obtained.

nanosheets have been exchanged with Cd**, while Zn*" ions
in the middle parts of the nanosheets are almost not
exchanged with Cd*' ions, thus confirming the cation-
exchange reaction is selective for the unpurified inorganic—
organic hybrid nanosheets. But, when ZnSe-DETA nano-
flakes are rinsed for several times and then exchanged with
Cd*" ions, the exchange reaction occurs uniformly for the
whole sheets to produce nanoporous Cd,Zn,_,Se nanosheets
(see Figure S3 in the Supporting Information), as observed in
the formation process of porous Cd,Zn,_,Se and Cd,Zn,_.S
nanosheets.™® This observation implies that the selectivity in
cation exchange of unpurified hybrid nanosheets does not
originate from the differences in crystal planes of ZnSe—
DETA; these differences are commonly described for the
selective chemical etching of inorganic nanocrystals.*!!
Therefore, it is reasonable to speculate that the cation-
exchange selectivity of unpurified hybrid nanosheets should
be attributed to the fact that DETA molecules are adsorbed
more easily onto the top/bottom surface of ZnSe-DETA
sheets than onto the edges of the sheets, thus making the
exchange reaction more favorable for the edge regions of
ZnSe-DETA sheets. When the exchange reaction proceeds
for two hours, the edges of the nanosheets become rougher
(Figure 4a). Some nanoparticles appear after three hours of
exchange reaction (Figure 4b), thus suggesting that zinc ions
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Figure 4. SEM images of the intermediates collected after the selective
cation-exchange reaction proceeded for different times: a) 2 h, b) 3 h,
c)4h,d)5h.

in the middle parts exchanged with Cd**, because the DETA
molecules adsorbed on the surface are slowly dissolved into
aqueous solution. The prolonged exchange reaction and the
slow dissolution of DETA in water make the middle area of
the sheets break into small particles, and the edges become
bigger and rougher (Figure 4c). These small nanoparticles
may dissolve and regrow on bigger frames (Figure4d)
through the typical Ostwald ripening mechanism.'”? This
process finally leads to the formation of Cd,Zn,_,Se nano-
frames with a skeleton composed of branch-like nanorods
(Figure 1d,e and Figure 2b). On the basis of these results
above, we propose the transformation mechanism of ZnSe-
DETA sheets into Cd,Zn,_,Se nanoframes involving the
selective cation-exchange reaction of hybrid sheets, the
dissolution of DETA, and the following Ostwald ripening
process, as displayed in Figure 1a.

At room temperature, the hybrid nanosheets can also
evolve into frame-like Cd,Zn;_,Se nanoframes, but the
complete reaction requires longer time (over four weeks;
see Figure S4 in the Supporting Information). This finding
suggests that the selective exchange reaction between the
hybrid nanosheets and the Cd*' ions is dependent on the
reaction temperature. Furthermore, as discussed above, when
the ratio of Cd*" ions to ZnSe-DETA is higher than 1.2:1, the
samples are porous sheets rather than nanoframes (see
Figure S2 in the Supporting Information). This observation
reveals that the high concentration of Cd*" ions can destroy
the selective cation-exchange reaction, which is important for
the formation of nanoframes.

This selective cation-exchange strategy presented herein
can be broadened to the synthesis of nanoframes of other
metal selenides and sulfides. For instance, when unpurified
ZnS-DETA nanosheets are used as the starting materials for
a cation-exchange reaction with Cd** ions, Cd,Zn;_,S nano-
frames can be also generated (see Figure S5 in the Supporting
Information). This additional work indicates that our selec-
tive cation-exchange protocol of inorganic-organic hybrid
composites is successful for producing frame-shaped nano-
structures and may be developed into a generalized strategy
for preparing skeleton-like nanomaterials.
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Recently, semiconductor nanostructures have been found
to exhibit intriguing catalytic activity for the photocatalyic
hydrogen evolution from water splitting (PHWS).'"¥] Here,
PHWS is carried out for comparative studies on the catalytic
activity of hollow Cdy;;Zn;sSe nanoframes, hollow
Cdg,5Zng5sSe nanoframes, and Cd,s;Zn,4Se nanoparticles
(see Figure S6 in the Supporting Information). UV/Vis diffuse
reflectance spectra (Figure Sa) show that the spectrum of
Cdg33Zng¢;Se nanoframes shifts to a longer wavelength
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Figure 5. a) UV/Vis diffuse reflectance spectra and b) time courses of
evolved H, under irradiation of visible-light of the as-prepared hollow
Cdg33ZNng¢;Se nanoframes (1, @), hollow Cd,5Zn, ;5Se nanoframes (3,
m), and Cdy33Zng6;Se nanoparticles (2, A).

relative to that of Cdj,sZn,;sSe nanoframes, revealing
a decrease in band gap.'® Moreover, the absorption region
of Cd,33Zn,4;Se nanoframes is obviously higher than that of
Cd,,5Zny;sSe nanoframes and slightly higher than that of
Cd,33Zn ¢;Se nanoparticles, thus indicating that Cd,;;Zn,;Se
nanoframes may exhibit the stronger absorption ability of
photons over Cd,,sZn,;sSe frames and Cd,;;Zn,¢Se nano-
particles. Figure Sb shows the dependence of the H,-evolu-
tion rate of three samples on reaction time. As displayed in
Figure 5b, the photocatalytic reaction on Cd,3;Zn,4;Se nano-
frames exhibits a stable H,-release rate of approximately
300 umolh~! per 0.3 g of catalyst, which is about 1.5 times
higher than the release rate of the reaction on Cd,,sZn,;sSe
nanoframes. The improved activity of Cd,3;Zn,¢Se nano-
frames may be associated with their narrower band gap!'%-!
and enhanced absorption ability of photons. This improved
activity also suggests that the composition of Cd,Zn,_Se
nanoframes has exerted a noticeable influence on their
catalytic performance.'” But, the H,-release rate on the
Cdy33Zn¢;Se nanoparticles decreased from 69.3 at 3h to
33.0 umolh ' per 0.3 g of catalyst at 15 h (Figure 5b), which is
obviously lower than that of Cd,3;Zn,4;Se nanoframes. The
single-crystalline structure of the nanorods in the nanoframes
could reduce the number of defects, where the photogener-
ated electron and hole recombine.'® In comparison with
other solid nanostructures, the frame-shaped structures
composed of nanorods could not only possess larger active
surface areas and much more active sites,'®° but also
effectively prevent the agglomeration of catalysts. This
approach may be a step forward to the preparation of novel
nanoframes with optimal composition for practical H,
production. Note that a systematic study is needed to further
explore composition-dependent photocatalytic activities.
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In summary, we demonstrated the successful synthesis of
hollow Cd,Zn;_,Se nanoframes by the selective cation-
exchange reaction of unpurified ZnSe-DETA hybrid nano-
sheets with Cd*" ions. We found that the composition of
Cd,Zn,_,Se nanoframes could be modulated by varying the
ratio of the hybrid precursors to cadmium ions. The trans-
formation mechanism from ZnSe-DETA nanosheets into
hollow Cd,Zn,_.Se nanoframes seems to involve the selective
exchange of hybrid sheets, the slow dissolution of DETA, and
the subsequent Ostwald ripening process. We also showed
that this selective cation-exchange strategy of hybrid nano-
structures could be extended to the preparation of hollow
frame-shaped metal sulfides. These hollow nanoframes are
expected to be useful not only for the fundamental inves-
tigation on shape-dependent and composition-dependent
optical and catalytic properties but also for many promising
applications such as photocatalysis, photonics, and nano-
electonics.
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