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Abstract: A generic modular synthetic strategy for the
fabrication of a series of binary-ternary group II-VI and
group I-11I-VI coupled semiconductor nano-heterostructures is
reported. Using Ag,Se nanocrystals first as a catalyst and then
as sacrificial seeds, four dual semiconductor heterostructures
were designed with similar shapes: CdSe-AglnSe, CdSe-
AgGaSe, ZnSe-AglnSe, and ZnSe-AgGaSe,. Among these,
dispersive type-11 heterostructures are further explored for
photocatalytic hydrogen evolution from water and these are
observed to be superior catalysts than the binary or ternary
semi-conductors. Details of the chemistry of this modular
synthesis have been studied and the photophysical processes
involved in catalysis are investigated.

F or conversion of solar to chemical energy, semiconductor
nanostructures with tunable absorption and high excitonic
coefficients are being extensively studied as photocatalysts."!!
The major challenge with these nanostructures is suppressing
the fast recombination of their photogenerated charge
carriers. As a result, tremendous efforts have been put
forward for designing ideal semiconductor nanostructures
that can effectively suppress the recombination and effi-
ciently separate the charge carriers.'#"? Notable examples
include the coupling to another semiconductor or metal
where the excited electron or the hole can promptly move
from one material to the other."?*"3 Beyond the main group
(for example, I1I-VI and III-V) leading semiconductors,
different modulated heterostructures of semiconductor—semi-
conductor, semiconductor-metal, and dual semiconductor—
metal-coupled structures, including multinary nanostructures,
have been developed and explored as photocatalysts.[243d¢k4l
One ideal case are the type-II semiconductor heterostruc-
tures, which can efficiently separate the charge carriers.*>’!
However, as catalysis is a surface phenomenon, appropriate
semiconductor materials and shape architectures are essential
for transportation of these carriers to the redox species. Thus,
well-planned modular synthetic strategies are necessary for
designing such structures with multiple semiconductors.
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Herein, we report a generic modulated synthetic strategy
with a dual-mode growth mechanism for coupling group II-VI
and I-III-VI semiconductor nanostructures. Using Ag,Se as
a sacrificial seed, and employing the superionic conductor
catalytic as well as diffusion control growths, four binary-
ternary heterostructures, CdSe-AgInSe,, CdSe-AgGaSe,,
ZnSe-AglnSe,, and ZnSe-AgGaSe,, were designed without
common cations. Three of these heterostructures follow type-
II combinations, and one follows type-I. Further, appropriate
type-II nanostructures were explored for catalytic hydrogen
evolution from water. On comparison, type-II dual semi-
conductors were observed as more efficient catalysts than the
binary or ternary nanostructures. The formation chemistry,
characterization, and photorecombination of these coupled
heteronanostructures have been thoroughly investigated.

Synthetic procedures for the fabrication of such modu-
lated nanostructures are shown schematically in Figure 1a—c.
This is a combination of two-step growth processes; one is the
superionic conductor catalytic growth, and other is diffusion
controlled growth. Figure 1a shows the catalytic growth using
Ag,Se as superionic conductor catalyst,® where Ag,Se-M"Se
(M"=Cd*", Zn*") remains the ultimate products. Here, the
catalyst Ag,Se retains its shape, size, and crystal structure. The
synthetic procedure for diffusion-controlled growth using
Ag,Se seeds in presence of M™ (In"™, Ga™) precursors leading
to AgM"'Se, nanostructures!” is shown in Figure 1b. In this
process, Ag,Se is sacrificed during the course of formation of
tadpole-like AgM™Se, nanostructures. The combination of
both these processes is further depicted in Figure 1c, where
M"Se-AgM™Se, heterostructures are the resulting products.

In a typical synthesis, seed Ag,Se nanocrystals were
synthesized following selenization of Ag(0) in oleylamine
using elemental Se as the selenium source. For superionic
conductor catalytic growth of CdSe, cadmium-acetate was
introduced at 130°C, and for ZnSe growth, zinc-acetate was
injected at 180°C. The reaction temperature was then
increased to 230°C for Ga™ or In"™ precursor (respective
acetylacetonates) injection, and annealed at 250°C for the
formation of the binary—ternary heterostructures. Details of
the synthesis have been provided in the Supporting Informa-
tion.

Figure 1d-g shows representative TEM images of CdSe-
AgGaSe,, CdSe-AglInSe,, ZnSe-AgGaSe,, and ZnSe-AglnSe,
coupled structures with nearly identical shapes. To our
knowledge, these are the first example of group II-VI and I-
III-VI coupled semiconductor heterostructures. The High
Angle Annular Dark Field (HAADF) images of ZnSe-
AgGaSe, and CdSe-AgGaSe, heterostructures are shown in
Figure 1 h and 1i, respectively, and from the elemental
mapping data, it was confirmed that the head parts are
group I-ITI-VI and tail parts are group II-VI semiconductors.

Wiley Online Library

An dte

Chemie

2755


http://dx.doi.org/10.1002/anie.201509701
http://dx.doi.org/10.1002/ange.201509701
http://dx.doi.org/10.1002/anie.201509701

ﬂ M| Se2

+
H Ml Se2-

Catalytic Growth
Al

][] +mm, se>

— A -
Growth 3:&5«\}‘&'
NAAA

SISV

M''Se- AgM'''Se,

Diffusion

Catalytic

Diffusion Controlled
Growth
M"'=Cd?®, Zn?*
M =Ga®, In®*

Catalytic + Diffusion
Growths

Zuschriften

Angewandte
Ch

emie

—20nm

. =——20nm

Figure 1. a—c) The modular synthesis schemes for architecting binary-ternary dual semiconductor nanostructures. a) Superionic conductor
catalytic growth using Ag,Se seeds and resulting binary-binary heterostructures where Ag,Se seeds remain intact. b) Diffusion-controlled growth
forming ternary tadpole structures where the seed Ag,Se is sacrificed. ¢) Combined catalytic and diffusion growth leading to a series of binary—
ternary heterostructures. d—-g) Representative TEM images for CdSe-AgGaSe,, CdSe-AgInSe,, ZnSe-AgGaSe,, and ZnSe-AglnSe,, respectively.

h) HAADF-STEM image of a single heterostructure of ZnSe-AgGaSe, and the elemental mapping for elements Ag, Ga, Se, and Zn. i) HAADF-
STEM image of a pair of CdSe-AgGaSe, heterostructures and the elemental mapping of elements Ag, Ga, Se, and Cd.

The length of each part of the heterostructures varies from
one to other, depending on the reactivity of the precursors
used and also on the reaction condition. As the growth of
ZnSe is faster than CdSe on Ag,Se, ZnSe has larger binary
semiconductor lengths and also remains broadly dispersed.
However, for CdSe-AgM"Se,, the length of CdSe remains
smaller and their size remains nearly monodispersed (Sup-
porting Information).

To support our adopted mechanism, we have also
analyzed the products in controlled reactions and in the
intermediate stages. TEM images of seed Ag,Se nanocrystals
and the obtained tadpole-shaped AgGaSe, and AglnSe,
nanostructures on treatment with Ga™ and In™
tively, are shown in Figure 2 a—c respectively. A typical shape
of the catalytically grown CdSe-Ag,Se binary-binary inter-
mediate heterostructure, obtained from Ag,Se as the first
product, is also shown in Figure 2d (also see the Supporting
Information, Figure S1). For the case of ZnSe-Ag,Se, similar
intermediate heterostructures were also obtained.’! Wide-
view TEM images of CdSe-AglInSe,, CdSe-AgGaSe,, ZnSe-
AglInSe,, and ZnSe-AgGaSe, obtained with our adopted two-
step procedure are shown in Figure 2e-h. More TEM images
are provided in the Supporting Information (Figure S2-4).
High-resolution TEM (HRTEM) images showing the hetero-
junctions for all coupled II-VI and I-III-VI semiconductors
were also obtained and analyzed (Figure S5-7)

Powder X-ray diffractions of all four heterostructures
were carried out to investigate the phase of the semiconductor
heterostructures (Figure S8). From the peak positions, it was
revealed that CdSe and ZnSe are in wurtzite (WZ) and zinc
blende (ZB) phases, respectively, though in both cases some
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www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AgGaSe,

100 nm
h ZnSe-AgGaSe,

100 nm

Figure 2. TEM image of a) seed Ag,Se nanocrystals; b) AgGaSe, tad-
poles; c) AglnSe, tadpoles obtained under controlled reactions;

d) intermediate CdSe-Ag,Se; and dual semiconductors e) CdSe-
AglnSe,, f) CdSe-AgGaSe,, g) ZnSe-AginSe,, and h) ZnSe-AgGaSe,.

percentage of mixed phases were also obtained. Similar mixed
phase are also reported in literature.!”! AgInSe, was obtained
in orthorhombic (Ortho) and AgGaSe, in tetragonal (Tg)
phase in both the CdSe- as well as ZnSe-coupled cases.
HRTEM analysis suggests the coupling directions for CdSe-
AglnSe,, CdSe-AgGaSe,, ZnSe-AgGaSe,, and ZnSe-AglnSe,
coupled structures to be along [010]-[120], [100]-[112], [111]-
[112], and [111]-[120] respectively. EDS spectra for each set
of coupled structures are shown in the Supporting Informa-
tion (Figure S9).
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Figure 3. a) TEM image showing coupled structures of ZnSe and
AgGaSe,. b) HRTEM of AgGaSe, head. c) Selected area FFT pattern
from the AgGaSe, part of the heterostructure. d) Possible growth
directions of AgGaSe, on ZnSe during diffusion of Ag into gallium-
selenide. Arrow mark shows ZnSe growth direction. e, f) Atomic
models of the heterostructures of ZnSe-AgGaSe, showing the growth
of tadpole heads along linear and 120 degree angle with ZnSe.

Interestingly, in most of the cases, the ternary tadpole is
either connected linearly or at an angle of ~ 120 degrees with
binary CdSe or ZnSe nanostructures (Figure 1c). This was
analyzed in detail for ZnSe-AgGaSe, (Figure 3). Figure 3a
presents a typical HRTEM showing linearly grown tadpole on
binary ZnSe. Figure 3b and c present the HRTEM of the
tadpole part and selected area FFT pattern. The analysis
suggests that tadpole growth through diffusion could be
possible along either of two identical group of directions on
binary ZnSe nanostructures, as shown in Figure 3d. Here, the
tadpole AgGaSe, can grow either along [1-12] or [11-2]
directions, making a line or at an angle of 120 degree with
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ZnSe. Atomic models showing the possible patterns of growth
are further presented in Figure 3e,f.

The UV-visible spectra of all of the heterostructures were
measured for their possible harvesting of solar light, and it
was observed that all of them absorb in the visible spectral
window (Figure S10). However, as the length of ZnSe remains
more because of their faster growth, the dispersity of these
structures is poor. As a result, we chose the CdSe-based
heterostructures for studying solar light harvesting for photo-
catalytic hydrogen evolution from water.

Figure 4a and b show the amount of hydrogen evolution
with time for CdSe-AglInSe, and CdSe-AgGaSe, dual semi-
conductors respectively. For the control reaction, the catalytic
activities are also studied for CdSe nanorods,® AgInSe,, and
AgGaSe,” tadpoles prepared separately. TEM images of
AgGaSe, and AgInSe, used for the control reactions are
shown in Figure 2b and c, respectively. Interestingly, while
compared with CdSe and AgInSe, individually, their coupled
structures showed multifold enhancements of hydrogen
evolution under identical conditions (from 100-200 to
1600 umolgm ™). Similarly, the heterostructures of CdSe-
AgGaSe, performed better in comparison to their individual
counterpart. Here, we have studied the catalytic activity
following standard procedures.”! Details of the experiment
are provided in the Supporting Information. For stability and
reproducibility, multiple cycles of irradiation of the catalysts
were carried out, and all of them were found to be stable for
more than 24 h. A typical recycling measurement is shown in
Figure 4c, which demonstrates the reproducibility. A histo-
gram of hydrogen evolution for each of the different catalysts
is shown in Figure 4d for comparison. These results indicate
that the heterostructures are superior catalysts for conversion
of light to chemical energy and evolution of hydrogen from
water.

To understand the enhanced catalytic activities of these
binary—ternary heterostructures, the bandgap alignments of
all these semiconductors were analyzed. Figure S11a depicts
the bulk valence and conduction bands of all of the involved
semiconductors, and the positions suggest that CdSe-
AgGaSe, and ZnSe-AgGaSe, form typical type-II structure,
and CdSe-AgInSe, forms a pseudo-type-II, but ZnSe-
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Figure 4. a,b) Hydrogen evolution plots using CdSe-AginSe, and CdSe-AgGaSe, dual semiconductor heterostructures, respectively. c) Cycling
hydrogen generation. Arrows indicate the evacuations. d) Histograms showing the relative amount of hydrogen evolution using different catalysts,

obtained after six hours of reaction.
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AglInSe, forms a type-I structure. Restricting the discussions
with CdSe, it can be presumed here that the pseudo-type-II
alignments of CdSe-AglnSe,, where the excited photoelec-
tron in the valence band tunnels for a longer time because of
the similar energy of both semiconductors, resulting in the
maximum possibility for transfer to water for triggering
reduction of H™ to H,. For the case of CdSe-AgGaSe,, the
excited electron from CdSe moved to AgGaSe, and mostly
resides on its conduction band. This provides more oppor-
tunities for it to transfer to water and trigger the reduction.
Such carrier transfer is not possible for single semiconductors,
such as CdSe and Agln(or Ga)Se,, and thus they showed
lower photocatalytic activity. Possible modes of electron and
hole transfer in these two heterostructures are shown in
Figure S11b-c, where the predominant excitation from CdSe
nanostructures has been assumed because of their higher
absorption coefficient than the ternary semiconductor.

In conclusion, a modular synthetic procedure for fabricat-
ing group II-VI and I-III-VI binary-ternary dual semicon-
ductor heterostructures is reported. Among these, type-II
heterostructures involving CdSe were explored for photo-
catalytic evolution of hydrogen from water, and observed to
be superior catalysts in comparison to the individual binary or
ternary semiconductors. The synthetic approach with cou-
pling of two different groups of semiconductors and their
efficient catalytic activities provides new insights for devel-
oping functional materials, and also encourages their imple-
mentations in different fields.
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