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We demonstrate a facile and effective strategy for in-situ growth of
Bi;Mo0Os thin-nanosheets on the well-aligned ZnO nanowires to construct
novel hierarchical hetero-arrays, which exhibit excellent visible-light
driven photoelectrochemical performances attributed to the highly
efficient charge separation between Bi;MoOg nanosheets and ZnO

nanowires.

Photoelectrochemical water splitting into hydrogen and
oxygen is a promising strategy for renewable energy supply
and environmental conservation."™ However, the design and
construction of highly efficient semiconductor photoanodes is
crucial for its future applications.s"7 Generally, metal oxides
could serve as the promising photoanode materials due to
their low-cost synthetic routes and higher stability than other
semiconductors such as pure elements and sulfide.®® Among
various metal oxides, zinc oxide (ZnO) has attracted extensive
attention owing to its low onset potential and high electron
mobility.lo'13 Especially, vertically oriented one dimensional
(1D) ZnO nanowire arrays have become one of the most
intensively studied nanostruc.:tures,”’15 which can offer not
only a large surface area but also a short diffusion length to
conductive substrate for charge transfer.’®’ However, limited
by the large band gap (3.37 eV) and high recombination ratios,
ZnO nanowire arrays generally exhibit low conversion
efficiency for the utilization of solar energy, which greatly
limited their practical applications.lg'22 To resolve these issues,
much effort has been focused on coupling ZnO nanowire
arrays with other semiconductors, such as BiVO,, CdS, and
CdSe owning their excellent visible-light absorption and
suitable energy levels, for facilitating the charge separation
and enhancing their visible-light photoelectrochemical (PEC)
performances.B'27 However, note that traditional particles of
these semiconductors were wusually decorated on ZnO
nanowires, which greatly restricts their visible-light absorption
efficiency due to the relatively low surface areas. Compared
with OD nanoparticles, the rational design and construction of
2D semiconductor thin-nanosheets on ZnO nanowires to form
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hierarchical hetero-arrays may be more feasible for capturing
light and improving the charge separation, and will exhibit the
enhanced photoelectrochemical efficiency.
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Scheme 1 Schematic illustration of the synthesis approach of
frame structure Bi,MoOg/ZnO hierarchical hetero-structure

based on ZnO nanowire arrays.

Herein, we have demonstrated a simple hydrothermal
process for the rational construction of 2D Bi,MoOg thin-
nanosheets on the well-aligned ZnO nanowire arrays to
construct hierarchical hetero-nanoarrays. Benefiting from
unique hierarchical structures, the as-prepared Bi,MoOg
nanosheets modified ZnO nanowire arrays could achieve a
high photocurrent density of 110 uA-cm'2 at 0.2V vs. SCE under
visible-light illumination, nearly two orders of magnitude
larger than that of both Bi,MoOg and ZnO. Furthermore,
visualized evidence for efficient charge separation and
electron transfer from Bi,MoOg nanosheets to ZnO nanowires
has been achieved by using a powerful in-situ XPS technique.
importantly,
insight for improving the efficiency of semiconductors by using
a suitable electron transfer channels, which may be promising

More these demonstrations provide further

for rational construction of solar conversion and storage
devices.
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Fig. 1 (A) Top-view SEM images of ZnO nanowire arrays, (B and
C) Top-view SEM images of the Bi;Mo0Og/ZnO hetero-structure
(with 0.003M Bi,M0Og which noted as ZBM-3), (D) XRD
patterns of ZnO nanowire arrays, pure Bi,MoOg and ZBM-3.

Controllable construction of Bi,MoOg nanosheets on the
ZnO nanowires arrays was achieved through a two-step
hydrothermal method, and a schematic illustration on the
synthetic procedure was shown in Scheme 1. Fig. 1A shows the
typical scanning electron microscope (SEM) images of as-
prepared ZnO nanowire arrays by the first-step hydrothermal
method. It is obviously revealed that the obtained ZnO
nanowire arrays are well aligned and have a hexagon cross-
section with an average width of about 200 nm. When the
product was used as the growth template for the further
hydrothermal reaction, interestingly, numerous thin Bi,MoOg
nanoplates grown on the top regions of ZnO nanowires to
formed a novel windmill-like hetero-structure (Fig. 1B). More
specifically, the enlarged SEM image (Fig. 1C) clearly reveals
that this windmill-like structure is constructed by inter-crossed
nanosheets with the main diameters of 200-300 nm (inset of
Fig. 1C). Furthermore, their crystalline structure as well as
compositions has been determined by the X-ray diffraction
(XRD). For comparison, both pure ZnO anowire arrays and
Bi,MoO¢ nanoplates have also been tested and shown in Fig.
1D. It can be seen that the main diffraction peaks at 34.4°,
62.9° and 72.6° could be indexed to the (002), (103) and (004)
crystal faces of hexagonal ZnO (JCPDS 05-0664), respectively.
Besides, four distinctive peaks with 26 values of 28.2°, 32.4°,
46.7° and 55.3° were observed in Bi;M00g/ZnO hetero-
structure (ZBM-3), matched well with (111), (200), (202) and
(331) crystal planes of koechlinite Bi,MoOg (JCPDS 21-0102).
The above XRD results illustrate that the hetero-structure is
composed of ZnO and Bi,Mo0Qg, which is in good agreement
with the SEM results. The chemical state of elements and
bonding environment of the Bi,Mo0Og/Zn0O hetero-structure
were further performed by X-ray photoelectron spectroscopy
(XPS). The fully scanned spectra (Fig. S3A) clearly demonstrates
the presence of Zn, O, Mo and Bi elements in the obtained
hetero-structure. The wide and asymmetric peak of the high-
resolution O 1s spectrum (Fig. S3B) could be fitted with four
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peaks. More specifically, the peak at 532.0 eV is attributed to
the O-H bond due to absorbed H,0 molecules, and the other
three peaks at 530.9, 530.1 and 529.7 eV were indexed to Mo-
0O, Zn-O and Bi-O bonds, respectively.zg'29 Fig.S3C, S3D and S3E
present the high-resolution spectra of Zn 2p, Mo 3d and Bi 4f
in the Bi,Mo0Og/ZnO heterostructure (ZBM-3), and zn**, Mo®"
and Bi** species were confirmed in the as-prepared samples
according to the peak positions. On the basis of above results,
it can be concluded that the Bi,MoOg have been successfully
constructed on the ZnO nanowire arrays.

Furthermore, morphologies and compositions of the
Bi,M00Og/Zn0O hetero-structures could be rationally tailored by
simply adjusting the concentrations of both Bi(NO3)3-5H,0 to
Na,Mo0,:2H,0, and the corresponding SEM images and XRD
patterns were showed in Fig. S1 and Fig. S2, respectively. It can
be clearly seen that reducing their concentration, only
Bi,M0Og¢ nanoparticles were formed on the ZnO nanowire
arrays, and the diameter of ZnO nanowire had been gradually
decreased (Fig. S1B and S1C). In contrast, the amounts of
Bi,MoOg nanosheets in the obtained hetero-structures greatly
increased (Fig. S4D). Further increasing their concentrations,
all the ZnO nanowires have been completely covered by
Bi,M0oOg nanosheets. Moreover, the corresponding XRD
patterns shown in Fig. S2 clearly reveal that the compositions
of all as-prepared samples are exactly consistent. In other
words, adjusting of the precursor concentration does not
influence the crystal structure of Bi,MoOg/ZnO hetero-
structure. Therefore, it can be concluded that in the present
fabrication system, the precursor amounts play a decisive role
for adjusting the morphologies as well as combination modes
of Bi;Mo0Og/ZnO hetero-structures.
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Fig. 2 (A) Linear sweep voltammograms of ZnO nanowire

arrays and Bi,MoOg/Zn0O hetero-structure (ZBM-3) in the dark
and under visible light illumination, respectively; (B)
Amperometric |-t curves of ZnO nanowire arrays, pure
Bi,MoOg and ZBM-3 at an applied voltage of +0.2 V with 20 s
light on/off cycles.

To further evaluate the PEC properties of the as-prepared
Bi,M00O¢/Zn0O heterostructures, systematic PEC measurements
were carried out under visible-light irradiation (A > 420 nm).
For comparison, PEC properties of pure ZnO nanowire arrays
and Bi,MoOg have also been investigated. As shown in Fig. 2A,
a set of linear sweep voltammetry (LSV) in the dark and visible
light irradiation has been studied. Comparing with the pure
ZnO and Bi,MoQg, the photocurrent of Bi;MoOg/ZnO hetero-
structures increased significantly. In addition, we performed
amperometric |-t curves under transient illumination at
applied voltage of +0.2V to examine the photo-response vs
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time. As shown in Fig. 2B, the photocurrent value of the
Bi;Mo00Og/ZnO hetero-structure can reach up to 110 pA-cm'z,
which is much higher than that of the ZnO nanowire arrays (9
uA-cm'Z) and pure Bi,MoOg (4 pA-cm'z). Because the
magnitude of the photocurrent can represent the charge
collection efficiency of the electrode surface, the high value
indicates that the novel Bi,MoOg/ZnO hierarchical hetero-
structure can greatly enhance the PEC properties (see Scheme
2). The electrochemical impedance spectra (EIS) Nyquist plots
(Fig. S6) clearly reveal that Bi,MoOg/ZnO hetero-structure
shows smaller semicircle at high frequencies as compared with
ZnO nanowire arrays and pure Bi,MoOg nanosheets,
suggesting that the hetero-structures possess faster transport
rate of charge carriers. At the same time, the stability test (Fig.
S8) had been performed and clearly shows that the
photocurrent density of the as-prepared Bi,MoQOg/ZnO hetero-
structure kept relatively constant under continuous visible
light illumination, demonstrating the excellent photoelectric
durability. Moreover, photocurrent responses under a certain
monochromatic light irradiation have also been tested (Fig.
S9). Compared with both pure ZnO and Bi,MoQOg the
photocurrent density of Bi,MoOg/ZnO hetero-structure was
largely enhanced after 400 nm, which shows that this hetero-
structure has more excellent photoelectric properties in the
visible light range.
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Fig. 3 (A) In situ Zn 2p XPS spectra (B) In situ Mo 3d XPS spectra,
(C) In situ Bi 4f XPS spectra (D) In situ O 1s XPS spectra of

Bi,M00g/Zn0 hetero-structure (ZBM-3) under visible light with
on/off cycles.

In order to reveal the charge separation and electron
transfer between the ZnO nanowire arrays and Bi,MoOg
nanosheets, a novel in-situ XPS technique was firstly
performed to follow the evolution of binding energies under
transient visible light illumination. As can be seen in Fig. 3A,
before the irradiation, two strong peaks at 164.28 eV and
158.9 eV which are indexed to Bi 4fs;, and Bi 4f;,, which
demonstrates that bismuth species in the hetero-structure is
Bi*". Amazingly, the peak emerged a remarkable shift to right
(BE become larger) when the sample was irradiated by visible-
light, but returning to the original position when light off.
Moreover, similar phenomena of the photoinduced shift of Mo

This journal is © The Royal Society of Chemistry 20xx

3d could be also observable (Fig. 3B). As for the O 1s, three
lattice Bi-O bonds at 529.7 eV and Mo-O bonds at 530.9 eV, in
agree the same change with Fig. 3A and Fig. 3B, while Zn-O
bond keep a fixed position without any change (Fig. 3D). On
the basis of above results, it can be concluded that under
visible light irradiation, the photoexcited electrons over
Bi,MoOg were rapidly transferred to the ITO substrate through
the aligned ZnO nanowire arrays, and abundant holes left
behind in Bi,MoOg nanosheets, which make the binding
energies of Bi, Mo and O elements increase and shift to the
same direction under in-situ XPS measurements.

\\',—é\7
Visible light <a(380 )~

Scheme 2 Schematic illustration for the charge separation and
transport of the Bi;Mo0Og/Zn0O hetero-structure.

According to the results discussed above, we propose a
possible mechanism for the improved charge separation of
Bi,M00¢/ZnO hetero-structure nanowire arrays under visible
light irradiation. As shown in Scheme 2, under visible light
illumination (A>420 nm, energy less than 2.95 eV), Bi,MoOg
with narrow band gap energy (2.62 eV) could be easily excited
and induce the generation of photoelectrons and holes, while
ZnO could not be excited due to its wide energy gap of about
3.2 eV.*® Electrons of Bi,MoOg are photoexcited from the
valence band to the conduction band and then transferred to
the conduction band of ZnO because the conduction band of
Bi,Mo0Og is more negative than that of Zn0.3' At the same
time, the aligned ZnO nanowire arrays provide a conduction
path for electron transfer to conductive substrate. So the
electrons come from Bi,MoOg will be rapidly transferred to the
ITO along the vertically oriented ZnO nanowires. Moreover,
the formed junction between ZnO and Bi,MoOg in the hetero-
structure could further prevent the recombination of
photoelectrons and holes. In such a way, photoinduced
electron—hole pairs could be effectively separated and thus
enhance the photoconversion efficiency.

In summary, we demonstrated a facile hydrothermal
process for fabricating the Bi,MoOg nanosheets/ZnO nanowire
hierarchical hetero-arrays for the first time. Moreover, the
relative performance tests indicated that the visible-light
driven PEC properties of Bi,Mo00Og/ZnO hetero-arrays have
been greatly improved nearly two orders of magnitude
compared with pure Bi,MoOg nanosheets and ZnO nanowire
arrays. Furthermore, direct observation of rapid charge
separation and transfer between Bi,MoOg nanosheets and ZnO
nanowires has been achieved by a powerful in-situ XPS
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technique. We believe that this strategy may be applied in
constructing other ZnO nanowire based hierarchical
architecture as well as nano-devices for solar photoelectric
conversion.
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We demonstrate a facile and effective strategy for in-situ growth of Bi;M0Qjg thin-nanosheets on
the well-aligned ZnO nanowires to construct novel hierarchical hetero-arrays, which exhibit
excellent visible-light driven photoelectrochemical performances attributed to the highly efficient
charge separation between Bi;Mo0Og nanosheets and ZnO nanowires.



