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/Abstract: We exploit the utilization of two-dimensional (2D)
molybdenum oxide nanoflakes as a co-catalyst for ZnO
nanorods (NRs) to enhance their photocatalytic performance.
The 2D nanoflakes of orthorhombic a-MoO; were synthe-
sized through a sonication-aided exfoliation technique. The
2D MoO; nanoflakes can be further converted to substoi-
chiometric quasi-metallic MoO;_, by using UV irradiation.
Subsequently, 1D-2D Mo0;/ZnO NR and MoO;_,/ZnO NR
composite photocatalysts have been successfully synthe-
sized. The photocatalytic performances of the novel nano-
systems in the decomposition of methylene blue are studied
by using UV- and visible-illumination setup. The incorporat-
ed 2D nanoflakes show a positive influence on the photoca-
talytic activity of the ZnO. The obtained rate constant values
follow the order of pristine ZnO NR<MoO;/ZnO NR<

MoO;_,/ZnO NR composites. The enhancement of the pho—\
tocatalytic efficiency can be ascribed to a fast charge carrier
separation and transport within the heterojunctions of the
MoO,/ZnO NRs. In particular, the best photocatalytic per-
formance of the MoO;_,/ZnO NR composite can be addition-
ally attributed to a quasi-metallic conductivity and substoi-
chiometry-induced mid-gap states, which extend the light
absorption range. A tentative photocatalytic degradation
mechanism was proposed. The strategy presented in this
work not only demonstrates that coupling with nanoscale
molybdenum oxide nanoflakes is a promising approach to
significantly enhance the photocatalytic activity of ZnO but
also hints at new type of composite catalyst with extended
applications in energy conversion and environmental purifi-
cation.

/

Introduction

Green technology, such as disposing of industrial wastewater,
energy storage, and conversion, is central to the present needs
of our ecosystem and society. The use of semiconductor pho-
tocatalysts, such as TiO, and zinc oxide (ZnO), for the degrada-
tion of organic pollutants and clean hydrogen production,
have attracted considerable attention over the past years.""? In
particular, ZnO is a versatile semiconductor platform for vari-
ous applications in optoelectronics, sensors, and photocatalysis
owing to its high photosensitivity, non-toxicity, stability, and di-
verse nanostructures.®! Among various morphologies, one-di-
mensional (1D) ZnO nanorods (NRs) are a suitable form for
photocatalysis due to their merits: 1) large surface area for effi-
cient mass transfer and reactant access, 2) retaining the ease
of a consecutive usage of the NR substrates, and 3) various
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cost-effective synthesis routes. At present, two limiting factors
for photocatalytic processes of ZnO NRs are considered. The
first one is the strong recombination of photogenerated
charge carriers, which reduces the photocatalytic efficiency;
the second one is the low photon utilization efficiency in visi-
ble light. Various strategies have been developed to overcome
these limitations, such as doping with transition-metal ions,”
loading with noble-metal co-catalysts,”'" and compositing
with other semiconductors."? Noble metals, such as Pt, have
been proven to be very efficient co-catalysts but the high ma-
terial costs make their practical use rather limited.® Conse-
quently, it is essential to develop noble-metal-free co-catalysts
for ZnO NRs.

Recently, the exploitation of two-dimensional (2D) layered
materials for the application in photocatalysis has gained in-
creasing interest."*'” Graphene, the most studied 2D nano-
sheet, is noted for a superior electron mobility because of the
2D m-conjugated structure, which facilitates the electron trans-
fer and separation of the photogenerated charge carriers."”
However, graphene has a weak visible-light absorption efficien-
cy, so it does not significantly improve the light-harvesting ca-
pability of graphene-based hybrid photocatalysts. In addition,
it was found that graphene has low activation ability for H,
production. The quest for 2D layered photocatalysts with
a non-zero band gap has driven the exploration of 2D transi-
tion-metal dichalcogenides and molybdenum trioxide."®'”! In
the past few years, molybdenum disulfide (MoS,) was inten-
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sively studied for electronics, photonics, and catalysis."® How-
ever, previous studies have concluded that the catalytic activity
of the thermodynamically stable 2H (trigonal-prismatic) phase
of MoS, arises from the metallic edges, whereas its semicon-
ducting basal surface is catalytically inert."®'® Adoption of
a high aspect ratio and a high surface area nanostructure can
increase the activity efficiency, but the conductivity of MoS, is
poor along certain crystallographic directions, posing more
limitation to the design of high surface area structures. Fur-
thermore, the mobility of the semiconducting 2H phase of
MoS, is rather limited for charge transport. To avoid these
shortcomings, several current works proposed the use of the
metastable metallic 1T (octahedral) phase of MoS, to improve
its catalytic activity.?®?" On the other hand, a new perspective
on the 2D layered catalytic materials beyond graphene can be
unfolded by considering 2D few-layered MoO; nanoflakes. The
stable orthorhombic a-phase of MoO; has a peculiar dual layer
structure in which adjacent double layers of connected distort-
ed MoOg octahedra are linked by weak van der Waals forces.
Within each double layer the atoms are mainly connected by
strong covalent and ionic bonding. Its electronic properties
can be tuned by several ways. It was found that oxygen vacan-
cies can induce mid-gap states that, in turn, narrow the optical
band gap. More free electrons are released from reduced Mo
ions, leading to a change in the conductivity from semicon-
ducting to quasi metallic. Furthermore, MoO; provides a high
K environment to boost the carrier mobility by reducing Cou-
lombic scattering. It was shown that the mobility of a reduced
a-phase MoO;-based field effect transistor (FET) exceeds the
mobility value of silicon.”? Therefore 2D layered MoO; should
be a promising material to explore the photocatalytic enhance-
ment.

To obtain mono- and few-layered materials, micro-mechani-
cal and liquid-phase exfoliation methods are two major prepa-
ration techniques. Mechanical exfoliation is capable of deliver-
ing nanosheets with high crystal quality, but the yield is poor.
The liquid-phase exfoliation technique shows a great potential
to produce 2D nanosheets in large quantity and it is a practical
way to facilitate various applications of 2D materials. Based on
the scalable and reliable production of 2D nanosheets by
liquid-phase exfoliation, we propose that 2D few-layer a-MoO,
nanoflakes can be used in hybrid form to promote the photo-
catalytic performance of ZnO NRs. In this paper, we demon-
strate the fabrication of photocatalytic nanocomposite struc-
tures where ZnO NRs are coupled by 2D few-layer a-MoO;
nanoflakes. The ZnO NRs act as a 1D photocatalytic semicon-
ductor to generate photoexcited electrons that are subse-
quently separated from the holes and transferred to the a-
MoO; nanoflakes for photocatalytic reactions. The hybrid struc-
tures exhibit an improved performance to bare ZnO NRs in the
photocatalytic degradation of methyl blue (MB) in both the UV
and visible spectral range. In addition, it is found that substoi-
chiometric 2D molybdenum oxide flakes as co-catalyst can pro-
vide a superior photocatalytic performance. As far as we know,
this is the first example to use 2D a-MoO; nanoflakes as a co-
catalyst for ZnO in photocatalytic applications. The presented
1D-2D nanocomposite structures provide new versatile and
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cost-effective platforms for future photocatalytic, sensing, and
optical applications.

Results and Discussion

X-ray diffraction patterns of the as-synthesized 2D MoO; and
MoO;_, nanoflakes deposited on Si substrates are displayed in
Figure S1 in the Supporting Information. The most intense
peak at about 29° is attributed to the Si (111) substrate. We
can identify reflections from (110), (020), (040), and (060)
planes of the orthorhombic molybdenum trioxide (c-MoOs)
crystal structure. Figure 1 shows the XRD patterns of pristine
ZnO NRs, Mo0O;/Zn0O, and MoO;_,/ZnO nanocomposites. The
peak located at 34.53 and 72.66° in the pristine ZnO NRs is at-
tributed to the (002) and (004) plane of a ZnO wurtzite crystal.
In the cases of the MoO5/ZnO and MoO;_,/ZnO nanocompo-
sites, an extra peak is revealed at 26.9, which is ascribed to
the (040) plane of the a-MoO; structure.
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Figure 1. XRD 6-26 scan of the as-prepared samples including pristine ZnO
NRs as well as the MoOs/ZnO and MoO;_,/ZnO composites.

To investigate the structural properties of the as-prepared
2D MoO; nanoflakes, TEM measurements were carried out. Fig-
ure 2a shows typical TEM micrographs of the as-prepared
MoO; nanoflakes. The electron transparency of the flakes indi-
cates that the bulk MoO; was well exfoliated to very thin 2D
nanosheets. High-resolution transmission electron microscopy
(HRTEM) is utilized to further examine the quality and the crys-
tal structure of the 2D MoO; nanoflakes. The HRTEM image in
Figure 2b confirms that the as-prepared 2D MoO; nanoflakes
are composed of single-crystalline structures and are defect-
free. The measured fringe spacing is 0.39 nm, which corre-
sponds to the (100) plane of the orthorhombic phase of MoO,.
The regular rectangular diffraction dot lattice of the selected
area electron diffraction (SAED) pattern also proves the single-
crystalline nature of the as-prepared 2D MoO; nanoflakes, as
shown in Figure 2c. Atomic force microscopy (AFM) topogra-
phy is employed to assess the thickness of these 2D MoO,
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Figure 2. a) Representative TEM image of a MoO; nanoflake. b) HRTEM
image of a 2D nanoflake and c) the corresponding SAED pattern.

(2)
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Horiz distance(L) 2.422 um
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Figure 3. a) AFM image of MoO; nanoflakes and section height profile along
the black line overlaid on the image. SEM images of composite samples
b) Mo0O,/Zn0 and ¢) MoO;_,/Zn0.

nanoflakes. Figure 3a shows the AFM image of liquid-exfoliat-
ed 2D MoO; nanoflakes deposited on a flat silicon wafer. As
shown in the height profile of the AFM image, a step of
4.3 nm (corresponding to three fundamental dual layers of the
a-MoO; structure) with an average lateral size of around
800 nm can be observed. Figures 3b and c present typical top-
view SEM images of the Mo0O,/ZnO and MoO,_,/ZnO nano-
composites, respectively. First, the ZnO NRs are vertically
aligned on an Al-doped zinc oxide (AZO) substrate with a high
cover density. These ZnO NRs have an average diameter in the
range of 100-150 nm. Importantly, it can be seen that the 2D
MoO; (MoO;_,) nanoflakes are located on the tips of the ZnO
NRs, as highlighted by red dashed lines in Figures 3b and c.
The obtained nanocomposites were further investigated by
XPS measurements to understand the chemical states of Mo.
Figures 4a and b show the Mo 3d core level XPS spectra of
the Mo0O,/ZnO and MoO,_,/ZnO nanocomposites, respectively.
The Mo oxidation states present in the nanocomposites can be
probed by checking the doublets of the binding energy. In Fig-
ure 43, the Mo 3ds,, and 3d;, peaks located at binding ener-
gies of 232.91 and 236.01 eV are attributed to the 6+ oxida-
tion state of the MoO; phase, which dominates in the pristine
2D MoO; nanoflakes. The integral areas between the two dou-
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Figure 4. XPS spectra of the 2D molybdenum oxide flakes for the Mo 3d
core level a) before and b) after exposure to UV illumination.

blets have a ratio of 2:3 and the energy gap between them is
3.1 eV, which is in agreement with a previous report.”® After
UV exposure, the Mo 3d peaks became broadened because of
the appearance of the additional Mo’ oxidation state, as
shown in Figure 4b. Here, two sets of doublets are required to
fit the data; the peaks at 235.8 and 232.6 eV correspond to the
3d;, and 3ds,, of the Mo®" core ions, whereas the peaks at
2349 and 231.8 eV correspond to the 3d,, and 3ds, of the
Mo’ " ions. The reduction of the Mo atoms from the 6+ state
to the 5+ state is associated with oxygen vacancies. The addi-
tional electron of the Mo’ ion relative to the Mo®* ion can be
delocalized so that the carrier concentration, and therefore the
conductivity, can be enhanced. Another significant conse-
quence of the introduction of Mo®* states is the formation of
gap states in the forbidden band.*” Electrons in the gap states
can be excited to the conduction band by means of a wide
range of energy. It facilitates the extension of light absorption
to the visible spectral region, thereby bringing about an en-
hancement of the photocatalytic efficiency.

Raman scattering measurements were carried out to under-
stand the lattice dynamics. The Raman spectra of both MoO,/
ZnO and MoO;_,/Zn0O samples are presented in Figure 5a. For
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Figure 5. a) Raman spectra of pristine ZnO NRs as well as the MoO,/ZnO and
MoO;_,/ZnO composites. b) The UV/Vis spectra of the ZnO NRs as well as
the Mo0O,/Zn0 and MoO,_,/ZnO composites.

comparison, the Raman spectrum of the ZnO NR substrate is
also shown here, where the dominant peak at 7=429 cm™' is
attributed to the E,Y' mode of the wurtzite ZnO structure.?>?®
The Raman peaks centered at 7=331, 360, 429, 860, and
950 cm™' were observed for both nanohybrids. The most in-
tense peak at 7=950cm™' originated from the terminal
oxygen (Mo®"=0) stretching mode, which is ascribed to an un-
shared oxygen atom of moderated hydrated MoQ,. =% |t
was proposed that hydration of the MoO; occurs during the
liquid-phase exfoliation process.”® The peak at #=860cm™'
represents the doubly coordinated oxygen (Mo,O/Mo-O-Mo)
stretching mode, which is related to corner-sharing oxygen
atoms in common to two octahedral in slightly hydrated
MoO;. For MoO,/Zn0, a shoulder at #=816cm™' represents
the doubly coordinated oxygen symmetric stretching mode,
which results from corner-shared oxygen atoms in common to
two undistorted MoOy octahedra.’'3? After UV irradiation, an
additional Raman signal was further revealed at #=437 cm™,
which is related to the deformation modes of the (Mo—OH)
bond.””**34 Bands in the regime #=300-400 cm™" are usually
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due to bending modes of MoO,4 octahedra. The peaks located
at 7=331 and 360 cm™' can be attributed to triply coordinated
oxygen (Mo;—0O) and the double-bond (Mo=0O) bending
modes, respectively. Finally, the weak shoulder appearing at
#=240 cm™' is related to the bending mode of Mo,—0.?

Figure 5b shows the UV/Vis absorption spectra of pure ZnO
NRs and the nanocomposites. The ZnO NRs exhibit an UV ab-
sorption band at A=377 nm, which accords with a band-to-
band transition. In the case of the MoO,/ZnO and MoO,_,/ZnO
nanocomposites, another absorption band is clearly observed
at A=410 nm, which corresponds to the presence of 2D MoO,
(or MoO;_,) nanoflakes. We found that the absorption of the
Mo0O5/ZnO NR composites was improved in the UV and visible
spectrum due to the existence of MoO; that modified the opti-
cal absorption properties. In addition, as we replace the 2D co-
catalyst MoO; by MoO,_, flakes, the absorption intensities of
the composite were further enhanced. Thus, it is expected that
the photocatalytic activity can be enhanced compared with
that of pristine ZnO NRs.

The photoluminescence (PL) properties are closely related to
the trapping, immigration and the recombination of photogen-
erated electrons-hole pairs in semiconductors. The room-tem-
perature PL spectra in the near-band-edge (NBE) range of our
photocatalysts are shown in Figure 6. As expected, the NBE
band centered at 3.28 eV of the pristine ZnO NRs mainly origi-
nated from the free exciton recombinations from the ZnO
NRs.>3 For both composite samples, the PL bands are similar
to that of the pristine ZnO NRs, however, the PL intensities are
apparently reduced. The suppression of the emission yield of
composite photocatalysts may be attributed to the formation
of a heterojunction between the ZnO NRs and the molybde-
num oxide nanoflakes, which prevents recombination of pho-
togenerated carriers efficiently. On the basis of the PL results,
we may deduce that the order of the photocatalytic activity of
the samples is MoO;_,/ZnO >Mo0;/Zn0O > pure ZnO, which
can be further demonstrated by photocatalytic experiments
described below.

ZnO

— - =Mo0,/ZnO
====MoO, /ZnO

PL intensity (a.u.)

. . . .
2.8 3.0 3.2 3.4
Photon energy (eV)

Figure 6. Photoluminescence spectra of the as-prepared ZnO NRs as well as
the Mo0O,/Zn0O and MoO,_,/ZnO composites.
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Figure 7. a) Time-dependent absorption spectra of a solution of MB under
UV-light irradiation in the presence of the MoO;_,/ZnO composite and b) the
corresponding cycling runs up to four times in the photocatalytic degrada-
tion of MB.

Photocatalytic experiments were carried out by using the
degradation reaction of methyl blue under UV-light irradiation.
We found that the MoO,_,/ZnO composite photocatalyst
showed the best photodegradation performance. Figure 7a
displays the absorption spectra of a solution of MB in the pres-
ence of the photocatalyst MoO;_,/ZnO. The characteristic ab-
sorption of MB at A =662 nm decreases progressively with an
increase of the exposure time, and almost disappears after
about 120 min. Figure 8a shows the photodegradation rates of
MB by using the pristine ZnO NR catalysts and ZnO NR sub-
strates loaded with 2D MoO; and MoO,_, flakes. One can see
that all the ZnO nanocomposite samples exhibit higher photo-
catalytic activities than the pristine ZnO NR sample. The photo-
catalytic kinetics can be concisely described by a pseudo-first-
order reaction, that is, C=C,exp ™, where C, and C are the ini-
tial concentration of MB at t=0 and the concentration at the
exposure time t, which correspond to the absorbance of MB at
A=662 nm.’®¥ The apparent reaction rate constant k gives
a quantitative measure of the photocatalytic kinetics. The k
value can be estimated from a plot of —In(C/C,) versus t, and
the results are summarized in Figure 8b. The pristine ZnO NRs
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Figure 8. a) Degradation rate of MB (C/C,) as a function of the irradiation
time under UV- and visible-light irradiation and (b) the corresponding plots
of —In(C/C,) versus t of pristine ZnO NRs as well as the MoO;/ZnO and
MoO;_,/ZnO composites.

possess an apparent reaction rate constant k of 0.0062 min~',

whereas the sample of ZnO NRs hybridized with 2D MoO,
flakes raises the apparent reaction rate constant to
0.0084 min~". In addition, the sample with the 2D MoO;_,
flakes showed the highest activity (k=0.01899 min™"), the ac-
tivity of the degradation of MB was increased by more than
three times after 2D MoO,_, flakes were loaded. Next, we
check the photocatalytic activity of pristine ZnO and the ZnO
composite photocatalysts under visible-light irradiation, which
is shown in Figure 8a (open symbols). The photocatalytic effi-
ciency of pristine ZnO NRs is low with this visible illumination
setup. Only about 4.6% of the dye could be degraded within
120 min in this case. Again, we found that the degradation
rate of MB can be enhanced upon utilizing the 2D flakes as co-
catalysts. As shown in Figure 8b, the k values of pristine ZnO,
Mo0O3/ZnO, and MoO;_,/ZnO are 0.00038, 0.00064, and
0.00138 min~", respectively. The k value of MoO;_,/Zn0O is the
highest, which is about 3.6 times higher than that of the pris-
tine ZnO NRs. Therefore, our results demonstrate that the 2D
MoO; and MoO;_, nanoflakes can be used to enhance the pho-
tocatalytic efficiency of ZnO NRs in any case we studied. The
ZnO NR-based substrate provides a platform, which is facile for
repeated use. To check the stability of the photocatalytic per-
formance, the MoO,_,/ZnO nanocomposite was used to de-
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grade the MB dye in four consecutive cycles, as shown in Fig-
ure 7b. It was found that after four cycles for the photodegra-
dation, the photocatalyst did not exhibit a substantial loss of
activity, which reveals that the MoO,_,/ZnO photocatalyst has
a good stability.

On the basis of the above-described results, the photocata-
lytic mechanism for the MoO,/ZnO and MoO;_,/ZnO nanocom-
posites is tentatively proposed and schematically illustrated in
Scheme 1. Under UV-light irradiation, both ZnO and MoO; can
be excited to induce the formation of photogenerated elec-
trons and holes (Scheme 1a). The electrons in the conductive
band (CB) of the ZnO could easily transfer to the CB of MoO,
because the CB position of MoO; was lower than that of ZnO.
The delocalized electrons can induce various degradation reac-
tions, notably by forming the superoxide anion (O,), hydro-
peroxyl (HO",), and hydrogen peroxide (H,0,). Because the CB
potential of MoO; [+0.40V vs. normal hydrogen electrode
(NHE)] was lower than the standard redox potential of O,"/0",,
direct formation of O, (=0.33V vs. NHE) and hydroperoxyl
(—0.046 V vs. NHE) will be difficult. Therefore, the photoelec-
trons in the CB of MoO; would be transferred to hydrogen per-
oxide through the processes described in Equation (1).”

0,+2H +2e” - H,0,  E, =+0.682V (1)

Vvs. NHE

(a)
cB CRG

1.0 -
.05 =i UV light
0.0 = V¥ - \ /
7% = <‘> __600000 Ut CB MB Dy¢
" ry A
1.0 = Y \ H o,/
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Scheme 1. Schematic diagrams showing the energy band structure and tran-
sitions of the MoO5/Zn0O and MoO;_,/ZnO composites under a) UV- and

b) visible-light irradiation. Possible schemes for charge carrier generation,
transfer, and degradation of the dye are illustrated.
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At the same time, the photogenerated holes in the valence
bond (VB) of MoO; will be transported to that of ZnO. Because
of the double charge-transfer mechanism, the recombination
of the photogenerated electrons and holes is suppressed,
which is evidenced by our PL results.?**¥ The accumulation of
holes in the VB of ZnO leads to the formation of OH" radicals
through Equations (2) and (3).°*" The generated OH" radicals
are very powerful oxidant so the organic dyes can be efficient-
ly degraded by these radicals.

H,0+h" — H'4OH  E, = 4+1.99V (2)

OH +h" — OH" Ey =+2.72V (3)
Under visible-light irradiation, the photodegradation efficien-
cy is lower than that under UV-light irradiation. In this case,
the number of mobile charge carriers from band-to-band tran-
sitions in the majority of the ZnO NR structure is rather small.
Photogenerated electrons and holes can be excited in the 2D
MoO; nanoflakes for subsequent degradation processes, as
shown by transition | in Scheme 1b. So the photodegradation
efficiency can be increased by incorporating 2D MoO; nano-
flakes. For the 2D MoO,_, nanoflakes, a large number of
oxygen vacancies exists, leading to the formation of a mid-gap
band.?” These states are responsive to visible-light irradiation,
as represented by transition Il in Scheme 1b. Together with the
quasi-metallic surface conductivity properties, the MoO;_,/ZnO
nanocomposite photocatalyst has a substantial enhancement
in the photocatalytic activity compared with the pristine ZnO
NR photocatalyst. Our results indicate that 2D MoO; and
MoO,_, nanoflakes can be used in composite form with wide
band-gap semiconductors to strengthen the photocatalytic ef-
ficiency both under UV- and visible-illumination conditions.

Conclusion

1D-2D Mo0/ZnO and MoO,_,/ZnO composite photocatalysts
have been proposed and were successfully prepared by em-
ploying hydrothermal and liquid-phase exfoliation methods.
The 2D nanoflakes of a-MoO; were synthesized through the
sonication-aided exfoliation technique. These few-layer nano-
flakes have a nanoscale thickness and were highly crystalline
as evidenced by AFM and HRTEM. The properties and stoichi-
ometry of the 2D a-MoO; nanoflakes can be further modified
by irradiation with UV light. Subsequently, these 2D molybde-
num oxide nanoflakes were incorporated to fabricate 2D nano-
flake/1D NR composite photocatalysts. The electron-hole re-
combination for the nanoflake/ZnO NR heterojunction was sig-
nificantly reduced in comparison with pure ZnO NRs, indicat-
ing the efficient separation of photogenerated charge carriers
in the composite nanostructures. The introduced 2D molybde-
num oxide nanoflakes show a substantial positive influence on
the photocatalytic reaction rate constant. By performing a pho-
tocatalytic experiment, we found that the MoO,_,/ZnO compo-
site shows the best photocatalytic degradation efficiency
under both visible- and UV-light irradiation. The superior pho-
tocatalytic performance can be further attributed to quasi-met-
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allic conductivity and substoichiometry-induced mid-gap
states, which strengthens the visible-light-harvesting efficiency.
The proposed 2D nanoflake/ZnO NR substrate provides a plat-
form that can be easily separated and recycled. After four suc-
cessive degradation cycles, the composite is fairly stable under
the studied conditions. Our results show that coupling with
nanometer-thick oxide nanoflakes is a promising approach to
significantly enhance the photocatalytic activity of ZnO and
the substoichiometry of oxide nanoflakes provides a novel
route to optimize the photocatalytic efficiency.

Experimental Section
Synthesis of molybdenum oxide nanoflakes

Molybdenum oxide powder (1g) (from Sigma—Aldrich) was
ground with ethylenediamine (200 pL) for 30 min before being
mixed with water and ethanol (1:1, v/v), which is analogous to
a previously reported paper.””? Then the solution was probe-soni-
cated for 120 min at a power of 200 W and centrifuged at
6000 rpm. Afterwards, the supernatant containing the 2D MoO,
nanoflakes was divided in two parts. One part is used as pristine
MoO; nanoflakes and the other part was transformed to reduced
molybdenum oxide (MoO,_,) nanoflakes by exposure to irradiation
from a 600 W xenon lamp (Newport, USA) for 600 min.

Synthesis of the MoO;/ZnO and MoO,_,/ZnO nanocompo-
sites

Al-doped zinc oxide (AZO) substrate was adopted for the growth
of ZnO NRs, as reported in our previous paper.”® In short, AZO
substrates of 2x2 cm? dimensions were first cleaned by acetone
and deionized water, and subsequent cleaning was provided by
using an oxygen plasma for 60 s. Then, the AZO substrates were
immersed in an aqueous solution of 0.1 M zinc nitrate hexahydrate
(Zn(NO,),6 H,0) and hexamethylenetetramine (HMTA), which was
kept in a Teflon-coated autoclave. The autoclave was sealed and
heated in an oven at 90°C for 10 h. The ZnO substrate was finally
taken out of the solution and then rinsed several times and dried
for further use. As 2D MoO; and MoO,_, nanoflakes were dispersed
in solvent, an aliquot (500 pL) of each solution was drop-casted on
different ZnO NR substrates. Then the nanocomposite substrates
were kept overnight at 60°C.

Instruments and measurements

X-ray diffraction (XRD) patterns were recorded by using a Siemens
D5000 diffractometer. The surface morphology of the nanocompo-
sites was examined by using field emission scanning electron mi-
croscopy (FESEM, JEOL 6330). The TEM image of the 2D MoO,
nanoflakes was captured by using a Philip CM 200 instrument. The
surface chemical states were probed by using X-ray photoelectron
spectrometer (XPS, JEOL JPS-9010). The thickness of the 2D nano-
flakes was evaluated by atomic force microscopy (AFM, Digital in-
struments Nanoscope). Raman measurements were performed in
a backscattering configuration on a micro-Raman setup by using
a A=633 nm laser. Absorbance measurements were done with
a Thermo Evolution 201 UV/visible spectrophotometer. The photo-
luminscence (PL) measurements were carried out by using a He/Cd
(Kimmon, IK series) laser with an excitation wavelength of 1=
325 nm at room temperature.
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Photocatalytic tests

Methylene blue, having the molecular formula C,¢H;gN;SCl, is one
of the frequently used dyes in industry. The photodegradation of
MB was chosen as a model reaction to evaluate the photocatalytic
activity of our samples under UV- and visible-light irradiation. The
photocatalytic activity for the pristine ZnO NRs and the nanocom-
posite samples were performed in a quartz vessel containing an
aqueous solution (10 mL) of MB (10 mgL™") under UV- or visible-
light illumination. A Phillips halogen lamp (50 W, GU5.3, 12 V) and
a UV lamp (285 nm, 8 W) were used as the light sources for visible-
and UV-light exposure, respectively. The photodegradation efficien-
cy was monitored by measuring the absorption spectra at each
15 min interval up to 120 min. For cycling tests, the NR-based sub-
strates can easily be separated from solutions and then be recycled
by using simple washing with deionized water and absolute etha-
nol.
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2D nanoflakes: Nanometer-thick mo-
lybdenum oxide flakes were employed
as a co-catalyst for ZnO nanorods to en-
hance their photocatalytic performance
(see figure; CB=conductive band,

VB =valence band, MB=methylene
blue). The recombination of photogen-
erated electrons and holes is sup-
pressed by the double charge-transfer
mechanism.
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