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Hierarchically spherical materials with core-shell structure are of special interest for a variety of

promising applications. Although some advanced synthetic methods have been reported, the development

of a facile strategy to fabricate hierarchically spherical materials with core-shell structure is still desirable.

Herein, hierarchical Zn,GeO, core-shell microspheres, with stacked nanoparticles at the core and well-
aligned rods at the shell, are successfully synthesized through a triethylenetetramine (TETA)-induced
self-assembly route. It exhibits relatively high photocatalytic activity and stability towards degradation of
organic pollutants under UV light irradiation. In addition, other diverse hierarchical Zn,GeO,
macrocrystals can be successfully prepared by rationally tuning the reaction parameters. The present

synthetic strategy may allow access to fabricating other multifunctional materials with special artistical

morphologies.

1. Introduction

Hierarchical materials have triggered considerable attention due
to their intriguing applications in photocatalysis,' solar cells,*
batteries®® and thermoelectrics” '°. The unique hierarchical
geometrical configuration endows these materials with more
attractive chemical and physical properties.'''* Recent examples
of such hierarchical materials include spindles," multipods,'
stars,'® dendrites'” and other abundant structures.'®*?' As a typical
example, inorganic hierarchically microspherical structures,
consisting of one or two-dimensional arrangement of
nanoparticles, have possessed unique merits of large specific
surface area, high concentration of porosity, rich active sites and
large void space.”*® To date, these materials, including metals,””
28 carbides,”” ¥ oxides,’! sulphides,32’ 3 and selenides,** have
been fabricated via a variety of growth techniques. In particular,
inorganic hierarchically spherical materials with core-shell
structure have attracted special attention.”>*” For instance,
hierarchical Fe;0,@C and Fe@C monodispersed core-shell
microspheres synthesized through steps  of
solvothermal/hydrothermal treatments and high-temperature
calcinations.> Ag core-shell hierarchical microstructures, with
nanosheet-assembled microspheres as the core and dendrites
coated on the surface, have been synthesized on FTO substrates
via electrochemical deposition.*® Hierarchical core-shell porous
carbons were template-synthesized from a core-shell silica sphere
assembly.’” Despite the advances in fabricating hierarchically
spherical core-shell structured materials, the exploitation of a
facile and efficient hard-template-free hydrothermal approach is
highly desirable. Furthermore, the hierarchical core-shell
microsphere with stacked nanoparticles at the core and well-
aligned rods at the shell still remains untouched. Thus, it deserves
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our efforts to fabricate a hierarchical core-shell microsphere with
stacked nanoparticles at the core and well-aligned rods at the
shell through a facile and efficient hard-template-free
hydrothermal approach.

Recently, germanates, as an important class of inorganic
semiconductor materials, have received great attention for its
extensive applications in catalysis,®® electronics,®® lithium ion
batteries*” *! and luminescence***. Among them, zinc germanate
(Zn,GeO,), with a wide bandgap of 4.68 eV, has been considered
as a multifunctional photocatalyst.*** It shows efficient and
stable photocatalytic activity towards degradation of organic
pollutant,*> *6 splitting of water*” and reduction of CO,*. Over
the past years, diverse types of Zn,GeO, nanostructures, such as
nanorods,*”> *° nanowires,’” * nanoribbons,”* ** and
nanobundles,”® have been successfully fabricated by a series of
advanced methods. The three-dimensional (3D) ordered Zn,GeO,
superstructures based on one-dimensional (1D) Zn,GeO,
nanoscale building blocks are of great importance as those
architectures may achieve enhanced properties arising from
hierarchical structures.*®>® However, to date, creating hierarchical
core-shell structures of Zn,GeO, are still desirable. In particular,
hierarchical Zn,GeO, core-shell microspheres, consisting of
stacked nanoparticles at the core and well-aligned rods at the
shell, have not been reported yet.

Herein, we synthesize a hierarchical Zn,GeO, core-shell
microspheres with stacked nanoparticles at the core and well-
aligned rods at the shell through a triethylenetetramine (TETA)-
induced self-assembly route under a mild solvothermal hard-
template-free condition (Scheme 1). In the synthetic process,
alkylamine molecules act as both molecular-template and
inducing agent for the assembling behaviour. Furthermore, the
hierarchical Zn,GeO, core-shell microspheres possess superior
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catalytic ~performance, stability and durability towards

photocatalytic degradation of organic pollutants.
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Scheme 1. Schematic illustration of the formation process of the
s hierarchical Zn,GeO4 core-shell microspheres.

2.
2.1

Experience Section
Chemicals

All chemicals are analytical grade and used as received without
further purification.

10 2.2 Synthesis core-shell

microspheres

of the hierarchical Zn,GeOy,

In a typical synthesis, 0.1046 g of GeO, (1.0 mmol) and 0.1628 g
of ZnO (2.0 mmol) are added to 13 mL solvent including 8 mL
deionezd water and 5 mL triethylenetetramine (TETA). The

15 mixture immediately becomes milky and is stirred for 20 min at
ambient conditions. Then, the solution is transferred to a 20 mL
stainless Teflon-lined autoclave and maintained at 220 °C for 24
h. Afterward, the autoclave is cooled naturally to room
temperature. The sample is collected by centrifugation, washed

20 thoroughly with deionized water and alcohol several times, and
then dried at 60 °C for 12 h.

2.3 Characterization

The scanning electron microscopy (SEM) images are taken with a
Hitachi S-4800 scanning electron microscope (SEM, 5 kV)
25 equipped with the Thermo Scientific energy-dispersion X-ray
fluorescence analyzer. Transmission electron microscopy (TEM),
high-magnification transmission electron microscopy (HRTEM)
and Energy-dispersive X-ray spectroscopic (EDS) analysis are
performed with JEOL-2100F system equipped with EDAX
30 Genesis XM2. Specimens for TEM and HRTEM measurements
are prepared via dropcasting a droplet of ethanol suspension onto
a copper grid, coated with a thin layer of amorphous carbon film,
and allowed to dry in air. Note that the hierarchical Zn,GeO,
core-shell microspheres are firstly sonicated for 1 h to obtain
35 dispersive fragments and then used for TEM and HRTEM
measurement. The X-ray diffraction patterns (XRD) of the
products are recorded with Bruker D8 Focus Diffraction System
using a Cu Ka source (4 = 0.154178 nm). Fourier transform
infrared (FTIR) spectroscopy is recorded on a MAGNA-IR 750
40 (Nicolet Instrument Co.) FTIR spectrometer. The surface area
and pore size distributions are determined by nitrogen
physisorption using Quadrasorb SII Quantachrome Instrument.

The surface area is calculated using the Brunauer-Emmett-Teller

(BET) method. Pore size distributions are calculated using the
4s Barrett-Joyner-Halenda (BJH) method from the desorption
branch. Photoluminescence (PL) emission spectra generated
luminescent 2-hydroxyterephthalic acid (TAOH) is measured on
a Hitachi F-2500 fluorescence spectrophotometer. The UV-Vis
absorption spectra were recorded on a UV-Vis spectrophotometer
(TU-1901).

o
S

2.4 Photocatalytic activity

Photocatalytic activities of hierarchical Zn,GeO4 core-shell
microspheres compounds are evaluated by the degradation of
methyl orange (MO) and phenol in water under UV irradiation
ss from a 200 W UV light lamp. For the degradation of MO, 0.1 g
of the Zn,GeO, samples is dispersed in 150 mL of an aqueous
solution of MO (15 mg L™). Prior to UV light illumination, the
solution is continuously stirred for 30 min in the dark to ensure
the establishment of an adsorption-desorption equilibrium
between the photocatalysts and the dye. After that, the solution is
exposed to UV irradiation under magnetic stirring. At given time
intervals, 5 mL of the suspension is taken out and centrifuged to
remove the photocatalyst. Then, the filtrates are analyzed by
recording variations of the absorption band maximum (464 nm)
s in the UV-visible spectra of the dye MO. For the photocatalytic
degradation of phenol, the initial concentration of the phenol
solution is 10 mg/L and other conditions are kepted unchanged.
After UV-light irradiation for a special time interval, the filtrates
are analyzed by recording variations of the absorption band
70 maximum (271 nm) of phenol.

o
S

2.5 Detection of reactive species

Measurements of hydroxyl radicals (OH) on the surface of UV-

illuminated hierarchical Zn,GeO, core-shell microspheres are

carried out by the terephthalic acid (TA) fluorescence probe
75 method. 0.1 g of hierarchical Zn,GeO, core-shell microspheres is
dispersed in a 150 mL of 5x10 M terephthalic acid aqueous
solution with a concentration of 2x10 M NaOH. The experiment
is carried out under UV irradiation using a 200 W UV light lamp.
After UV irradiation at a time interval of 5 min, the reaction
solution is filtrated to measure the increase in the PL intensity at
426 nm of TAOH excited by 312 nm light.

%
S

3.

3.1 Characterization of hierarchical Zn,GeO4 core-shell
microspheres

Results and discussion

ss The hierarchical Zn,GeO, core-shell microspheres are
synthesized through a facile hydrothermal method. GeO, and
ZnO are added into the mixture of deionized water and
triethylenetetramine (TETA) at 220 °C for 24 h. The as-prepared
products are firstly characterized by
microscopy (SEM), transmission electron microscopy (TEM) and
X-ray diffraction (XRD). Low-magnified SEM images (Fig. la
and Fig. S17) show that Zn,GeO, microspheres are successfully
fabricated in large quantities and with a size distribution about 5-
6 um. The typical XRD pattern displayed in Fig. 1i identifies
os these microspheres as a highly crystalline thombohedral phase of
Zn,GeO,4 (JCPDS No. 11-0687) with a space group of R-3(148)

scanning electron

©
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Fig. 1 SEM images (a-d) of the hierarchical Zn,GeO; core-shell
microspheres synthesized through a facile hydrothermal method. (¢) TEM
image of the partial components of Zn,GeO, building block. (f) TEM
image of the stacked nanoparticles at the core of the hierarchical Zn,GeO4
core-shell microspheres. (g) HRTEM image of the nanopartice at the core
of the hierarchical Zn,GeO, core-shell microspheres. (h) HRTEM image
and SAED pattern of the rod at the shell of the hierarchical Zn,GeOy core-
shell microspheres. (i) XRD pattern and (j) N, adsorption/desorption
10 isotherm and Barrett-Joyner-Halenda (BJH) pore size distribution plot
(inset) of the hierarchical Zn,GeO, core-shell microspheres.

o

and lattice constants of @ = b = 1.423 nm, ¢ = 0.953 nm, a = f§ =
90°, and y = 120°. No any additional peak is observed, indicating
high purity of the resulting Zn,GeO, samples. Energy-dispersive
spectroscopy (EDS) analysis (Fig. S21) and Fourier-transform
infrared spectroscopy (FTIR) (Fig. S31) further support the
results mentioned above. High-magnification SEM images (Fig.
1b and 1c) reveal that the individual microsphere is composed of
1D Zn,GeO, rod-shaped nanostructure, indicating its nature of
20 hierarchical structure. The cracked microspheres (Fig. 1d and
S4+) show that the as-obtained Zn,GeO, microsphere consists of
two parts, interior core and external shell. The interior region is
mainly composed of stacked nanoparticles, while, the external
shell is built from orderly paralled and overlapped rod-like
»s microcrystals with a diameter of 50-100 nm and length of 1-2
pm. The results demonstrate that the as-prepared Zn,GeO,
microspheres possess a typical hierarchical core-shell structure.
To further confirm the proposed structure, a sonication treatment
is made to obtain partial components of Zn,GeO, building block
30 for TEM characterization. As shown in Fig. le, the TEM image
clearly demonstrates the hierarchical core-shell nature of these
Zn,GeO, microspheres. The core is stacked with single-
crystalline nanoparticles (Fig. 1f and 1g) and the shell contains
well-aligned rods (Fig. 1f). HRTEM image (Fig. 1h) displays that
35 the rods own an interplanar distance of 0.29 nm, corresponding to
the (113) d-spacing of the rhombohedral Zn,GeO, structure.’® >
The corresponding selected area electron diffraction (SAED)
pattern (the inset of Fig. 1h) reveals apparent single-crystalline
characteristics of the as-prepared Zn,GeO, nanorods. Fig. 1j
40 shows the N, adsorption/desorption isotherm and Barrett-Joyner-

o

Halenda (BJH) pore size distribution plot of hierarchical
Zn,GeO, core-shell microspheres. The shape of the isotherm
seems to nearly be a type IV isotherm according to the ITUPAC
classification, indicating the presence of mesopores.® The pore

45 size is about 3.7 nm according to the Barrett-Joyner-Halenda pore
size distribution obtained from the isotherm. The wide
distribution of pore size is due to the void between the aggregated
nanorods. The surface area of the hierarchical Zn,GeO, core-shell
microspheres determined by BET method is 13.7 m® g'. These

so results clearly illuminate that the hierarchical Zn,GeQ, core-shell
microspheres with mesopores can be obtained through a mild
hydrothermal route.

3.2 Formation mechanism of the hierarchical Zn,GeO,
core-shell microspheres

ss To shed light on the formation mechanism of the hierarchical
Zn,GeOy core-shell microspheres, time-dependent experiments
are performed. SEM and XRD are adopted to characterize the
intermediates collected at different reaction stages. At the early
stage for 1 h, Zn,GeO, nanoparticles are dominant (Fig. 2a),

0 indicating that the primary nucleation growing to coarsening
particles takes place in a very short time. The associated XRD
pattern (Fig. S51) shows that the intermediates collected at 1 h
have already been Zn,GeO,4 phase. The result is mainly attributed
to that TETA molecules, as a strong chelating agent in alkaline

e solution, can coordinate with Zn®* to form a Zn(I)-TETA
complex, and GeO, is dissolved in alkaline solution to give
GeOs5” ions. Then the Zn(I)-TETA complex reacts with the

Fig. 2 SEM images of the representative intermediates collected after the
70 reaction proceeds for 1 h (a); 2 h (b); 6 h (c); 10 h (d); 12 h (e) and 18 h
(f), respectively.

GeO,” ion to obtain Zn,GeO, colloids.®’ Under high pressure and
temperature conditions, tiny Zn,GeO,4 nanoparticles are produced
in the supersaturated solution.®> When the reaction time increases
75 to 2 h, orderly linked and elongated nanoparticle-array appears
(Fig. 2b). Following at 6 h, the dispersive elongated rod-like
structure with diameter about 50 nm and length up to 3-5 um is
observed, thus demonstrating that primary nanoparticles can act
as building blocks for the formation of Zn,GeO, nanorods (Fig.
s0 2¢). The results are in correspondence with the previous reports.
33, 35 57 6 1n the mixed solution of alkylamine and H,O,
alkylamine molecules perform a multifunctional role as a
structure-director and regulator in selectively adsorbing and
binding on specific panels to control the direction of crystal
ss growth for one-dimensional structures; simultaneously, the
presence of H,O assists to partially protonate alklyamine
molecules, and further moderates the coordination and H-bonding

This journal is © The Royal Society of Chemistry [year]
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interaction between alkylamines and Zn,GeO,. In our system,
TETA molecules can selectively bind to some specific panels,
resulting a preferential crystal growth, which is termed as the
solvent-coordination ~molecular-template  (SCMT).> 7+ ©
Elongation of the reaction to 10 h generates fan-like structures
with radiating fantails via the self-assembly of partial nanorods
(Fig. 2d). In the pure TETA solvent, only bulk Zn,GeO,
structures are generated (Fig. S67); while, in the absence of
TETA molecules, only prismatic rod-like structure is obtained
(Fig. S77), demonstrating the synergistic effect of TETA and
H,0 molecules is vital for the assembly process of the fan-like
structures. The preferential attachment of TETA molecules to
specific surfaces results in strongly mutual interactions between
the rods by van der Waals forces. Additionally, small lateral
adhesion energy facilitates them to attach together. Since the rod-
like crystallites located in the inner region of the fan-like
assembly have higher surface energy than that of the external
part, they easily dissolved compared to those on the outside.”® In
the subsequent ripening and crystallization process, the inner
20 parts of the fan-like assembly become fluffy particle-stacked
structure due to the dissolution for surface energy minimization.
Although the surface-to-surface conjunctions take place between
the nanorods, the width and length of the rods don’t take any
change, implying that thermodynamic equilibrium of growth has
been already reached before the assembly behaviour occurs. We
speculate the ensembled fan-like structure as a monomer. Under
the driving force of TETA molecules, in the next stage at 12 h,
the monomer-by-monomer secondly self-assembles into
hemisphere (Fig. 2e). As the reaction proceeds to 18 h, the
hemisphere sequentially attaches onto another hemisphere with a
match to their specific crystallographic orientation (Fig. 2f). Thus,
it can be speculated that as-formed hemispheres have a
predominant tendency to further aggregate together into
hierarchical spheres at present conditions. The phenomenon may
be ascribed to the fact that the surface energy of an individual
hemisphere is relatively high based on the thermodynamics, and
thus tending to decrease to the substantial minimization of
surface energy by aggregation into spherical structures.®*® This
assumption is further proved to be reasonable by the final
formation of the microspherical structures collected at 24 h (Fig.
la, 1b). Meanwhile, the as-formed hierarchical Zn,GeO,4 core-
shell microspheres possess a high degree of structure integrity,
which may be associated with the Ostwald ripening process.®’
Based on these above-mentioned results, the formation
mechanism involves the solvent-coordination molecular-template
(SCMT) process and triethylenetetramine (TETA)-induced self-
assembly route under a solvothermal condition, as shown in
Scheme 1.

3.3 Diverse types of hierarchical Zn,GeO, structures

In addition, it is found that diverse types of hierarchical Zn,GeO,
structures can be obtained by simply diluting the reactant
concentration, changing reaction temperature or adjusting the
volume ratio of TETA:H,O. Here, three representative
hierarchical Zn,GeO, morphologies are introduced. When the
reactant concentration is diluted by 5 times while other conditions
are kept unchanged, dumbbell-like structure composed of well-
aligned nanorod building blocks is synthesized (Fig. 3a). All the
detectable reflection peaks of the XRD pattern (Fig. 3b) could be

=]
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Fig. 3 Diverse types of hierarchical Zn,GeO, structures synthesized at
different conditions. (a) SEM image and (b) XRD pattern of the
dumbbell-like Zn,GeO; structure, which is fabricated by adding 0.0213 g
GeO, and 0.0326 g ZnO into the mixed solvent of 8 mL distilled water
and 5 mL TETA at 220 °C for 24 h. (c) SEM image of the broom-like
Zn,GeOy structure, which is obtained by adding 0.0213 g GeO, and
0.0326 g ZnO into the mixed solution of 8§ mL distilled water and SmL
TETA at 200 °C for 24 h. (d) SEM image of the mushroom-shaped
Zn,GeOy strucures, which is synthesized by adding 0.0213 g GeO, and
0.0326 g ZnO into the mixed solution of 2 mL distilled water and 11 mL
TETA at 220 °C for 24 h.

assigned to a rhombohedral phase of Zn,GeO, (JCPDS No. 11-
0687), thus suggesting that changing the experiment parameter
only influences the hierarchical morphology but it has no effect
on the crystal phase. In this hydrothermal system, a decreased
reactant concentration leads to a lower supersaturation, which
effectively slows the reactivity rate and diffusion behaviour of the
reagents and avoids the excessive agglomeration of the building
blocks under the driving force of the TETA molecules.®® ® In
other words, various hierarchical Zn,GeQ, structures with aligned
nanorod building blocks may be selectively fabricated by
rationally tuning the supersaturation. Under the above conditions,
decreasing the temperature to 200 °C results in the broom-like
Zn,GeO, structure (Fig. 3b). The structure is composed of a
prismatic backbone and a fantail with well-aligned nanorods
oriented to a center and radically sputtering out at one end. The
obvious difference in this morphology is the formation of
prismatic backbone, which may result from the decreased
temperature. Just as stated in the previous report, an appropriate
reaction temperature is favourable for the formation of relatively
dispersive prismatic rods.*® ® When adjusting the volume ratio of
TETA: H,O from 5:8 to 11:2 at 220 °C, hierarchical mushroom-
shaped Zn,GeO, structures are dominant (Fig. 3d). It should be
noted that the fan-like monomers, composed for the mushroom-
shaped Zn,GeO, structure, are not aligned well compared with
that of the hierarchical Zn,GeO, core-shell microspheres (Fig. 1a-
¢). This may be attributed to the discrepant structure-directing
effect and driving force of TETA molecules in a different mixed
solvents.> * % These extending works indicate that various
hierarchical Zn,GeQO, structures can be selectively prepared by

10 rationally tuning the reaction parameters. Efforts to synthesize

diverse artistical morphologies and to get deeper insights in the
formation mechanism are underway in our group.
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Fig. 4 (a) Diffuse reflectance spectrum (DRS) for the hierarchical
Zn,GeOy4 core-shell microspheres. The inset is the optical band gap
energy Eg of Zn,GeOy (4.56 eV). (b) Representative methyl orange (MO)
dye degradation temporal profile. (c) Rate of photocatalytic degradation
of methyl orange over different Zn,GeO, structures as a function of
reaction time. (d) Catalyst cycling in the photocatalytic degradation of
methyl orange in the presence of hierarchical Zn,GeO; core-shell
microspheres under UV irradiation. The initial concentration and volume
of MO aqueous solution is maintained at 15 mg/L and 150 mlL,
respectively, in each run.

As shown in Fig. 4a, the spectrum absorption edge of Zn,GeO,
microspheres is located at 275 nm, and the band gap is estimated
as 4.56 eV, based on ahv = A(hv — Eg)”z, in which a, v, 4, and Eg
signify the absorption coefficient, light frequency, proportionality
constant, and band gap, respectively. Here n is equal to 1 as the
material is a direct-gap semiconductor.”””* The photocatalytic
activity of the as-obtained hierarchical Zn,GeO, core-shell
microspheres are evaluated by the photocatalytic degradation of
dye methyl orange (MO) in aqueous solution. To conduct the
photocatalytic degradation experiment, 0.1 g of the Zn,GeO,
sample is dispersed in 150 mL of an aqueous solution of MO (15
mg L. Prior to UV light illumination, the solution is
continuously stirred for 30 min in the dark to ensure the
establishment of an adsorption-desorption equilibrium. And the
adsorption of MO is negligible. The irradiation is performed with
a 200 W UV light lamp. At given time intervals, about 5 mL of
the suspension is taken out and centrifuged to remove the
photocatalysts. Then, the filtrates are analyzed by recording
variations of the absorption band maximum (464 nm) in the UV-
Visible spectra of the dye MO by using a UV-Vis
spectrophotometer. Fig. 4b shows the representative MO dye
degradation temporal profile over the hierarchical Zn,GeO, core-
shell microspheres under UV-light irradiation. The intensity of
the absorption peak at 464 nm decreases gradually with
increasing UV exposure time and almost disappears after 25 min,
which means that the nitrogen to nitrogen double bond of MO is
destroyed. Fig. 4c presents the concentration changes of MO as a
function of irradiation time during the degradation process. After
UV-light irradiation for 25 min, the degradation of MO on
hierarchical Zn,GeO, core-shell microspheres reaches 100%,
exceeding the degradation of MO on dumbbell-like Zn,GeO,
structures (Fig. 3a), broom-like Zn,GeO, structures (Fig. 3c),

4s mushroom-shaped Zn,GeO, structures (Fig. 3d) and self-
photolysis rate of MO. The higher photocatalytic activity of the
hierarchical Zn,GeO, core-shell microspheres may be attributed
to the unique hierarchical core-shell structures, large specific
surface area, rich reaction sites and more efficient transfer of the
photogenerated charges.” 7 The durability of the hierarchical
Zn,GeOy, core-shell microspheres is also evaluated by reusing the
catalyst for four runs towards the decomposition of MO under the
same condition. As shown in Fig. 4d, the catalyst almost affords
the same photocatalytic activity as the initial one, demonstrating
ss its excellent photocatalytic stability. SEM images (Fig. S87) and
XRD pattern (Fig. S9t) of the recycled catalysts reveal that these
hierarchical Zn,GeO, core-shell microspheres do not experience
any obvious change during the photocatalytic process, and thus
suggesting their good stability of morphology and phase
o0 structure. These results display that hierarchical Zn,GeO, core-
shell microspheres are effective and stable catalysts for the
decomposition of MO in aqueous solution.
In addition to the decoloration of MO, phenol is utilized to
further evaluate the photocatalytic activities of the hierarchical
6s Zn,GeO,4 core-shell microspheres. Under UV irradiation, the
absorption peak of phenol solution at 271 nm decreases with the
increased irradiation time in the presence of Zn,GeO, (Fig. S107),
while the decrease of the absorption peak of self-degradated
phenol solution is inconspicuous in the control experiment, and
70 thus indicating that the as-prepared hierarchical Zn,GeO, core-
shell microspheres possess efficient UV photocatalytic activity
towards photocatalytic degradation of phenol. Simultaneously, it
can prove that the decomposition of MO is catalyzed by the
hierarchical Zn,GeO,4 core-shell microsphere catalysts but not
caused by the photosensitization process.”

w
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3.5 Photocatalytic mechanism

To detect the active species involved in the photocatalytic
process, the terephthalic acid (TA) fluorescence probe method is
used to detect “OH radicals.” " After UV irradiation at a time
interval of 5 min, the terephthalic acid (TA) solution is filtrated to
measure the photoluminescence (PL) emission spectra excited at
312 nm. As shown in Fig. 5a, it can be seen that the intensity of
the PL emission spectra at 426 nm increases with the extended
reaction time, demonstrating that the "OH radicals are the active
ss species in the photocatalytic process.

To get insight into the underlying mechanism of photocatalytic
degradation of MO over hierarchical Zn,GeO, core-shell
microspheres, a series of control experiments are performed. As
shown in Fig. 5b, different radical quenchers are employed to
tscavenge the counterpart active species, such as, isopropanol
(IPA, 2.0 mM) as scavenger for hydroxyl radical (‘OH),
benzoquinone (BQ, 2.0 mM) as scavenger for superoxide radical
(0;), and ammonium oxalate (AO, 2.0 mM) as scavenger for
photogenerated holes (h"), respectively.”” " The addition of IPA
os and BQ results in an obvious degradation efficiency of MO

catalyzed by the hierarchical Zn,GeO, core-shell microspheres,

proving that ‘OH and 'O, are the main active species in the

photodegradation process. While the presence of AO has a

relatively small influence on the decomposition of MO, and thus

%
3

°
S

100 indicating that h" is not the predominant active species in the

photocatalytic process, which may be attributed to its rapid
consumption by oxidation of H,O or OH™ to ‘OH.
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Fig. 5 (a) Time-dependent fluorescence emission spectra of TAOH
formed by the reaction of TA with -OH radicals; (b) Trapping
experiments of active species during the photocatalytic reaction by the
hierarchical Zn,GeO, core-shell microspheres photocatalyst towards
degradation of MO under UV-light irradiation.

Based on the above-mentioned results, a possible mechanism
for the photocatalytic degradation of dyes or organic pollutants
by the hierarchical Zn,GeO, core-shell microspheres is proposed
(Scheme 2). Under UV-light irradiation (hv > Eg = 4.68 eV),
Zn,GeO, catalyst is activated to generate long-lived electron-hole
pairs, including conduction band electrons (¢”) and valence band
holes (h"). Then, the reductive photo-generated electron (¢”) is
scavenged by O, to produce superoxide radical anions (O, ),
which posseses strong oxidative capability of decomposing MO
and phenol in aqueous solution. The oxidative photo-generated
holes (h") can react with surface adsorbed H,O or OH to
yield ‘OH radicals, which exert a noticeable positive influence on
oxidizing the organic molecule to form small molecule products.

___ei?

UV-light o

\

H,0/OH

Scheme 2. Schematic illustration of the photocatalytic mechanism of
organic pollutants degradation over hierarchical Zn,GeO, core-shell
microspheres catalyst.

4. Conclusions

In summary, hierarchical Zn,GeO, core-shell microspheres
composed of stacked nanoparticles at the core and well-aligned
rods at the shell are prepared via a mild hydrothermal hard-
template-free method. The formation mechanism involves the
solvent-coordination molecular-template (SCMT) process and
triethylenetetramine (TETA)-induced self-assembly route. The
as-obtained hierarchical Zn,GeO, core-shell microspheres exhibit
excellent photocatalytic activity and stability toward dyes
degradation. In addition, other hierarchical Zn,GeQ, structures
with diverse types of morphologies can be selectively prepared
by rationally tuning the reaction conditions. The present synthetic
strategy may allow access to fabricating other multifunctional
materials with special artistical morphologies.
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