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Abstract

BACKGROUND: Hollow microspheres have potential applications for wide-range fields, especially photocatalysis, attracting
tremendous attention in material science. However, conventional synthesis of hollow microspheres involves complicated
procedures, high cost and poor yields, greatly impeding their development. Due to the limitations of raw material for the
polymerization or hydrolysis routes so far the hollow materials prepared in a microfluidics chip were limited to some specific
substances.

RESULTS: Herein, a controllable precipitating reaction strategy in droplets was presented to form the hollow structure from eas-
ily accessible industrial chemical materials (such as nitrates of Zinc, Copper and Cobalt, and Ferrous sulfate). After generating
monodisperse droplets and followed introducing precipitant into the droplets in a microfluidics chip, the spherical shell was
constructed through the accumulation of precipitated particles at the oil/water interface of droplets and further particle growth
on the inner shell. As a result, hollowmicrospheres with a Janus shell of different inner and outermorphologywere formed. The
photocatalytic activities of these hollowmicrospheres were evaluated for RhB photodegradation oxidation based on heteroge-
neous photo-Fenton. The photocatalytic activities of the fresh hollow samples showed better than their solid samples or their
oxidized hollow samples.

CONCLUSION: With microfluidic technology, the transition-metallic inorganic hollow microspheres can be rapid, low-costly
manufactured through direct precipitation reaction in droplets. The prepared ⊍-Co(OH)2 hollow microspheres showed promis-
ing photocatalytic activity.
© 2021 Society of Chemical Industry (SCI).
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INTRODUCTION
Hollow microspheres, especially monodisperse, have attracted
considerable interest in the past few decades,1-3 due to their dis-
tinctive properties, such as well-defined morphology, uniform
size, low density, and valuable void space. They have potential
applications in wide range of fields, such as catalysis,4-9

sensing,10,11 adsorbent,12,13 energy,14-17 biomedical
applications,18,19 etc. Via multiple scattering by the inner surface
of the hollow material, hollow structure may improve the overall
light absorption efficiency,20-22 thereby attracting especially
attention in photocatalysis.
A wide variety of chemical and physicochemical methods have

been developed to synthesize the hollow structure of themicrom-
eter or nanometer.1,2,6,14,23 The most common synthesis route
was carried out in a liquid medium with a hard or soft tem-
plate.24-28 A typical synthesis procedure was basically operated
in a highly diluted media in a batch reactor, involving the proces-
sing of large volumes of feed and the poor yields of the target
product. Thus the synthesis procedure was usually low efficiency
and high cost. Moreover, the syntheses procedures in most proto-
cols were often rather intricate and multistep operations,

resulting in miserable operational applicability, bad reproduction,
and poor homogeneity. Therefore, a facile and continuous route
to produce monodisperse hollow microspheres is always
promising.9,22,29-31

Microfluidics systems are predominantly characterized by lami-
nar flow, resulting in unique fluid morphologies.32,33 It enables a
continuous operation to produce monodisperse emulsions and
is likely to be one of the most promising approaches to produce
monodisperse hollow microspheres.34,35 Due to the limitations
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of raw material for the polymerization or hydrolysis routes so far
the applicable hollow materials prepared in microfluidics chip
were limited to some specific substances. For example, Steinba-
cher et al. prepared the organosilicon microcapsules with spiny
exteriors through the hydrolysis of dichlorodiphenylsilane in a T-
junction microfluidic device.36 Eun et al. reported the fabrication
of hollow TiO2 microsphere through the controlled hydrolysis of
chemical modification metal alkoxides in a co-flow device con-
structed of two coaxial micro-capillaries.37 Pan et al. presented
the preparation of monodisperse poly(furfuryl alcohol) hollow
microspheres through polymerization in a T-junction device.38

Overall, these were seldom reports of photocatalyst. Therefore, a
novel reaction route with efficient, low-cost and facile self-
assemble microfluidic synthesis scheme suitable for a broader
range of materials, especially for photocatalysis, was very attrac-
tive. Herein, we presented a microfluidic-based preparation of
uncommon hollow inorganic microsphere from cheap industrial
rawmaterials. These transitionmetals-based hollowmicrospheres
with a self-assemble Janus shell showed good performance for
photocatalysis.

MATERIAL AND METHODS
Chemicals
Cobalt nitrate (Co(NO3)2·6H2O,Tianjin Damao Chemical Reagent
Factory, AR); Zinc nitrate (Zn(NO3)2·6H2O,Tianjin Damao Chemical
Reagent Factory, AR); Cupric nitrate (Cu(NO3)2·3H2O, Tianjin
Damao Chemical Reagent Factory, AR); Polyglycerol polyricinole-
ate (PGPR, Tianjin Yuchang technology development Co.); Ferrous
sulfate (FeSO4·7H2O, Tianjin GuangFu Technology development
Co., AR); Potassium hydroxide (KOH, Tianjin Damao Chemical
Reagent Factory, AR); Triethylamine (TEA, Tianjin Damao Chemical
Reagent Factory, AR); Absolute alcohol (Ethanol, Tianjin Fuyu Fine
Chemical Co.); Soya-bean oil (Yihai Kerry Limited).

The structure and fabrication of microfluidic chip
Schematics diagram of the microfluidic device used to prepare
hollow microsphere was shown in Fig. 1. The microfluidic chip
consisted of two units: a flow-focusing region for droplets gener-
ation, and a solidification unit for solidifying the droplets. The typ-
ical microchannel height of the chip was 150 μm. There were an
orifice of 150 μm × 200 μm in size and two nozzles of
150 μm × 150 μm in the flow focusing region, which facilitated
the generation of monodisperse droplets. The solidification unit
had a nozzle of 150 μm × 300 μm for introducing precipitation
phase and a circular arc microchannel of 300 μm × 3 mm for
performing precipitation reaction. The chip outlet was conne-
cted to a receiving flask with a 20 cm polytene pipe (inner
diameter = 0.5 mm).
The polymethylmethacrylate (PMMA) microfluidic device was

fabricated by soft lithography combined with microcasting tech-
nology. The preparation process was briefly described in three
steps. A metal nickel template mold with patterned features was
manufactured by microcasting on a nickel substrate with pat-
terned SU-8 photoresist mold fabricated by soft lithography and
removing the photoresist. PMMA piece was hot extruded against
the mold to copy the microstructure and peeled off from the
mold. After drilling connection holes, the patterned PMMA piece
was bonded with another PMMA piece with PMMA binder to con-
struct the microfluidic chip.

Figure 1. Schematics diagram of microfluidic device. (1) continuous
phase; (2) disperse phases; (3) precipitation phase; (4) receiving pipe.

Figure 2. Light microscope images of (1) droplets, (2) solidified droplets, and (3) as-synthesis microsphere prepared with microfluidics chip from precur-
sor solutions containing (a) zinc nitrate, (b) copper nitrate, (c) cobalt nitrate, and (d) ferrous sulfate. The scale bar is 200 μm.
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Fluids preparation
The continuous phase (O) was soya-bean oil with 2 wt% PGPR
as a surfactant. It was prepared by adding 4.0 g PGPR into
196.0 g commercial soya-bean oil and then stirred for 4 h. The

obtained liquid was filtrated with a 10 μm filter before
being used.
The disperse phases (W) were aqueous solutions of certain con-

centrations of metal salts, such as zinc nitrate, cupric nitrate,

Figure 3. SEM images of (1) overall morphology, (2) outer and (3) inner surface of dried hollow microsphere prepared with microfluidic chip, and (4) the
samples prepared in a batch reactor from precursor solutions containing of (a) zinc nitrate, (b) copper nitrate, (c) cobalt nitrate, and (d) ferrous sulfate. The
insets in a1, b1, c1 and d1 showed the colors of the microspheres samples.

Figure 4. (1) The light microscope of overall morphology and the SEM images of (2) the shell cross-section, (3) outer and (4) inner surface of the calcined
hollow samples preparedwithmicrofluidics chip from precursor solutions containing of (a) zinc nitrate, (b) copper nitrate, (c) cobalt nitrate, and (d) ferrous
sulfate.
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cobalt nitrate, or ferrous sulfate. Quantities of 2.97 g zinc nitrate,
4.83 g cupric nitrate, 5.82 g cobalt nitrate, or 2.78 g ferrous sulfate
dissolved into 4.19 g, 7.40 g, 6.44 g or 7.80 g deionized water to
obtain aqueous solutions of 2, 2, 2 and 1 mol L–1, respectively.
The obtained solutions were filtrated with a 10 μm filter before
being used.
The precipitation phase (P) was soya-bean oil containing KOH as

a precipitant reagent. For dissolving the inorganic alkali into the
oil, a 1 mol L–1 KOH/ethanol solution was used, and simulta-
neously triethylamine was also added as a solubilizer and second-
ary precipitant. The typical preparation procedure was described
below. A measurement of 2.8 g KOH was dissolved into 35.1 g
absolute ethyl alcohol to obtain a 1mol L–1 KOH/ethanol solution.
A quantity of 4.0 g of the above KOH/ethanol solution was mixed
with 4.0 g TEA. And then themixed solution was added into 32.0 g
the continuous phase under stirring to obtain a transparent solu-
tion with a weight ratio of an ethanol solution of KOH: TEA: soya-
bean oil = 1:1:8. The weight percentage of KOH and TEA in the
precipitation phase was 0.74 wt% and 10.0 wt%, respectively.

Microfluidics synthesis of hollow microspheres
The microfluidic device was used to prepare the hollow micro-
sphere. Three syringe pumps with a 50 mL syringe were used
independently to introduce the fluids into the chip, respectively.
In the droplets generation unit, the dispersed phase was cut into
monodisperse droplets by the continuous phase through hydro-
dynamic flow focusing. The obtained emulsion fluid flowed
downstream into the solidification unit, wherein the precipitation
phase was introduced. The typical flows of dispersed, continuous
and precipitation phases were 2, 20, and 40 μL min–1, respec-
tively. The maximum Reynolds number (Re) used in the chip was
less than 2. Within seconds of the precipitating event, uniform
microcapsules with core-shell morphology were self-assembled
based on the monodisperse droplets in the chip device. After
aging at room temperature (RT) for 24 h, the precipitate was fil-
tered washed with n-hexane, acetone, alcohol, water, as well as
alcohol successively. The washed products were dried at 80 °C
under vacuum conditions for 24 h. Their calcined samples were
obtained by calcination in a furnace at 450 °C for 4 h, with a ramp
rate of 2 °C min–1.
Bulky samples were fabricated in a conventional precipitation

method by a batch reactor. The aqueous solutions of rawmaterial
were the dispersion phases used in the microfluidic method. The
precipitation solutions were the above precipitation phase with-
out soya-bean oil and PGPR surfactant. With two syringe pumps
the aqueous solutions and precipitation solutions were separately
added drop by drop into the reactor to carry out the precipitation
reaction while stirring vigorously. And then the sediments were
centrifugally separated, washed with water, and dried at 80 °C
under vacuum for 24 h.

Performance evaluation of the photocatalytic activity
The photocatalytic activities of the fresh hollow samples for the
degradation of RhB were evaluated through the absorbance of
the irradiated solution. In the tests, 5 mg photocatalyst and
5mL RhB solution with the initial concentration of 10 μmol−1 were
dispersed into 95 mL high purity water (18.25 mol L–1Ω cm in
resistivity) in a quartz reactor equipped with an external cooling
system. The suspension was magnetically stirred for 20 min to
reach the equilibrium of absorption/desorption in the dark, fol-
lowed by adding 0.255 mL of hydrogen peroxide solution (H2O2,
30 wt%). A 300 W xenon lamp (CEL-HXF300E, CEAULIGHT Co.,

Ltd.) equipped with a cut-off filter (420 > nm) was used as a
visible-light illumination source. The light intensity in the center
position of the reactor was about 100 mW·cm2, determined by a
Newport optical power/energy meter (842-PE). The degradation
reaction was performed under stirring at RT. During the reaction,
about 5 mL suspension solution was sampled at 20 min intervals,
followed by centrifugation to remove the photocatalyst. The dye
concentration of the filtrate was analyzed by the RhB absorption
intensity at a UV–vis spectrophotometer (Shimadzu, UV-2600).

Characterization
Scanning electron microscopy images (SEM) were analyzed on a
scanning electron microscope (FEI, Quanta 200FEG, accelerating
voltage of 20 kV).
X-ray diffraction (XRD) patterns were recorded over a 2⊔ range

of 5° – 80° on an X-ray Diffractometer (PANalytical, X'Pert PRO)
by employing Cu K⊍ radiation (⊗ = 0.154 nm). The samples were
placed onto a glass holder for the experiment.
Thermogravimetric analysis (TGA) was carried on a thermal ana-

lyzer (TA, Q600 SDT) under an air atmosphere with a temperature
ramp of 20 °C min–1 from 40 to 600 °C.

Figure 5. XRD (up) and TGA (down) profiles of (a) fresh and (b) calcined
hollow samples prepared from the precursor solutions containing of
(1) zinc nitrate, (2) copper nitrate, (3) cobalt nitrate, and (4) ferrous sulfate
with microfluidics chip.

www.soci.org C Li et al.

wileyonlinelibrary.com/jctb © 2021 Society of Chemical Industry (SCI). J Chem Technol Biotechnol 2022; 97: 1215–1223

1218

 10974660, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jctb.7010 by D

alian Institute O
f C

hem
ical, W

iley O
nline L

ibrary on [22/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/jctb


The mole yield of the metal component was calculated based
on the oxide sample calcined at 450 °C with the following
expression:
Yield (metallic ion) = (the mole weight of the metal in the cal-

cined oxide) /the mole weight of the metal in the feed).
Diameters and their distributions of droplet, as-synthesis, and

calcined microsphere were obtained from the statistical results
over 200 microsphere samples by image measurements.

RESULTS AND DISCUSSION
The microfluidics chip system
The homemademicrofluidics chip from PMMAwas used due to its
good hydrophobicity and resistance for acid, alkaline, and corro-
sion. It consisted of two functional units: droplet generation and
solidification unit. The continuous phase was soya bean oil. The
disperse phase was an aqueous solution containing various metal
salts, such as zinc nitrate, copper nitrate, cobalt nitrate, or ferrous
sulfate. They were obtained by dissolving the raw material into

water, without pH adjustment. The precipitation phase was the
soya bean oil containing KOH. For dissolving the inorganic alkali
into the oil, the KOH was dissolved in a solution containing etha-
nol and TEA. The continuous phase and disperse phase were
respectively introduced into the chip, andmonodisperse aqueous
droplets were generated by hydrodynamic flow focusing.39 The
emulsion fluid flowed downstream in the microchannel of the
chip, wherein the precipitation phase was introduced. A hollow
structure of core-shell morphology was self-assembled based on
the homogeneous droplets within seconds of the precipitating
event in the chip. The PMMA chip itself is hydrophobic and further
treatment on its microchannel was not employed. Even with con-
tinuous working of about 16 h, the PMMA chip still worked well.
All the raw materials used here are commercially available, cheap,
and nonreactive in air.

The color changes of droplets
During the solidification reaction, the droplets showed specific
color changes according to the precursors. The colorless droplets
of zinc nitrate quickly became white particles. And the droplets of
copper nitrate were first greener and then formed light blue par-
ticles. For the cobalt nitrate, the pink droplet first became deeper
and transformed to dark green particles. As for the ferrous sulfate,
the pale green droplets quickly changed to white particles of
Fe(OH)2, which further became grey-green. The grey-green parti-
cles gradually became brown in air, which was ascribed to the oxi-
dation of Fe2+ to Fe3+.

The morphologies of hollow microsphere
The morphologies of droplets, solidified droplets at the chip out-
let and as-synthesis particles, produced from various precursor
solutions, were characterized by light microscopy (Fig. 2). It
revealed all of them were spherical morphology with uniform

Figure 6. Diameter distributions of (a) droplet, (b) as-synthesis, and (c) calcined microsphere prepared from a precursor solution containing of cobalt
nitrate.

Figure 7. (a) Diameters and shell thickness of hollow microsphere versus
velocity ratios of Oil/Water flow; (b) Shell thickness versus molar concen-
tration of metal ions. The start material is a solution of ferrous sulfate.
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diameters of typical dozens of microns. The microsphere samples
(named as Zn, Cu, Co, and Fe samples according to the metallic
precursors, respectively) were dried under vacuum at 80 °C and
their SEM images were shown in Fig. 3. The hollow structure could
be observed in broken samples. And the surface morphologies of
the external shell were obviously different from that of the inner.
The outer showed a smooth surface with massive nanopores,
while the inner exhibited a rough morphology with sheet-shaped
particles or their constituting flower-like particles rooting verti-
cally from the inside. Due to its thermal instability, structure dam-
age or cracking could be observed after heat drying, especially for
the Zn-contained sample. The corresponding control samples
were also prepared with a conventional precipitation method in
a batch reactor. Their SEM images were also shown in Fig. 3. Com-
pared with the corresponding hollow samples, the accumulation
of particles in the bulky samples were more inhomogeneous
and disorderly. It was assumed to be related to the droplet-based
reactor, wherein the precipitation procedures were essentially
identical and controllable in the microfluidics chip. The SEM
images of calcined hollow samples were shown in Fig. 4. The inner
and outer surfaces retained different morphologies. The smooth
outers and the rough inners were inherited from the fresh hollow
microspheres. The structural damage caused by calcination could
be observed, especially for the ZnO sample, ascribed to violent
decomposition.

The XRD and TGA profiles
The XRD and TGA profiles of the hollow samples were shown in
Fig. 5. The obtained products were the results of corresponding
precipitation reactions. For example, zinc hydroxyl nitrate
(JCPDS: 24–1460) and copper hydroxyl nitrate (JCPDS: 15–14)
were produced from Zn and Cu nitrate, and ⊍-Co(OH)2

40 and
amorphous Fe(OH)3 (oxided product of Fe(OH)2) were obtained
from cobalt nitrate and ferrous sulfate, respectively. Relevant
oxide products could be obtained by the calcination of fresh hol-
low samples. As shown in TGA profiles, the weight loss after calci-
nation at 500 °C was in the ranges of 24 ∼ 39 wt. %.

The diameter distribution
A typical diameter and its distributions of droplets, as-synthesis, as
well as calcined microspheres, derived from cobalt nitrate, were
shown in Fig. 6. The average diameters were changed from
39 μm of the droplet to 43 μm of as-synthesis sample and
30 μm of calcined one, and the coefficient of variations (CV) of
diameter retained about 5%, qualifying as monodisperse. The
diameters of as-synthesis samples were larger than that of the
droplets, indicating the hydrophilic substance in the precipitation
phase, such as ethanol, entered the droplets together with the
precipitant.

The diameter and shell thickness regulations
Microsphere size is predominated by the radius of the droplet,
which generally depends on several factors, such as interfacial
surface tension, coefficient of viscosity, and shear rate.36 Thus
microsphere diameter can be facilely adjusted by altering the
velocities ratios of continuous and disperse fluid.41 Fig. 7(a) shows
the diameter and total shell thickness of the as-synthesis Fe based
hollow microsphere versus the velocities ratios. The diameter
decreased with the velocities ratios increment, and the shell thick-
ness did not change much. The effect of the concentration of the
metallic ion precursor on the shell thicknesses were shown in
Fig. 7(b). The thicknesses increased with concentration raising.

The synthesis mechanism analysis
The droplets were generated and ran downstream the micro-
channels to the solidification unit in a laminar continuous phase
flow with a typical velocity of about 0.8 cm s−1 (Re ≈ 0.15). The
solidifying procedure was presumed to undergo two steps:
(1) the precipitant first diffused to the water–oil interface of drop-
lets, (2) and then entered the droplets through the interface to
react with the reagent in the droplets. The former was considered
to be a slowly diffusing step in a laminar fluid of the viscous oil
phase, while the latter was much faster in the aqueous micro-
droplets. Once the precipitant reagent diffused to the interface,
therein it could quickly react with the substances in the droplets.
Thus, the precipitant reaction preferred to occur at the interface
zone of a droplet. At the solidification unit, the precipitant was
injected into the microchannel through a micro-nozzle with a
higher velocity (1.5 cm s−1) and flow rate (typically twice the
emulsion flow). It intensified the precipitant diffusing into the
droplet by disturbing the laminar flows, thus an initial shell would
be rapidly formed through the precipitation reaction. The effect of
gravity sedimentation was neutralized due to the diffusion/
convection effect in the microscopic droplets of the microfluidics
system. With the accumulation of precipitated colloidal nuclei
based on the droplet interface, a spherical shell was constructed

Table 1. The yields of hollow microsphere product

Sample Yielda (%) Produceb (mg h−1)

Zinc hydroxide nitrate 83 25c

Cupric hydroxide nitrate 71 20c

Cobaltous hydroxide 69 109d

Ferric hydroxide 62 8c

a Metal mole yields based calcined samples.
b Dried by vacuum at 80 °C for 24 h.
c The flux of dispersion phase was 2 μL min–1.
d the flux of dispersion phase was 10 μL min–1.

Scheme 1. Janus shell formation mechanism of the microcapsules.
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within a second nucleation event in the microchannel, forming
the smooth outer surface with a large number of piled channels.
Afterward, the precipitant reagent still entered into the droplets
through the channels. In this stage, the precipitant supply was
suppressed due to the impedimental shell. On this condition the
reaction was inclined to the nuclei growth rather than nucleation.
In general, metallic colloidal particles are positively charged
because it could adsorb a metal ion bringing a positive charge.
During the solidification procedure, the deepened color of col-
ored droplets also confirmed that the colorful metal ions were
absorbed on the initial colloidal shell. The adsorbed metal ions
on the inner shell were precipitated preferentially rather than
the free ions in the solution. Therefore, sheet-shaped particles or
assembling flower-like particles were formed and rooted vertically
from the inside shell, constructing the rough inner surface. When
performing the precipitation reaction in a batch reactor, the
nucleation and the nuclei growth would occur simultaneously in
the solution/suspension due to the inhomogeneous reaction con-
dition in a macroscopical environment. Accordingly, heteroge-
neous and disorderly particles were easily formed. Based on the
above analysis, we proposed a two-stage mechanism for the for-
mation of hollow microsphere as showed in Scheme 1: First, the
colloidal particle derived from the precipitation reaction rapidly
constructed the smooth exteriors based on the droplets, and then
the colloidal particles directionally grew on the inner shells, result-
ing in the hollow microspheres with a Janus shell.

The yields of hollow products
The typical yields of various metallic ions were listed in Table 1.
The mole yields of metal elements were obtained in the range
of 62% to 83% for these hollow samples. With a good yield and
an adjustable uniform size, the current method may provide the
most promising technique to achieve a goal-directed preparation
of amonodisperse hollowmicrosphere. The preparation of hollow
microspheres with themicrofluidics technology was operated in a
continuous way and a template was not required. Typical produc-
tivity with dozens to more than 100 mg per hour by one channel
was obtained, depending on the applied conditions. It was com-
petitive with the conventional batch synthesis route, whose typi-
cal productivity scale reported was 100 mg per synthesis
procedure.6 Considering this microfluidics apparatus can be facile
to scale-up via simple digital parallelization,42,43 it is promising to
provide a scalable procedure with such a microfluidics system.

The photocatalytic activities evaluation
The photocatalytic activities of the fresh hollow samples were
evaluated for RhB photodegradation under visible-light illumina-
tion. The change of RhB relative concentrations as a function of
irradiation time were revealed in Fig. 8(a). The apparent reaction
rate constants (k) of RhB photodegradation were calculated based
on a pseudo-first-order kinetic model and were shown in Fig. 8
(b).44,45 For the blank experiment without catalysts, RhB self-
degradation was relatively slow. Its k was 1.59 × 10−3 min−1,
essential consistency with that (1.65 × 10−3 min−1) reported by
Zhou et al.44 The degradation rates were promoted with all the
catalysts. And the Co hollow catalyst showed the highest degra-
dation activity. The activities were in the sequence of
Co > Zn > Fe > Cu catalyst samples. The photocatalytic activities
of two controlled samples, containing Co and Fe respectively, pre-
pared by conventional precipitation method were also tested and
shown in Fig. 8. It was noticeable that the Co- and Fe-based hol-
low samples prepared by microfluidic chip showed better activi-
ties (more than 0.84 and 0.26 times respectively) than the
corresponding controlled samples. The photocatalytic activities
on the oxide samples (namely Co3O4, Fe2O3, and CuO, respec-
tively) derived from the Co-, Fe-, and Cu-based hollow micro-
spheres calcined in air were also evaluated for RhB
photodegradation and shown in Fig. 9. They all showed ignorable
photocatalytic activities. Significantly, the Co oxide sample
showed very low activity although the ⊍-Co(OH)2 hollow samples
had superior activity. The recycling performance of ⊍-Co(OH)2 hol-
low catalyst was also tested and shown in Fig. 10. It was revealed
that the ⊍-Co(OH)2 catalyst was recycled. After 5 runs, about 61%
catalytic performance was maintained.

Figure 10. The recycle performance of RhB photodegradation on ⊍-Co
(OH)2 hollow catalyst.

Figure 9. Photodegradation of RhB on the oxides hollow sample of ΔCo,
�Fe, and 5Cu (☆: photolysis without a catalyst; Reaction conditions
see Fig. 8).

Figure 8. (a) Photodegradation of RhB and (b) the apparent reaction rate
constant (k) onΔCo,◇Zn, �Fe, and5Cu based fresh hollowmicrospheres
prepared with a microfluidics chip, and on▲Co and● Fe based samples
prepared by conventional precipitation reaction. (☆: photolysis without a
catalyst; Self-photodegradation) Reaction conditions: RhB concentration
0.5 × 10−6 mol L–1, catalyst concentration 0.05 g L−1, H2O2 concentration
is 2.2 × 10−4 mol L–1, initial pH =7, 300 W Xe-lamp (⊗ = 420 nm) with an
average light intensity of 100 mW cm−2.
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In the routes to prepare hollow materials with polymerization,
hydrolysis or hydrothermal traditional reaction, due to their harsh
reaction conditions, in general oxides products were obtained.
Differing from the traditional routes, in the current route the hol-
low materials were synthesized through the directing precipita-
tion reaction in microcosmic droplets, wherein a controllable
reaction condition was readily achieved. Thereby, some hard-to-
prepared microspheres, such as hydroxide hollowmaterials could
be synthesized. The photocatalytic activities on the ⊍-Co(OH)2
hollow catalyst were much better than its oxide sample (namely
Co3O4 hollow catalyst), suggesting the unique advantage of the
current route in the preparation of some uncommon inorganic
hollow microspheres.
The shell porosity of the hollow microsphere was intrinsic in the

current precipitation route. It was different from the polymeriza-
tion or hydrolysis synthesis routes, wherein a compact shell
tended to be obtained, and thus the substance exchanges inside
and outside of microcapsules were hampered. Hollow structures
in general can enhance mass transfer. The porous shell was bene-
ficial to the reaction rates by improving mass transport kinet-
ics.46,47 Compared to a solid sample with the same mass
catalyst, the thin porous shells usually do not cause a severe trans-
port limitation for reagents and products. Besides, different from
the agglomerate structures that only small partial incident light
is absorbed, the voluminous void space in hollow structures are
assumed to improve the overall absorption efficiency through
‘light trapping’ effects,20 thus the photocatalytic activities of the
hollow catalysts can be improved.
The comparisons of this work with others were listed in Table 2.

Notable that the normalized rate constant to catalyst concentra-
tion (kc = k (catalyst concentration)−1, 6.8 × 10−2 m−1 L g−1) of
the Fe(OH)3 hollow catalyst herein is thrice that
(2.2 × 10−2 m−1 L g−1) of Fe based nanoplate catalyst reported
by Zhou et al,44 indicating a better photocatalytic activity. Besides,
the kc (26.8 × 10−2 m−1 L g−1) of the ⊍-Co(OH)2 hollow catalyst
was higher than that of most other catalysts, or was about the
same level as that of shape-tuned nanorod Fe based catalyst
(36.6 × 10−2 m−1 L g−1). It suggested that the ⊍-Co(OH)2 hollow
catalyst was a promising photocatalyst for heterogeneous
photo-Fenton oxidation.

CONCLUSIONS
This study presented a novel pathway for the preparation of vari-
ous transition metal-based hollow microspheres with the differ-
ent morphology of the inner and outer surface. With
microfluidic technology, the inorganic hollow microspheres can
be rapid, low-costly, and continuously manufactured through
direct precipitation reaction in droplets. The prepared ⊍-Co(OH)2
hollow microspheres showed promising photocatalytic activity
for wastewater treatment based on heterogeneous photo-Fenton
oxidation. Furthermore, the current synthesis strategy is universal
for the preparation of a variety of metallic-based inorganic hollow
microspheres, and is promoting to achieve the goal-directed
preparation of a hollow photocatalyst.
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