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Abstract: The preparation of high specific area (86.5 m?/g) ZnO nanospheres with good photocat-
alytic efficiency via a simple, green and efficient mechanochemical method was reported in this work.
The products were characterized by XRD, SEM, TEM, BET and UV-Vis. The ball milling parameters
were improved to reduce the agglomeration hazard during the ball milling process, and the specific
surface area, band gap and photocatalytic efficiency were investigated in relation to ball milling time.
Our study developed the opportunity for the low-cost and facile synthesis of a high specific surface
area photocatalyst on a large scale for future industrial applications.
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1. Introduction

The development of industry has led to the discharge of large quantities of compo-
nents containing organic dyes to the aqueous environment, posing a serious threat to the
environment and human health [1,2]. Therefore, there is an urgent need for technology
to solve the problem of organic pollution. Photocatalytic technology is an advanced or-
ganic degradation technology with unparalleled advantages over traditional flocculation,
precipitation, and adsorption in organic purification [3-10]. Among them, the core of
photocatalytic technology is an efficient photocatalyst [11-14].

Compared to other common photocatalysts, ZnO has a high valence band oxidation
potential, chemical stability, environmental friendliness, and crystal morphology. In today’s
society, semiconductor photocatalyst research has focused on easy regulation and low
cost [15-18]. ZnO is a direct bandgap n-type metal oxide semiconductor with a high
forbidden bandwidth (3.37 eV) and a large exciton binding energy (60 meV). On the
other hand, ZnO has several drawbacks that limit its photocatalytic activity, including the
easy recombination of photogenerated electron-hole pairs, lower interfacial charge-carrier
transfer rate, and poor organic adsorption capacity [15-17].

The specific surface area can have a significant impact on the photocatalytic perfor-
mance. First of all, the surface itself is a kind of face defect, and it is well known that defects
have an important influence on the photocatalytic performance. In addition, the high
surface area increases the adsorption capacity for organic compounds, allowing more
organic compounds to react. Finally, high surface area can provide sufficient reaction
sites to increase the rate of organic reactions [18-21]. In recent years, several methods
for the preparation of ZnO have been developed to increase the specific surface area of
Zn0O, such as the solvent thermal method, hydrothermal method, sol-gel method, homo-
geneous precipitation method, microemulsion method, and mechanical force chemical
method [22-28]. Table 1 lists some reports on the relationship between the specific surface
area and photocatalytic efficiency [21,29-31].
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Table 1. Some reports on the relationship between the specific surface area and photocatalytic efficiency.

Organic Dye Types

Method BET (m?/g) and Concentrations ZnO Load Photodegradation K (10~2/min) Ref.
(mg/mL)
(ppm and M)
Sonochemical 6.43 91.6% @ 300 min 0.83
technique 3.83 MB (10 ppm) 1 73.4% @ 300 min 0.44 [21]
q 18.88 100% @ 300 min 1.59
185 100% @ 80 min
Solvothermal 50 MeOr (5.0 x 107> M) 0.5 86% @ 80 min - [29]
30.6 39% @ 80 min
46.50 Floral dye 30% @ 40 min
H};grﬁtélﬁriﬁll alnd 27.42 (Clitoria ternatea) 1 14% @ 40 min - [30]
et -hemica 24.30 ) 10% @ 40 min
10.5 99% @ 120 min
Sol-gel 9.4 MB (3 x 1072 M) 1 98% @ 120 min - 3
Precipitation 8.2 85% @ 120 min (311
dec?rf“;‘;iion 10.5 63% @ 120 min
p 9.4 MO (3 x 10-% M) 1 61% @ 120 min -
8.2 58% @ 120 min

Mechanochemistry is an important method for preparing small-sized nanomateri-
als [32]. High-energy ball milling is one of the most effective, relatively inexpensive,
straightforward, and environmentally friendly techniques for producing ZnO nanostruc-
tures. Moreover, nanostructures with a range of specific surface areas can be synthesized by
ball milling by varying parameters, such as the frequency, number and size of milling balls,
milling time, the material used for milling balls, and beakers [33-35]. The product prepared
by mechanochemical method usually has a sufficiently small particle size, but the specific
surface area of the product was usually not very high. The reason for this was that these
reports did not mention addressing agglomeration hazards, which was one of the most
important harmful effects of mechano—chemical methods. A lot of papers have been re-
ported on the mechanochemical synthesis of ZnO nanoparticles for photocatalysis or other
applications [28,36-42]. Some reports have used ZnCl, and Na,COj as reaction precursors
and have successfully prepared nano-sized ZnO particles by this method using NaCl as
the controlling agent for the ball milling process [28,36—-44]. However, the nano-sized ZnO
particles in these reports were not small enough (above 18 nm). Just one paper has reported
ZnO particles with a particle size of around 10 nm [45]. Additionally, the specific surface
area of all these ZnO nanoparticles prepared using mechanochemical methods was not
sufficiently large (below 47.3 m?/g) due to the natural limitations of the ball milling method
(agglomeration hazard) [28,36—42], which is an important pointer to the photocatalytic
ability of the photocatalysts. Obviously, innovations in this method were needed to address
the agglomeration hazard of the products, and thus increased the specific surface area and
allowed the full photocatalytic potential of the small-sized ZnO nanoparticles to be released.
To date, there have been few papers on mechanical force chemistry methods that reasonably
address this agglomeration hazard by varying the experimental parameters to maximize
the dispersion, resulting in well-dispersed ZnO particles with a large specific surface area,
and subsequently enhancing the photocatalytic performance of ZnO nanoparticles.

In this article, we therefore focused on how to solve these existing problems in a
simple and practical way. Firstly, NaCl was usually added as a process control agent
during normal ball milling to prevent particle agglomeration [28,36—44]. Solid control
agents usually only have a limited effect on reducing agglomeration hazards. In this work,
anhydrous ethanol was chosen as the controlling agent for the ball milling process and
the mass ratio of control agent to basic zinc carbonate is 1:2 (or molar ratio to Zn ions of
1.2:1). In theory, this will significantly reduce the agglomeration hazard associated with
prolonged ball milling. Here, we list Table 2 to summarize some published literature on the
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mechanochemical synthesis efforts in terms of the control agent used, average particle sizes,
and specific surface areas [28,36-38,40,45,46]. In addition, when collecting the product after
ball milling, we first placed the removed product in an ethanol solution, stirred it well to
make a suspension, and then placed the suspension in an ultrasonic disperser for 15 min
and the suspension was dried in an oven at a low temperature of just 10 °C above room
temperature. Finally, we calcined the collected product (basic zinc carbonate) at a very low
calcination temperature (300 °C) to obtain the final ZnO product. All these efforts were
aimed at minimizing the agglomeration hazard during the ball milling process. The product
was analyzed for photocatalytic properties and tested routinely, successfully obtaining
superior results to those obtained previously. In Table 3, we also list previous works
on the degradation of RhB solutions by ZnO in simulated light sources light [44,47-52].
The ball milling parameters were improved to reduce the agglomeration hazard during
ball milling process, and the specific surface area, band gap and photocatalytic efficiency
were investigated in relation to ball milling time.

Table 2. Some published literature on the mechanochemical synthesis efforts in terms of the control agent used, average par-

ticle sizes, and specific surface areas.

Control Agent (Molar

Rotational

Average Particle

Specific Surface

Preparation Process Ratio to Zn Ions) Speed (rpm) Size (nm) Area (m?/g) Ref.
milling
ZnCl; + NayCO3 +i}1§3§1 — ° ZnCO;3 + 10NaCl NaCl (8) 250 285 23.98 28]
ZnCO3; "=~ ZnO + CO, T
milling
ZnCl, + NayCOs + 8.4601(?1351 —° ZnCO3 + 10.6NaCl NaCl (8.6) ) 27 473 (36]
ZnCO; —  ZnO + CO, 1
milling
ZnCl, + Na,CO3 + ZI;I?CCI —° ZnCOs3 + 10NaCl NaCl (8) 600 21 ) [37]
ZnCO3; "=~ ZnO + CO, T
milling
ZnCl, + NayCOs + 8.3601;1?221 —° ZnCO;3 + 10.6NaCl NaCl (8.6) 250 277 ) (38]
ZnCO; "=~ ZnO + CO, T
milling
ZnCl; + Nap,COs3 +4§;\£aCCl —°ZnCO; + 6NaCl NaCl (4) B 179 446 [40]
ZnCO; "=~ ZnO + CO, T
700 "8 70 - 1000 10 36 [45]
milling Cetyl
Zn(CH3COO0), + NaOH ? 2CH3COONa + Zn(OH), rimethylammonium ) 07 ) (46]
Zn(OH), *% € ZnO + H,O1 bromide (CTAB) (4)
milling
ZnS(OH)é(COS)ZO; Zns(OH)s(C0s): Anhydrous ethanol (1.2) 240 10 865 This work
Zns(OH)s(CO3), "% € 5Zn0 + 3H,O1+ 2CO, 1
Table 3. Previous work on the degradation of RhB solutions by ZnO in simulated sources light.
Specific Surface Concentration of ZnO Load . s
Method Morphology Area (m?/g) RhB (ppm and M) (mg/mL) Photodegradation K (10-2/min) Ref.
Simple o . "
mechano-chemical Rods, 5 pm 8.45 10 ppm 0.667 51.8% @ 60 min - [44]
Sol-gel Spheres, 21 nm 10 ppm 0.333 - 0.05 [47]
Precipitation- Quasi-spheres, 1x1075M y
calcination 30-70 nm 11.35 (4.8 ppm) 0.667 . 1.00 (48]
Chemical Sheets, 200 nm 79.05% @ 120 min; B
ipitati tubes, 150 nm - 0.02 ppm 0.733 74.41% @ 120 min; ~ [49]
precipiiation rods, 150 nm 69.80% @ 120 min
Low-temperature Quasi-Spheres, o .
hydrothermal BRI - 6 ppm 0.8 84% @ 100 min - [50]
Sol-gel Rods, 16 nm - 10 ppm 1 95.41% @ 160 min - [51]
S Rods, hexagonal o ;
Precursor calcination plates, 100 nm - 5 ppm 0.5 75.2% @ 60 min - [52]
Mechanochemical- Quasi-spheres
calcined 10 r?m ’ 86.5 15 ppm 0.5 96.63% @ 60 min 5.78 This work

precursor
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2. Results and Discussion
2.1. Structure and Morphology of ZnO Nanospheres

Figure 1 shows the XRD patterns of the precursors and ZnO products at different
ball milling times. The XRD peak positions of Zns(OH)s(CO3), was the same after the
three different milling times and were consistent with the standard PDF 54-0047 for
Zn5(OH)(CO3), (Figure 1a). No obvious changes in the chemical composition and no
phase transition were observed after the ball milling process. Here, crystallite size was
carried out for Zns(OH)(CO3), and ZnO by selecting diffraction peaks near 13° and 36°,
respectively (see Table 4), according to the Scherrer formula:

Ky
= 1
Bcosf ™

where K is the Scherrer constant, D is the average thickness of the grain perpendicular to
the grain plane, B is the half-height or integral width of the diffraction peak of the measured
sample, § is the Bragg angle and 1 is the X-ray wavelength of 1.54056 A. With time, the peaks
for Zns(OH)4(CO3); broadened gradually, indicating a decrease in crystallite size. This was
caused by the continuous refinement of the powder during the ball milling process.

Zn(OH),(CO,), PDF 54-0047 | | ZnO PDF 36-1451 |
| ||I||II||||I||.. || [ I BN
1800 min 1800 min
600 min 2
%W%*MMMM E
‘o
c
5 min 9
£
0 min|
A
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26 (°) 26 (°)
(a) (b)

Figure 1. (a) XRD patterns of the precursors after different ball milling times; and (b) XRD of the products calcined at 300 °C.

The XRD peaks of all samples in Figure 1b correspond to the ZnO standard card
(PDF36-1451), and there were no peaks for other ZnO phases and Zns(OH)4(CO3),. The re-
sults showed that all ball milling precursors had decomposed completely at this tempera-
ture, and the decomposition products were hexagonal wurtzite ZnO. The XRD peaks of
all samples also showed an obvious broadening phenomenon; the degree of broadening
was more obvious than that of the precursor. After the calcination and decomposition of
the precursor, the hydrogen and carbonate ions in the lattice gain energy at the calcination
temperature. The pyrolysis reaction results in HyO and CO, escaping from the lattice.
The remaining zinc and oxygen in the crystal were converted to zinc oxide. The bonding
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mode of the bond changes to hexagonal wurtzite ZnO crystal, which leads to a decrease in
the solid particle volume.

Table 4. Relationship between the crystallite size and milling time of the Zn5(OH)4(CO3); and ZnO samples.

Name of Ball%\dﬂlmg XRD Peak Angle Half-Peak Half-Peak Crgstsall;te Size
Samples rme Intensity Values Values (°) Values Width (°) y Scherrer

(min) (nm)
Zn5(OH)6(C03)2 0 68 13.3 34 0.64 12.61
Zn5(OH)g(CO3), 5 58 13.18 29 0.72 10.87
Zn5(OH)g(CO3), 600 34 13.2 17 1.08 7.47
Zn5(OH)g(CO3), 1800 38 13.44 19 1.06 7.62
ZnO 0 154 36.7 77 0.6 16.33
ZnO 5 188 36.14 94 0.64 15.20
ZnO 600 152 36.14 76 0.78 12.47
ZnO 1800 156 36.24 78 0.76 12.82

The crystallite size of the A3 product calculated using the Scherrer equation was
12.47 nm, which is consistent with the FESEM images.

Figure 2 shows FESEM images of the morphology and particle size of the precursor
Zn5(OH)g(CO3), under different processing conditions. Figure 2a shows a FESEM image
of the original Zns(OH)(CO3);. The morphology was lamellar, and the size was approxi-
mately 200 nm. Figure 2b shows a FESEM image of Zn5(OH)s(CO3); milled for 600 min.
At this time, the Zn5(OH)¢(CO3), particle size changed to an equiaxed shape with the size
ranging from 10 nm to 100 nm. The changes in powder form and size were caused by the
impact, friction, shear and compression between the powder and the grinding ball.

100
— EHT= 300k Signal A= SE2 Mag= 100.00 KX WD= 48mm USTC w

(d)

Figure 2. (a) Untreated basic zinc carbonate (precursor); (b) after ball milling the precursor for 600 min; (c) after calcination
of the precursor at 300 °C; and (d) after ball milling the precursor for 600 min, followed by 300 °C calcination.
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Figure 2c shows an FESEM image of ZnO obtained after calcining the precursor at
300 °C. The chemical composition of the Zn5(OH)s(COs3), powder changed to wurtzite
type ZnO without a change in micromorphology and size. Figure 2d presents a FESEM
image of ZnO produced by the high-energy ball milling of Zns5(OH)(CO3), for 600 min and
calcination at 300 °C. ZnO showed a spherical morphology with a very uniform particle
size distribution and a very small size.

FETEM was performed to observe the particle size of the product. As shown in
Figure 3, after ball milling for 600 min and calcination at 300 °C, the ZnO product was
almost spherical with a particle size of approximately 10 nm and a uniform particle size
distribution. At this time, ZnO still maintained the wurtzite type phase.

0 x | —100 nm——

Figure 3. FETEM of ZnO after ball milling the precursor for 600 min followed by calcination at 300 °C.

2.2. BET Surface Areas and Bandgap of ZnO Nanospheres

Figure 4 shows the BET surface areas of the four products. Anhydrous ethanol
comprising 50% of the mass of the material was used as a control agent for the grinding—
milling process to allow the sample to be ground sufficiently and reduce agglomeration.
The BET isotherms showed that the specific surface area of the material during the entire
grinding process was consistent with the conventional ball milling experiments. This means
that in the early stages of the grinding process, the specific surface area of the product
increases rapidly from 69.8 m?/g of Al to 82.5 m?/g of A2. In the intermediate stages
of the grinding process, the specific surface area increased slowly from 82.5 m?/g of
A2 to 86.5 m?/g of A3. At the latter stages of the grinding process (when the crushing
limit was reached), the specific surface area decreased slightly from 86.5 m?/g for A3 to
80.5 m?/g for A4. The BET specific surface area of the three ball-milled products reached
or exceeded 80 m?/g. Specifically, the specific surface area of A3 reached 86.5 m?/g.
According to the physical density of wurtzite type ZnO (5.606 g/cm?) and the FESEM
images (spherical with a smooth surface and uniform size), the geometric diameter was
12.37 nm, which is consistent with the particle size in the FETEM image (10 nm) and the
grain size calculated using the Scherrer equation (12.47 nm) from the XRD data. Therefore,
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the particles are single-crystal ZnO particles. Table 5 lists the specific surface area, bandgap,
photocatalytic degradation efficiency, and the first-order rate constants for each sample.

30 _M BET Surface Area 80.5 m%/g
.___-.
20 7] I—-—-I-—-—"‘.'—-./
/.—-—-
a> 104"
-
) 38 |A3] BET Surface Area 86.5 m%/g
m —
“c 20 o a—
LE) | --l’.‘_‘._—.—-
- 10{«"
O
g 38 _M BET Surface Area 82.5 m*/g
O __/.
% 20 - .-./l_——-‘"l
< 1 O -n l/./
bl 1™
£ 0
I= [A1] BET Surface Area 69.8 m°/g
© 30-
O 20 — ——.__.__._.——-I__———"I
,.—-.’-.'-.—.-
1 O _./.
0 : , . l

00 0.1 0.2 0.3
Relative Pressure (P/P,)

Figure 4. BET analysis of each product.

Table 5. Specific surface area, bandgap width, and photocatalytic degradation efficiency, and the
reaction-level kinetic constants for each sample.

Samples  Ball Milling Time (min) BET (m?/g) Eg (eV) Photodegradation  k(10~2/min)

Al 0 69.8 3.115 78.70% @ 60min 2.583
A2 5 82.5 3.108 92.00% @ 60min 4.257
A3 600 86.5 3.123 96.63% @ 60min 5.781
A4 1800 80.5 3.119 81.90% @ 60min 2.840

The absorption spectrum is closely related to the energy band structure, which is a
key factor in determining the photocatalytic efficiency. For ZnO, the optical absorption
bandgap was estimated using the following formula:

(ahv)* = A(ho — Eg) /2 2)
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where «, i, v, Eg, and A are the absorption coefficient, Planck constant, frequency, forbid-
den bandwidth, and a constant, respectively. A linear extension of a plot of (ochv)z VS.
E(E = hv) to the x axis gives the Eg value.

Figure 5a shows that all the products absorb only in the ultraviolet region within
400 nm. The absorption value in the visible light region beyond 400 nm decreased sharply
to zero after 420 nm, which is similar to ordinary ZnO. The bandgaps E¢ of each ZnO
product were between 3.108 and 3.123 eV (Figure 5b). The differences in the bandgaps of
these samples were all within 0.015 eV, indicating a similar bandgap. Therefore, the large
gap in photocatalytic performance was not due to a change in bandgap. High-energy ball
milling can cause a certain degree of redshift in the bandgap, which may be caused by a
large number of crystal defects inside the crystal. Using the equation, the calculated Eg
values of all the ZnO samples from UV-Vis DRS were less than the real optical bandgap of
bulk ZnO, which is approximately 3.37 eV at room temperature. This might be related to
oxygen vacancies and the concentration of defects in the ZnO samples [21]. At the same
time, this test also demonstrated the difficulty of changing the E¢ of the material using
long-time mechanical ball milling.

1 /" /’
Ad A4 Eg=3.1 19 eV ///’
== T _F\’/’j T T
1ir_g_lX .,'/
; : A3 . g
© o A3 E =3.123eV /
~— > g /
© 9 /]
Q T ‘ T 7 T T
% ’kﬁ_“\,. O~ 7
= A2 F- )
O o (A2 E =3.108 eV -
@ = 9 /
2 /
< T T / T T T
A1 I
A1 Eg=3.1 15 eV ,-’/
-t - Tt T T 7.7 S A O S '_'\/;"/' Y T & & 5
200 300 400 500 600 700 800 9001000 1 2 3 4 5
Wavelength (nm) E, (eV)
(a) (b)

Figure 5. (a) Ultraviolet—visible absorption spectra of each sample; (b) forbidden bandgap of each sample.

2.3. Photocatalytic Properties of ZnO Nanospheres

The effects of the milling time on the photocatalytic properties of the ZnO products
were investigated using the milling times of 0 min, 5 min, 10 min, 20 min, 600 min, 1200 min,
and 1800 min, keeping the other preparation conditions the same. Figure 6 shows the effect
of RhB degradation in one hour for the seven samples at different times.

The performance of the sample improved rapidly in the first few minutes of ball
milling, followed by a rapid decrease with large fluctuations. The photocatalytic perfor-
mance was highest in the sample ball milled for 600 min, with a degradation efficiency
of 96.63%. XRD and SEM showed that calcination at low temperatures could retain the
spherical morphology and size (10 nm) of the precursor after high-energy ball milling.
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Therefore, the photocatalytic properties of the product can be attributed to spherical ZnO
with a 10 nm particle size. The small particle size will have a large specific surface area,
which will increase the adsorption of an organic compound to the photocatalyst and pro-
vide a large number of reaction sites. In addition, the morphology of hexagonal wurtzite
ZnO, which should have a hexagonal shape, was spherical after high-energy ball milling
and low-temperature calcination. Since the interplanar spacing of wurtzite ZnO ranges
from 0.109 nm to 0.282 nm (XRD PDF36-1451), in the case of such a small grain diameter,
the surface curvature was too large relative to the interplanar spacing. Therefore, the ex-
posed surface was no longer some traditional crystal faces, but should be all crystal faces,
allowing the full use of the photocatalytic effect of the dominant crystal face with good
photocatalytic performance.

100
X 90
m
s 80‘
m J
“s 70+
1 100 ~
9 604 -
© 90 1
= ] 80 -
§ ™ 70-
® 404 60 -
© J
E 30_' 0 10 20
(@)]
S ]
D 20 T T T T T T T
0 600 1200 1800

Milling time(min)
Figure 6. Photocatalytic activity of ZnO samples with different milling time.

The rate of RhB degradation treated with the A2, A3, and A4 photocatalysts for differ-
ent high-energy ball milling times was faster than that using the samples calcined directly
without high-energy ball milling, as shown in Figure 7a. Among them, the degradation
rate of the A3 photocatalyst was highest, up to 96.63% in 60 min under a simulated light
source. On the other hand, the Al photocatalyst without high-energy ball milling could
only degrade 78.70% of RhB under the same conditions. The bandgap of all ZnO products
was between 3.108 and 3.123 eV. High-energy ball milling promotes the photocatalytic
modification of ZnO because the entropy and particle size of the A3 sample reached the
limits of high-energy ball milling. Moreover, defects can become a trap of photogenerated
electrons, inhibiting the composite of photogenerated charges of materials, promoting their
separation, and enhancing the photocatalytic performance. The extremely small particle
size and various crystal surfaces exposed also provide a large number of reaction sites for
the photocatalytic reaction.

Figure 7b,c show the degradation rate constants calculated using the degradation rate
formula, In(C/Cy) = kt. The first order rate constants (k) for the degradation of RhB using
the A3 photocatalyst was 0.05781 min~!.
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Figure 7. (a) RhB concentration with each ZnO photocatalyst as a function of the irradiation time; (b) first-order test
of the photocatalytic reaction using the different photocatalyst; (c) photodegradation reaction rate constant histogram;
and (d) UV-Vis spectrum of the RhB solution containing the A3 photocatalyst at different times.

3. Experimental
3.1. Materials and Instruments

Tables 6 and 7 list the materials and instruments used in the experiment, respectively.

Table 6. Materials used in the experiment.

Reagent Chemical Formula Purity Manufacturer
Basic zinc carbonate Zn5(0OH)6(CO3)n AR Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China
Rhodamine B (RhB) CygH31N,O5Cl AR Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China
Anhydrous ethanol C,H50H AR Yangzhou Hubao Chemical Reagent Co., Ltd., Yangzhou, China

Table 7. Experimental instruments.

Instruments Model Manufacturer
Planetary ball mill XM-2 Xiangtan Sanxing Instrument Co., Ltd., Xiangtan, China
Xenon lamp PLS-SXE300 Beijing Perfectlight Technology Co., Ltd., Beijing, China
Box muffle furnace KSL-1200X (UL) Hefei Kejing Material Technology Co., Ltd., Hefei, China

Ultraviolet—visible spectrophotometer UV 5500PC Shanghai Metash Instruments Co., Ltd., Shanghai, China
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3.2. Synthesis of ZnO Nanospheres
3.2.1. Ball Milling Process

The Zn5(OH)(CO3), to grinding ball (stainless steel) material ratio by mass was
1:10; the diameter of the grinding balls was 4.7 mm, and the filling coefficient was 0.1.
Anhydrous ethanol was used as the control agent (50% of the material by mass) in the ball
milling process, and the rotation speed of the ball mill was 240 rpm. Overheating was
prevented by ball milling for 20 min with a 3 min rest in a single cycle. The samples were
taken at a milling time of 5 min, 600 min, and 1800 min and dried at a low temperature of
just 10 °C above room temperature (30~35 °C).

3.2.2. Calcination Process

The calcination temperature was set to 300 °C because the precursor Zns(OH)s(CO3),
can be decomposed completely only at temperatures higher than 200 °C [53]. To obtain
pure ZnO products, the calcination temperature must be higher than 200 °C. On the other
hand, the calcination temperature should be as low as possible to maintain the original
morphology and particle size of the precursor to the maximum extent. The low temperature
prevents the particle size growth, resulting in a small particle size scale and a high specific
surface area. In addition, a low temperature can prevent the decrease in the high entropy
state caused by high-energy ball milling at high temperatures so that the product can retain
the high entropy state of the precursor. Table 8 lists the names and preparation conditions
of the ZnO samples.

Table 8. Names and preparation conditions of the ZnO samples.

Name of Ball Milling Time Calcination Calcination Time
ZnO Samples (min) Temperature (°C) (min)
Al 0 300 120
A2 5 300 120
A3 600 300 120
A4 1800 300 120

3.3. Characterizations

The product was characterized by X-ray powder diffraction (XRD, XRD-6000, Shi-
madzu, Japan) using Cu K« radiation (A = 0.15406 nm) with a voltage and current of
40 kV and 30 mA, respectively. The morphology of the product was characterized by
field emission scanning electron microscopy (FESEM, Supra 55, Zeiss, Germany) and an
accelerating voltage of 20 kV. The morphology and size of the particles were character-
ized by field emission transmission electron microscopy (FETEM, Jeol-2010 (JEOL, Japan).
The Brunauer—-Emmett—Teller (BET) surface area was tested using a V-sorb 2008p specific
surface and pore size analyzer (Beijing Jinaipu Science and Technology, China). The BET
surface area was measured from the adsorption of N, gas at —196 °C after a drying temper-
ature of 60 °C and a drying time of two hours. The assay amount was 20-60 mg per sample
and the ambient temperature for the test was 20 °C. The UV-Vis absorption spectrum
of the product was measured using a Duv-3700 UV-Vis spectrophotometer (Shimadzu,
Japan). The wavelength range was 240-1200 nm.

3.4. Photocatalysis Measurements

The photocatalytic activity of the product was evaluated by the degradation of an
RhB aqueous solution under simulated sunlight. The simulation light source was a 300W
Xe lamp (PLS-SXE 300, Beijing Perfectlight Technology, Beijing, China), and the light
source current was 15A. The height between the lamp mouth and the solution was 10 cm.
A magnetic stirrer was placed underneath the solution for each test, and the volume of the
solution and the height of the solution level from the lamp opening were strictly controlled.
A stirring magnet was added to the solution and the stirring magnet was used to stir the
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RhB solution at a constant speed throughout the irradiation process. The concentration
of RhB was 15 mg/L (15 ppm), the solution volume was 30 mL, and the catalyst dose
was 0.5 mg/mL. Before irradiating the light source, the reaction system was dispersed by
ultrasound for 15 min and stirred in the dark for 45 min to achieve adsorption—desorption
equilibrium. The simulated light duration was 60 min. The absorbance of the RhB solu-
tion at 664 nm was measured using a UV-Vis spectrophotometer (UV 5500pc, Shanghai
Metash Instruments, Shanghai, China). The degradation rate was determined using the
following formula:

Degradation rate = Co C_ ¢ *100% 3)
0
where Cj is the initial absorbance of the RhB solution, and C is the absorbance of the RhB
solution after irradiation for 60 min.

4. Conclusions

In summary, pure ZnO nanospheres with a high specific surface area and small size
were prepared by ball milling with subsequent calcination was reported. The change in the
specific surface area of the ZnO is in line with that of conventional ball-milling experiments
with time, and the time of the ball-milling plays an important role in the formation of ZnO
with a high specific surface area but had little effect on the bandgap. The photocatalytic per-
formance was positively correlated with the specific surface area. A higher photocatalytic
efficiency (96.63%@60min) of ZnO was achieved at both a high RhB concentration (15 ppm)
and low catalyst loading (0.5 mg/mL) compared to other reports [44,47-52]. This paper
reports an improved photocatalytic efficiency of undoped ZnO using only planetary ball
milling at 240 rpm, followed by calcination at 300 °C. With the low equipment requirements,
low energy consumption, and high efficiency, this work provides a simple and practical ap-
proach that can effectively mitigate the agglomeration hazards associated with mechanical
force chemistry and release the full potential of the catalytic performance of nanoparticles,
resulting in photocatalysts with high size homogeneity, high dispersion and high specific
surface area, which provides a new idea for expanding the industrial mass production of
small-size, high-specific-surface-area powders and high-performance photocatalysts.
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