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ABSTRACT: Micromixers offer the advantage of rapid and A Cu(OH) o
- . . | = > Ellipse curve micromixer o

homogeneous mixing compared with conventional macroscale | . o OO

o

reaction systems, and thus they show great potential for the
synthesis of nanoparticles. An ellipse curve serpentine micromixer,
which had been proposed in our prior works was employed to ‘

synthesize Cu,O nanoparticles. Cu,O are excellent photocatalysts Glucose
that have been widely utilized in the degradation of organic dyes. i i ] o
Owing to the excellent mixing performance, the reduction of ‘ O o
Cu(OH), in micromixing synthesis was more sufficient than thatin cuom. - OOO <

Stirring

conventional stirring synthesis. The Cu,O nanoparticles synthe- Cuz0 nanoparticles
sized by micromixing had smaller size and narrower size

distribution compared with those synthesized by stirring in a beaker. The smallest Cu,O nanoparticles were obtained by
micromixing with Re = 100 at T = 60 °C, while the most uniform Cu,O nanoparticles were obtained at T = 80 °C owing to Ostwald
ripening. Through the photocatalytic degradation experiments of Rhodamine B, the Cu,O nanoparticles synthesized by micromixing
were found to have better photocatalysis than those synthesized by stirring. The research results showed that the micromixing
synthesis was a more suitable choice to produce Cu,O nanoparticles with excellent photocatalysis. The ellipse curve micromixer with
a simple structure and high mixing performance can be applied in the synthesis of various nanoparticles.

1. INTRODUCTION ature also had significant effects on the reducing reaction. The
increase in temperature accelerated the reduction of Cu(OH),
and contributed to the growth of Cu,O nanoparticles. It was
observed that the Cu,O nanoparticles transformed from
truncated octahedrons to spheres, with the temperature
increasing from 70 to 100 °C."

For the conventional liquid phase reducing process, the
reactants were usually mixed by stirring in beakers or tank
reactors. Compared with the conventional reaction systems on
a macroscale, micromixers and microreactors have shown great
advantages of high reacting efficiency, precise controllability,
and low reagent consumption. Since rapid and uniform mixing
can be achieved by micromixers, it is quite promising to utilize
micromixers to produce nanoparticles.'”"® Sugano et al.'”’
synthesized gold nanoparticles through a Y-shaped micromixer
assisted with two piezoelectric valveless micropumps. By
increasing the mixing time, tetrachloroauric acid and sodium
citrate could be uniformly mixed, and ultrafine gold nano-
particles were obtained. Kimura et al.”’ employed a baffle
micromixer to synthesize lipid nanoparticles. The average size

Cu,O nanoparticles have attracted great attention on account
of their widespread application scenarios including antibacte-
rials," sensors,” catalysts,3 colorants,* and batteries.” One of the
most common uses of Cu,O is the photocatalytic degradation
of organic dyes.””® Cu,0 is a p-type semiconductor that has a
narrow band gap and a wide spectrum absorption range.
Electron—hole pairs can be readily generated in Cu,O under
irradiation. The photogenerated electrons or holes would move
to the surfaces of Cu,O nanoparticles and undergo redox
reactions with the electron acceptors or electron donors
absorbed on nanoparticle surfaces to degrade the organic dyes.
The liquid phase reducing method was a convenient
approach to produce Cu,O nanoparticles due to the low
equipment requirements, high operating flexibility, and low
costs.” During the liquid phase reducing process, it was found
that the morphology and size of Cu,O nanoparticles were
influenced by the reactant concentration and reaction
temperature.'"'> Zhang et al.'’ employed poly-
(vinylpyrrolidone) (PVP) as the surfactant and synthesized
Cu,0 nanoparticles with different shapes by adjusting the PVP
concentrations. With the increment of PVP, Cu,O nano- Received:  June 13, 2023
particles transformed from cubes to truncated cubes, truncated Accepted: July 19, 2023
octahedrons, and finally octahedrons in sequence. It was Published: August 1, 2023
reported that the excessive surfactant caused aggregation of
Cu,O crystals and resulted in a larger particle size.'* In
addition to the reactant concentrations, the reaction temper-
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Figure 1. Schematic of the ellipse curve micromixer. Reprinted with permission from ref 27. Copyright 2021 Elsevier.
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Figure 2. Velocity vectors in cross sections of ellipse curve microchannels at Re = 100. Reprinted with permission from ref 27. Copyright 2021

Elsevier.

of lipid nanoparticles was only 10 nm owing to the significant
secondary flows. A splitting and recombining micromixer has
been used to produce ultrafine hexanitrostilbene.”' The results
showed that the hexanitrostilbene synthesized by micromixer
had a smaller size and a narrower size distribution than those
synthesized by beakers.

The serpentine structure is one of the most efficient
micromixer structures with excellent mixing performance and
therefore has been widely used for the synthesis of nano-
particles.”””* A serpentine micromixer with sinusoidal micro-
channels has been employed to produce nanocrystalline
cellulose.”* The nanocrystalline cellulose prepared by the
serpentine micromixer had higher yields and narrower size
distribution than those prepared by conventional methods.
Baruah et al.” synthesized ZnO nanoparticles with different
shapes by adjusting the geometry of serpentine microchannels.
The ZnO nanoparticles changed from spindles to thin sheets
with the decrement of microchannel heights. Florez et al.”®
using a serpentine micromixer synthesized magnetite nano-
particles. It was found that the energy consumption of
micromixing synthesis was much lower than that of the
conventional synthesizing methods.

In this research, an ellipse curve serpentine micromixer that
had been proposed in our prior works was adopted to
synthesize Cu,O nanoparticles.”” Cu,O nanoparticles were
synthesized by both micromixing and stirring in a beaker, with
different PVP concentrations and temperatures. The effects of
mixing performance on the formation of Cu,O nanoparticles
were investigated. The photocatalytic degradation experiments
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of Rhodamine B were carried out to investigate the
photocatalysis of Cu,O nanoparticles synthesized under
different mixing conditions.

2. EXPERIMENTAL DETAILS

2.1. Ellipse Curve Serpentine Micromixer. The ellipse
curve serpentine micromixer employed to synthesize Cu,O
nanoparticles had been proposed in our prior work, as shown
in Figure 1. The serpentine microchannels were derived from
ellipse curves, which were simple and easy to manufacture. As
presented in Figure 2, Dean vortices were generated all along
the flow path. An efficient mixing could be achieved through
intense and effective chaotic advection. The geometry
parameters of the serpentine micromixer are exhibited in
Table 1.

Table 1. Geometry Parameters of the Ellipse Curve
Micromixer

geometry parameters value (um)
inlet length (L,) 2000
straight channel length (L,) 800
outlet length (L;) 1600
channel width (w) 200
channel depth (d) 200
major axis of ellipse (a) 1355
ellipse circumference (C) 6000
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Mixing performance (M) is used to evaluate the
homogeneity of mixing (0 means absolutely no mixing and
100% means complete mixing). The mixing performance of the
micromixer is dependent on the Reynolds number (Re), which
is defined as eq 1.

pPVDy,
u (1)

where V, u, Dy, and p represent the flow velocity, the dynamic
viscosity, the hydraulic diameter, and the density of fluids,
respectively. Since the mixing fluids under different exper-
imental conditions are the same, the Reynolds number (Re)
only represents the flow velocity. The correlation between
mixing performance (M) and Reynolds number (Re) is
exhibited in Figure 3. As shown, a higher Re corresponds to

Re =

100 - —O— Mixing performance

Mixing performance, M (%)
(3] W B W D ~ (o] el
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Figure 3. Mixing performance of ellipse curve micromixer with Re
from 10 to 100. Reprinted with permission from ref 27. Copyright
2021 Elsevier.

better mixing performance because the chaotic advection is
stronger at the higher flow velocity. Reynolds numbers are set
at 30 and 100 in the micromixing synthesis of Cu,O
nanoparticles in order to investigate the formation process of
nanoparticles under different mixing conditions.

2.2. Synthesis Procedures of Cu,O Nanoparticles.
Cu,O nanoparticles were synthesized by the ellipse curve
micromixer according to Figure 4a. The precursor was
Cu(OH), and the reducing agent was glucose. A copper
sulfate solution was first prepared by dissolving 0.64 g of
anhydrous copper sulfate in 25 mL of deionized water. Sodium
hydroxide (0.5 g) was dissolved in 25 mL of deionized water to
prepare a sodium hydroxide solution. The Cu(OH),
suspension was prepared by mixing copper sulfate solution
and sodium hydroxide solution in a beaker. In addition, 0.36 g
of anhydrous glucose was dissolved in 50 mL of deionized
water to prepare a glucose solution. The total amount of the
reaction solutions was 100 mL. The molar concentration of
copper sulfate, sodium hydroxide, and glucose were 0.05, 0.15,
and 0.1 mol/L, respectively. The reduction of Cu(OH), is
described in eq 2.

2Cu(OH), + CH,0H(CHOH),CHO
£ Cu,0 + CH,0H(CHOH),COOH + 2H,0  (2)

Sodium citrate (0.1 g) was added to the sodium hydroxide
solution as a chelating agent. Sodium citrate was reported to
improve the dispersion of copper hydroxide suspension and
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Figure 4. (a) Synthesis of Cu,0 nanoparticles by micromixing. (b)
Synthesis of Cu,O nanoparticles by stirring in a beaker.

help to make the Cu,O nanoparticles more uniform."

Poly(vinylpyrrolidone) (PVP, K-30, 58000) was adopted as
the surfactant. The amount of PVP changed from 0.58 to 1.74
g, with the corresponding molar concentration changing from
0.1 to 0.3 mmol/L, as presented in Table 2.

Table 2. Experimental Conditions of Synthesizing Cu,O
Nanoparticles

series molar concentration of PVP (cpyp, mmol/L)
1 0.10
2 0.15
3 0.20
4 0.25
S 0.30

The setup of synthesizing Cu,O nanoparticles by micro-
mixing is exhibited in Figure S. The solutions of Cu(OH), and
glucose were steadily injected into the ellipse curve micromixer
by a syringe pump. Products were collected from the outlet
and heated in a water bath. The temperature was set at 80 °C
in the initial study. For comparative research, Cu,O nano-
particles were also synthesized by stirring in a beaker under the
same experimental conditions, as shown in Figure 4b. The
glucose solution was added dropwise to the prepared
Cu(OH), suspension, and then they were mixed by stirring.

2.3. Photocatalytic Degradation of Rhodamine B.
Cu,O are excellent photocatalysts that have been widely
employed for the degradation of organic dyes. The Cu,O
nanoparticles synthesized by micromixing and stirring were
used for the degradation of Rhodamine B to investigate their
photocatalysis. Cu,O nanoparticles (0.02 g) were first added in
30 mL of Rhodamine B solutions (S mg/L). They were stirred
in a magnetic stirrer for 40 min under dark conditions to reach
the absorption—desorption equilibrium. The solution was then
irradiated under an ultraviolet lamp (50 W, wavelength of 365
nm), and 0.1 mL of 30% H,0O, solution was added to
accelerate the degradation of Rhodamine B. Five milliliters of

https://doi.org/10.1021/acsomega.3c04200
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Figure S. Setup of synthesizing Cu,O nanoparticles by micromixing.
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the reacting solution was taken every 10 min to measure its
absorbance. The UV—vis photometer was set at a wavelength
of 554 nm, which was the maximum absorbance wavelength of
Rhodamine B. The degradation percent (Degp) of Rhodamine
B was calculated based on eq 3.

A
Deg = [1 - A—f] X 100%
0

©)

where A, is the absorbance of the solution after irradiating for ¢
mins and A, is the absorbance of the solution before the
irradiation. The higher degradation percent of Rhodamine B
connotes that the used Cu,O nanoparticles have stronger
photocatalysis. Three comparative experiments were con-
ducted. A Rhodamine B solution only added Cu,O nano-
particles without H,O,, while the other one only added H,0O,
without Cu,O nanoparticles. A blank experiment without any
photocatalysts was carried out on the same condition.

3. RESULTS AND DISCUSSION

3.1. Cu,0 Nanoparticles Synthesized with Different
PVP Concentrations. The phase purity of the products was
examined by X-ray powder diffraction (XRD), as shown in
Figure 6. The reflection peaks of both the products synthesized
by micromixing and stirring show the same intensities and
positions with the standard card JCPDS No. 05-0667. It means
that the products are pure Cu,O. All three products have sharp
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Figure 6. XRD patterns of products synthesized by micromixing and
stirring in a beaker.
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and strong reflection peaks, which connotes that they have
high crystallinity and there is no impurity.

The three products examined are synthesized with PVP =
0.3 mmol/L at T = 80 °C, and their morphologies are
exhibited in Figure 7. The Cu,O nanoparticles are mainly in
the shapes of truncated octahedrons, truncated cubes, and
quasi-spheres, corresponding to the three different mixing
conditions. The truncated octahedrons have a larger exposed
area of the {111} crystal planes than the truncated cubes did,
while the exposed crystal planes of quasi-spheres were
indistinguishable due to the excessive aggregation of Cu,O
crystals. Therefore, the reflection peaks, especially the {111}
peak of Cu,O nanoparticles synthesized by micromixing with
Re = 100, are much higher than those of other products.

The Cu,O nanoparticles synthesized under the three mixing
conditions were analyzed using a scanning electron microscope
(SEM). One hundred particles were taken from each
synthesizing condition to be measured by the Image J software.
The average diameter and standard deviation of Cu,O
nanoparticles synthesized with various PVP concentrations
are shown in Figure 8. The size distribution of Cu,O
nanoparticles synthesized by micromixing and stirring are
compared in Figure 9.

As presented in Figure 8, for Cu,O nanoparticles
synthesized by micromixing, both the average diameter and
standard deviation decrease with PVP increasing from 0.1 to
0.25 mmol/L. The smallest and most uniform Cu,O
nanoparticles are obtained at PVP = 0.25 mmol/L. Never-
theless, the average diameter and standard deviation increase
with the further increase of PVP. As shown in Figure 9d, for
Cu,O nanoparticles synthesized by micromixing at Re = 30, the
nanoparticles are mainly distributed in the two ranges of 150—
300 and 300—450 nm, and only a small number of
nanoparticles are larger than 450 nm when the PVP
concentration was 0.25 mmol/L. With the PVP concentration
increasing to 0.3 mmol/L, there are fewer nanoparticles
distributed in the range of 150—300 nm, and the number of
nanoparticles with diameters above 450 nm increases
significantly, as shown in Figure 9e. It indicates that the
Cu,0 nanoparticles are coarsened and their homogeneity
becomes worse.

For Cu,0 nanoparticles synthesized by stirring in a beaker,
the smallest and most uniform nanoparticles are obtained at
PVP = 0.15 mmol/L, as seen in Figure 8. With the further
increase of PVP, the average diameter and standard deviation
increase, which is similar to the Cu,O nanoparticles
synthesized by micromixing. It reflects that the size of Cu,O
nanoparticles first decreases and then increases with the
increase of PVP, whether the Cu,O nanoparticles are
synthesized by micromixing or stirring. PVP can be adsorbed
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Figure 7. Morphologies of Cu,0 nanoparticles synthesized by micromixing and stirring in a beaker.
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Figure 8. (a) Average diameter and (b) standard deviation of Cu,O nanoparticles synthesized by micromixing and stirring with various PVP

concentrations.

on the Cu,O crystal planes to hinder crystal growth. Therefore,
smaller Cu,O nanoparticles can be obtained by adding PVP.
However, the PVP absorbed on Cu,O crystal planes would
stick to each other when excessive PVP is added, leading to the
aggregation of Cu,O crystals. At the same time, the irregular
aggregation of Cu,O crystals also increases the difference in
particle sizes, which causes the deterioration of particle
homogeneity.

3.2. Formation Process of Cu,0 Nanoparticles under
Different Mixing Conditions. In addition to the reactant
concentrations, the mixing conditions of reactants have
significant effects on the size and morphology of nanoparticles.
On the one hand, it is seen from Figure 8 that the Cu,O
nanoparticles synthesized by micromixing are finer and more
uniform than those synthesized by stirring in a beaker. On the
other hand, the Cu,O nanoparticles synthesized at Re = 100
are finer than those synthesized at Re = 30, although the sizes
of Cu,O nanoparticles synthesized by micromixing at Re = 30
and 100 display similar variation trends. As presented in Figure
9, the Cu,O nanoparticles synthesized at Re = 100 are mainly
distributed in the range from 150 to 300 nm when PVP > 0.2
mmol/L, while the Cu,O nanoparticles synthesized at Re = 30
are distributed in a wider range from 150 to 450 nm.

The formation process of Cu,O nanoparticles synthesized by
micromixing and stirring is delineated in Figure 10. For the
stirring synthesis that proceeds in macroscopic volume, it takes
a period of time for Cu(OH), and glucose to achieve adequate
mixing so that the reduction of Cu(OH), is insufficient at the
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beginning stage. As shown in Figure 10c, reduced Cu,O,
unreacted Cu(OH),, and glucose coexist in the beaker. The
subsequent Cu(OH), is still in the reduction process when the
initially reduced Cu,O nucleates. Different stages of Cu,O exist
in the same space, including the newly nucleated Cu,O
crystals, the growing Cu,O crystals, and the unnucleated
Cu,O. When Cu(OH), is fully reduced, the sizes of Cu,O
crystals distribute in a wide range. The Cu,O nanoparticles
finally synthesized have poor homogeneity.

Compared with the conventional stirring synthesis, the rapid
and complete mixing between Cu(OH), and glucose can be
achieved by the ellipse curve micromixer. As shown in Figure
10a, the reduction of Cu(OH), is quite sufficient at Re = 100
owing to the excellent mixing performance, nearly 100%. The
copper elements are mainly present as high concentration of
Cu,O molecules with little unreduced Cu(OH),. The
subsequent reduced Cu,O flowing into the vessel will
aggregate on the initially nucleated Cu,O crystals. The Cu,O
crystals are almost at the same stage when Cu(OH), is fully
reduced. Therefore, the Cu,O nanoparticles finally obtained
are uniform in size.

The mixing performance is less than 60% when Re = 30 and
thus the reduction of Cu(OH), at Re = 30 is not as sufficient as
that at Re = 100. Unreduced Cu(OH), coexists with the
reduced Cu,O in the vessel, as seen in Figure 10b. Some Cu,O
is just reduced, while the formed Cu,O crystals grow. The
homogeneity of Cu,O nanoparticles synthesized at Re = 30 is
worse than those synthesized at Re = 100. Nevertheless, the
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Figure 9. Size distribution of Cu,O nanoparticles synthesized by micromixing and stirring with various PVP concentrations.

reduction of Cu(OH), at Re = 30 is still more sufficient than micromixing at Re = 30 are more uniform compared with those
the stirring synthesis. The Cu,O nanoparticles synthesized by synthesized by stirring.

29763 https://doi.org/10.1021/acsomega.3c04200
ACS Omega 2023, 8, 29758—29769


https://pubs.acs.org/doi/10.1021/acsomega.3c04200?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04200?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04200?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04200?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a) Micromixing with Re = 100

([
e () e o ( o
® o [ hd ) ‘L _— °e —_— ® o
o o o
® o ¢ leati ° th ° o
o o 0 ° ° nucleation grow o
reducing
(b) Micromixing with Re = 30
[

[ J o ° (#) o
L ° o °o o
P ° [ ) e ® o o © O

e o O ° ‘e nucleation © ® growth ()
reducing O
(c) Stirring in beaker
® o
C IO e, O O
. . . . . [ ] . [ ] ® ° O
. . . . ® . [ J O.
L () reducing ] ® nucleation ®  growth O
@CuOH), @CH;0; ©Cu,0 ()Cu,0 Crystals

Figure 10. Formation of Cu,O nanoparticles synthesized by micromixing and stirring in a beaker.
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Figure 11. (a) Average diameter and (b) standard deviation of Cu,O nanoparticles synthesized by micromixing and stirring with various

temperatures.

The Cu,O concentration is high for the micromixing
synthesis, since the excellent mixing performance brings
about sufficient reduction of Cu(OH),. A large number of
Cu,O crystals are nucleated to consume the reduced Cu,O. By
contrast, the Cu,O concentration is relatively low for the
stirring synthesis due to the insufficient reduction of Cu(OH),.
Fewer Cu,O crystals are formed in the stirring synthesis.
Therefore, the Cu,O nanoparticles synthesized by micromixing
are finer than those synthesized by stirring in a beaker because
the total amount of Cu,O is the same.

A similar phenomenon has also been reported by Bai et al.'’
They found that the increase in the stirring rates contributed to
the hindered aggregation of Cu,O crystals. The size of Cu,O
nanoparticles decreased from 800 to 150 nm with the stirring
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rates increasing from 4 to 6 r/s. The size of Cu,O
nanoparticles synthesized by micromixing with Re = 100 at
PVP > 0.25 mmol was nearly 200 nm, which was close to that
of the Cu,O nanoparticles obtained at a stirring rate of 5 r/s.
However, Bai et al.'° neglected the influence of mixing
performance on the reducing reactions. The increase of stirring
rates played a similar role to a micromixer, which improved the
mixing among solutions and led to the more sufficient
reduction of Cu(OH),.

In addition to the nanoparticle sizes, the morphology of
Cu,O nanoparticles is also influenced by the mixing
conditions. As shown in Figure 7, the Cu,O nanoparticles
synthesized by micromixing with the Re = 100 are mainly
truncated octahedrons. When Re = 100, rapid and uniform
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Figure 12. Formation of Cu,0O nanoparticles by micromixing and stirring in a beaker at T = 40 °C.

mixing is achieved among the whole reactants including
Cu(OH),, glucose, and PVP. The PVP can be sufficiently in
contact with the Cu,O crystals. The PVP first covers the {100}
crystal planes to hinder the crystal growth in the {100} plane
direction. Then, there is also much PVP absorbed on the
{111} crystal planes to hinder the crystal growth in the {111}
plane direction. As a result, the exposed area of the {111}
crystal plane becomes larger, while the exposed area of the
{100} crystal plane becomes relatively smaller. The Cu,O
nanoparticles in the shape of truncated octahedrons are finally
formed.

When Re = 30, the mixing among Cu(OH),, glucose, and
PVP is not as uniform as the mixing at Re = 100. The contact
between PVP and Cu,O crystals is relatively insufficient. Only
a small amount of PVP can be absorbed on the {111} crystal
planes after covering the {100} crystal planes. Therefore, the
Cu,O nanoparticles obtained are truncated cubes, which have
a larger exposed area of the {100} crystal planes. However, for
the stirring synthesis, there are heavy irregular collisions and
aggregations among the Cu,O crystals. The Cu,O nano-
particles synthesized are large quasi-spheres, of which the
dominated crystal plane is indistinguishable.

3.3. Effects of Temperature on the Synthesis of Cu,O
Nanoparticles. Extended research has been carried out to
reveal the effects of temperature on the synthesis of Cu,O
nanoparticles, since temperature is a considerable factor that
affects the nucleation and growth of Cu,O crystals. Cu,O
nanoparticles were synthesized by the ellipse curve micromixer
with another three temperatures of 40, 60, and 100 °C. The
PVP concentration was fixed at 0.25 mmol/L. The Reynolds
numbers of micromixing synthesis were settled as 30 and 100,
and there were Cu,O nanoparticles synthesized by stirring in a
beaker under the same condition. The average diameter and
standard deviation of Cu,O nanoparticles synthesized with
various temperatures are exhibited in Figure 11.

It is seen from Figure 11 that the Cu,O nanoparticles
synthesized by micromixing are finer and more uniform than
those synthesized by stirring when T > 40 °C, but the sizes of
Cu,O nanoparticles synthesized by micromixing are similar to
those synthesized by stirring when T = 40 °C. The average
diameter and standard deviation of Cu,O nanoparticles
synthesized at T = 40 °C are quite large, irrespective of
whether the nanoparticles are synthesized by micromixing or
by stirring.

The formation process of Cu,O nanoparticles synthesized at
T =40 °C is presented in Figure 12. The temperature of 40 °C
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is so low that the reduction of Cu(OH), is slow and
insufficient. Even though the rapid and complete mixing of
Cu(OH), and glucose can be achieved through the ellipse
curve micromixer, the reduction of Cu(OH), is still
insufficient. On the one hand, it can be seen from Figure 12
that reduced Cu,O, unreduced Cu(OH), and glucose coexist
in the vessel for both the micromixing synthesis and stirring
synthesis. Different stages of Cu,O exist in the same space
when Cu(OH), is fully reduced and the sizes of Cu,O crystals
distribute in a wide range. As a result, the homogeneity of
Cu,O nanoparticles synthesized at T = 40 °C was poor.

On the other hand, the concentration of Cu,O is low since
the reduction of Cu(OH), is slow and insufficient at T = 40
°C. Therefore, fewer Cu,O crystals are formed and the
nanoparticle size becomes larger, compared with the case of T
> 60 °C. A similar phenomenon has also been observed by
Karmakar in the synthesis of Cu,O nanoparticles by
annealing.'> They found that the reduction reaction was
severely hindered at low annealing temperatures so that only a
small amount of Cu,O was produced. The Cu,O nanoparticles
obtained at low temperatures were larger and more irregular
than those obtained at a higher temperature.

As presented in Figure 11, the average diameter and
standard deviation decrease dramatically for both the Cu,O
nanoparticles synthesized by micromixing and stirring, when T
increases to 60 °C. This is ascribed to the accelerated
reduction of Cu(OH), with increasing temperature. The
concentration of Cu,O increases rapidly and more Cu,O
crystals are nucleated as the reduction of Cu(OH), becomes
more sufficient. A large number of Cu,O nanoparticles with
fine and uniform sizes are synthesized. The size distribution of
Cu,O nanoparticles synthesized by micromixing and stirring
are compared in Figure 13.

Obviously, the increment in the homogeneity and the
decrement in the size of Cu,O nanoparticles synthesized by
micromixing are more significant than those synthesized by
stirring in a beaker because the mixing is more efficient in the
micromixer. As shown in Figure 13b, for the Cu,O
nanoparticles synthesized by micromixing at Re = 100, 90%
of the nanoparticles are smaller than 300 nm when T = 60 °C.
In addition, the nanoparticle size also reached the minimum
when T increases to 60 °C, as seen in Figure 11a.

The size of Cu,O nanoparticles synthesized by micromixing
increases while the standard deviation decreases to the lowest
when T increases to 80 °C. As seen from Figure 13b,c, for
Cu,O nanoparticles synthesized by micromixing at Re = 100,
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Figure 13. Size distribution of Cu,O nanoparticles synthesized by micromixing and stirring at various temperatures.

the number of nanoparticles with diameters lower than 150 nm
is significantly reduced. More nanoparticles are distributed in a
narrower range from 150 to 300 nm. This change can be
interpreted by Ostwald ripening. As displayed in Figure 14, the
small nucleated Cu,O crystals first dissolve in the solution, and

then the Cu,O would aggregate on the large nucleated Cu,O
crystals when T increases from 60 to 80 °C. As a result, the
Cu,0O nanoparticles become larger but more uniform.

As presented in Figure 11, both the average diameter and
standard deviation of Cu,O nanoparticles synthesized by
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Figure 14. Ostwald ripening of Cu,O nanoparticles by micromixing when T increases from 60 to 80 °C.

micromixing increase with T further increasing to 100 °C. On
the one hand, Ostwald ripening is stronger when T = 100 °C.
It can be seen from Figure 13d that there are more Cu,O
nanoparticles with diameters larger than 450 nm. On the other
hand, the molecular motion of Cu,O becomes more intense at
T = 100 °C, resulting in the irregular aggregation of Cu,O
crystals. A number of Cu,O nanoparticles with irregular shapes
are formed and the homogeneity of nanoparticles is
deteriorated.

For the Cu,O nanoparticles synthesized by stirring, the
increase in temperature improves the mixing between Cu-
(OH), and glucose and simultaneously accelerates the
reduction of Cu(OH),. As shown in Figure 11a, the average
diameter of Cu,O nanoparticles decreases with T increasing
from 40 to 60 °C. However, the reduction of Cu(OH), in the
stirring synthesis is not as sufficient as that in the micromixing
synthesis, although the mixing by stirring is enhanced when T
> 40 °C. The Cu,O nanoparticles synthesized by micromixing
are still finer and more uniform than those synthesized by
stirring in a beaker when T > 40 °C.

3.4. Photocatalysis of Cu,0 Nanoparticles. Photo-
catalysis of the synthesized Cu,O nanoparticles has been
investigated through the photocatalytic degradation experi-
ments of Rhodamine B. The synthesizing conditions of the
Cu,0O nanoparticles used in the degradation experiments are
presented in Table 3, and their morphologies are exhibited in
Figure 7. The degradation percent (Degp) of Rhodamine B
with different Cu,O nanoparticles is shown in Figure 18.

Table 3. Cu,O Nanoparticles for the Photocatalytic
Degradation of Rhodamine B

average PVP
diameter synthesizing concentration temperature
series (nm) method (mmol/L) °C)
1 235 micromixing at 0.3 80
Re = 100
2 443 micromixing at 0.3 80
Re = 30
3 706 stirring in 0.3 80
beaker

The Cu,O nanoparticles show excellent photocatalysis for
the degradation of Rhodamine B, as seen in Figure 15.
Rhodamine B hardly degrades without the addition of
photocatalysts. The degradation percent of Rhodamine B
approaches 90% after 40 min with the Cu,O nanoparticles
synthesized by micromixing. The degradation percent is more
than 70% after 40 min with the Cu,O nanoparticles
synthesized by stirring. It indicates that the Cu,O nanoparticles
synthesized by micromixing have better photocatalysis than
those synthesized by stirring.

One of the reasons is that the Cu,O nanoparticles
synthesized by micromixing have a larger exposed area of
{111} crystal planes. According to the work of Ho and Huang,
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Figure 15. Degradation percent of Rhodamine B with different Cu,O
nanoparticles.

the {111} crystal planes have better photocatalysis than the
{100} crystal planes.”® Since there are dangling bonds on the
{111} crystal plane, the {111} plane is more active to interact
with the other molecules. By contrast, Cu atoms are
coordinated and saturated on the {100} crystal plane. The
{100} plane is electrically neutral and is inactive to interact
with other molecules. Therefore, the truncated octahedrons
have better photocatalysis than the truncated cubes.

On the other hand, the Cu,O nanoparticles with a smaller
size are more favorable for the photocatalytic degradation of
Rhodamine B. This is because the smaller Cu,O nanoparticles
have a larger specific surface area. The electron—hole pairs
produced under irradiation have a larger area in contact with
Rhodamine B, which promotes the degradation of Rhodamine
B.

As presented in Figure 15, the degradation percent of
Rhodamine B is only 40% after 40 min without the addition of
H,0,. It is similar to the work by Pang et al,’ in which only
80% Rhodamine B was degraded after 180 min. The poor and
weakened photocatalysis is caused by the recombination of
electron—hole pairs. The photogenerated electron—hole pairs
are unstable and easy to recombine. The H,O, added can
receive the photogenerated electrons produced by the Cu,O
nanoparticles so that the recombination of electron—hole pairs
is hindered. The addition of H,O, improves the photocatalysis
of Cu,O and makes it more stable. On the other hand, the
hydroxyl radicals produced by H,O, have a strong oxidization
property, which further enhances the photocatalytic degrada-
tion of Rhodamine B.
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4. CONCLUSIONS

A method to synthesize Cu,O nanoparticles utilizing the
ellipse curve serpentine micromixer is put forward. The
difference in the formation process of Cu,O nanoparticles
between micromixing synthesis and stirring synthesis is first
elucidated. The excellent mixing performance of the micro-
mixer brings about a sufficient reduction of Cu(OH),.
Therefore, the Cu,O nanoparticles synthesized by micromixing
are finer and more uniform compared with the Cu,O
nanoparticles synthesized by stirring on the same condition.
The Cu,O nanoparticles synthesized at Re = 100 have a smaller
size and a narrower size distribution than those synthesized at
Re = 30, since the reduction of Cu(OH), is more sufficient at a
higher Re. The smallest Cu,O nanoparticles are obtained at T
= 60 °C, while the most uniform Cu,O nanoparticles are
obtained at T = 80 °C owning to the Ostwald ripening. The
photocatalytic degradation experiments of Rhodamine B show
that the Cu,O nanoparticles synthesized by micromixing have
better photocatalysis than those synthesized by stirring. This is
because the Cu,O nanoparticles synthesized by micromixing
are smaller in size and have a larger exposed area of the {111}
crystal planes. It is demonstrated that the micromixing
synthesis was more suitable for the production of Cu,O
nanoparticles with efficient photocatalysis.
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