Facile and eco-friendly fabrication of Cu,O truncated octahedral crystallites with
enhanced antibacterial performance against Escherichia coli
and Staphylococcus aureus
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Truncated octahedral cuprous oxide (Cu,0) crystallites with highly uniform morphologies and sizes ranging from 2.4-2.5 pm were prepared
by using a green and convenient approach and their antibacterial activities were studied. They were obtained through the chemical reduction of
copper chloride by glucose in the presence of sodium hydroxide and polyethylene glycol at room temperature for 2h. X-ray powder
diffraction, energy dispersive spectrometer, scanning electron microscopy, and transmission electron microscopy as well as high-resolution
transmission electron microscopy (HRTEM) were used to characterise the obtained products. Structural analysis revealed that these
truncated octahedral crystallites were composed of eight {111} faces and six {200} faces. The effects of time, temperature and
polyethylene glycol on the formation of truncated octahedral cuprous oxide were investigated. The possible growth process and
mechanism of truncated octahedral cuprous oxide were proposed. The antibacterial activities of truncated octahedral Cu,O were also
explored. They exhibited significant antimicrobial activity against both gram-negative and gram-positive bacteria. The result of

antibacterial study revealed that the prepared Cu,O can be a promising candidate for wide range of bio-medical applications.

1. Introduction: Micro-nanomaterials have received more and
more interests from scientists. The physical and chemical
properties of micro-nanomaterials such as surface plasmon
resonance frequency [1], band gap [2], magnetic properties [3]
and the total surface area [4] depend on their sizes and shapes.
The regular micro-nanostructure has extensive applications in the
fields of photons, nanoelectronics, catalysis, information storage
and biosensor [5].

Cu,0 is a p-type semiconductor with a direct band gap (~2.17 eV)
located in the visible range [6]. The intrinsic properties of Cu,0O,
such as non-toxic, low price, and good environmental acceptability
[7], make it have great potential for industry, which have caused
widespread concern in the sterilisation [8], gas sensing [9], elec-
trode for lithium-ion batteries [10], solar energy conversion [11],
magnetic storage [12], photochemical evolution of H, from water
[13] etc. The morphology plays a critical role in these properties.
There are some methods for the preparation of cuprous oxide
with different shapes. Recently, Huang er al. prepared Cu,O
cubic using a seed-mediated synthesis approach in aqueous solu-
tion [14], Yue et al. [15] synthesised Cu,O nanowires through
thermal stress-induced method. Liang er al. [16] have synthesised
rhombic dodecahedral Cu,O microcrystals at 60°C. Currently, the
preparation of truncated octahedral Cu,O is still a challenge at
room temperature. Some preparation methods used toxic materials
or complex instrument, increasing the environmental burden or the
cost and restricting its industrial application. Therefore, there is a
desirable approach to develop a green, convenient and low-cost
synthetic route to prepare truncated octahedral cuprous oxide
microstructures. As common antibacterial material, the industrial
application of Ag has been restricted due to its high cost.
Therefore, the low-cost Cu,O has a potential antimicrobial material
in bio-medical engineering filed.

In this communication, a green and facile method was used to
prepare truncated octahedral Cu,O at room temperature. The influ-
ences of the reaction time, temperature and polyethylene glycol on
crystal growth mechanism were discussed. Finally, we studied the
antibacterial activities of the obtained truncated octahedral Cu,O
against gram-negative and gram-positive bacteria.
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2. Experimental: Copper (II) chloride (M=170.48,>99%),
D-glucose (M= 198.7), polyethylene glycol, ethanol (M=46.07, >
99.7%), sodium hydroxide (M =40, > 96%) were used as received.
All the chemicals were analytical grade reagents used without
further purification. Deionised water was used in the experiment.

The cuprous oxide was prepared through the chemical reduction
of copper chloride by D-glucose in the presence of sodium hydrox-
ide. The preparation process of truncated octahedral cuprous oxide
was illustrated in Fig. 1. Solution 1 included 10 ml water and 3 ml
ethanol. 0.3 g CuCl, was added to Solution 1 to obtain Solution
A. 0.35g NaOH, 0.31 g C¢H,,0¢ and 0.12 g polyethylene glycol
were added to Solution 1 to get Solution B. Then Solution A and
Solution B were mixed into a beaker at room temperature. The pH
of mixed solution was 12. Initially, the mixed solution was clear
blue. Several minutes later, the reaction system gradually became
yellow green, yellow and finally brick red. The reaction was kept sta-
tionary for 2h at room temperature and the final pH was 12.
D-glucose reduced Cu®* ions to Cu,O quickly in the presence of
OH™ ions. The resulting brick red precipitate was collected by cen-
trifugation and washed with absolute ethanol and de-ionised water in
an ultrasonic cleaning device. All reactions were performed at room
temperature. Finally, the precipitate was dried at 50°C for 12 h. The
yield of Cu,0O could reach 96% under the optimal reaction condition.

The prepared cuprous oxide was characterised by X-ray powder
diffraction (XRD) on a X-ray diffractometer (XD3 system, Beijing
Purkinje General Instrument Co., Ltd.) with Cu Ko radiation
(A=0.154178 nm) at a scanning rate of 0.02°s™" in the 26 range
from 5° to 80°. The scanning electron microscopy (SEM) and
energy dispersive spectrometer (EDS) were measured with a FEI
Quanta 250 emission SEM equipped with an energy spectrum ana-
lytical system. The transmission electron microscopy (TEM), in-
cluding high-resolution transmission electron microscopy
(HRTEM) image and the selected area electron diffraction
(SAED) spectrum were taken on a JEM-2100 transmission electron
microscope operated at an accelerating voltage of 200 kV with the
samples on copper grid.

To explore the potential of truncated octahedral Cu,O as an anti-
bacterial agent, the bacteriostatic activities of as-prepared truncated
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Fig. 1 Preparation procedure of truncated octahedral Cu,O

octahedral Cu,O were studied against Escherichia coli (gram-
negative bacteria) and and Staphylococcus aureus (gram-positive
bacteria). Both as-prepared broth culture medium and agar culture
medium were disinfected. E. coli and S. aureus were inoculated
into the culture medium and incubated at 37°C for 24 h. Then
E. coli and S. aureus were diluted with sterilised saline. The 200 pl
bacterial liquid and 200 ul different concentrations of Cu,O
samples were mixed in sterile 96-well plates, and the wells without
Cu,O sample were used as the control. Then, the 96-well plates
were transferred into an incubator and incubated at 37°C for 16 h.
Finally, the concentrations of the remaining strains were measured
by a Bio-Tek Biorobot3000 ELISA (enzyme linked immunosorbent
assay).

3. Results and discussion: The chemical reaction involved in this
work is represented by the following equation. In this experiment,
D-glucose, working as a reducing agent, reduced CuCl, to Cu,O
in the mixture containing polyethylene glycol and NaOH-ethanol
aqueous solution. Detailed reaction process is shown in Fig. 2.

2Cu** 4 C4H,,04+ 40H™ — Cu,0 | +2H,0+C4H,,0,

The crystalline phase structure and the purity of the products
obtained in the aqueous alcohol at 25°C for 2h were examined
by XRD. The XRD pattern of the cuprous oxide particles was
shown in Fig. 3. The five diffraction peaks were observed at 26
values 29.647°,36.521°,42.423°,61.552° and 73.739°, which cor-
responded to (110), (111), (200), (220) and (311) planes of face-
centred cubic structure of Cu,O, with dominant sheet growth of
the Cu,O {111} planes. All of the diffraction peaks could be
assigned to cubic structure Cu,O (JCPDS Card No. 05-0667)
with the lattice parameter a =4.258 A, b=4.258 A, c=4.258 A.
No impurity was observed.

The SEM images of truncated octahedral cuprous oxide were
shown in Fig. 4a. It was a representative low magnification SEM
image of the collected product. From the analysis by using SEM
technique, it was found that the particles were uniform and well dis-
persed truncated octahedron with the average size of 2.5 um. The
crystal structure of truncated octahedral Cu,O was shown in

Fig. 2 Ionic reaction process of Cu,0 synthesis
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Fig. 3 XRD pattern of the sample synthesised in the aqueous alcohol at 25 °C
for 2 h

Fig. 5a. The red sphere is Cu atom and the yellow is O. The
section diagram of the atomic configuration of (111) surface of
Cu,O was shown in Fig. 5b. A rectangular unit cell (Fig. 5b)
with the lattice parameters of @=6.021 A, 5=6.021 A can be iden-
tified in the image, which is consistent with the lattice structure of
Cu,0 (111) surface. The truncated octahedral crystallite was com-
posed of eight {111} surfaces and six {200} surfaces (Fig. 5¢). The
morphology of crystal, external reflection of its internal structure,
was determined by the relative growth rate of each crystal plane.
As the reaction proceeded, the truncated octahedral particles grew
along different directions with different growth rates due to their
different surface energies. According to the principle of Gibbs—
Waullf, the surface energy (y) of face-centred cubic varies with dif-
ferent lattice plane, whose sequence is y{111} <y{200} <y{110}
[17]. Based on the thermodynamic principle, the crystal plane
with low specific surface energy, is easily to be exposed on the
surface, leading to low growth rate [18]. Hence {111} planes and
{200} planes were eventually preserved. The product ultimately
grew into truncated octahedral along the (111) and (200) crystal
plane. The truncated octahedral Cu,O was comprised of eight
(111) planes and six {200} planes (Fig. 5¢). The element compos-
ition of product spectrum was further checked with EDS. The cor-
responding EDS spectrum of Cu,O was shown in Fig. 4b. It can be
obviously seen that the product contained only Cu and O signals.
The C signal coming from environment was unavoidable. The
EDS of product were consistent with the XRD result. It further
demonstrated that the products were pure cuprous oxide.

Fig. 6a was the TEM image of the truncated octahedral Cu,O. It
was obvious that the shape and size of the truncated octahedral
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Fig. 4 SEM images of truncated octahedral cuprous oxide
a SEM image of the as-obtained Cu,O
b Corresponding EDS spectrum
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Fig. 5 Crystal structure of truncated octahedral Cu,O and atomic
configuration

a Crystal structure of Cu,O

b Section diagram of the atomic configuration of Cu,O (111) surface and
(200) surface

Cu,0 were conformed to the image of SEM. The crystal orientation
and crystallinity of truncated octahedral Cu,O were further studied
with selected area electron diffraction (SAED) methods. Fig. 6b
was the SAED patterns of the products. The reflections of (110),
(111), (200), (220), and (311) planes were obviously seen. The pro-
ducts of truncated octahedral Cu,O were polycrystalline. The
HRTEM image of truncated octahedral cuprous oxide was shown
in Fig. 6c. The lattice fringes of (200) plane (0.213 nm) were
clearly seen, indicating the products were of good crystallinity.

To make out the role of polyethylene glycol, a sample without
adding polyethylene glycol was prepared without changing other
parameters. The appearance and size of products were highly non-
uniform. The above experiments illustrated that polyethylene glycol
made the reaction conduct more thoroughly, which may because
polyethylene glycol with high dispersity and well adhesion con-
trolled the diffusion rate of the Cu,O crystal nucleus [19].
Obviously, polyethylene glycol was crucial to the morphologies
of the resulting products.

To discuss the growth mechanism of truncated octahedral Cu,O,
the effect of time was explored. A series of time-dependent

[

Fig. 6 TEM image of the truncated octahedral Cu,O and corresponding
electron diffraction pattern

a TEM images of the truncated octahedral cuprous oxide

b Corresponding electron diffraction pattern

¢ HRTEM image obtained from the edge of an individual truncated
octahedral Cu,O
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Fig. 7 SEM images of products with the different reaction time
a 10 min

b 30 min

clh

d 2h. Arrows: the exact places of the convex or small particles

experiments were carried out by intercepting intermediate products
in different reaction stages of 10 min, 30 min, 1 h and 2 h. Fig. 7
clearly indicated the evolution process of the Cu,O crystallite by
varying the reaction time. First, when Solution A (CuCl,) mixed
with Solution B (NaOH, D-glucose, polyethylene glycol), the
mixture was translucent. 10 min later, the mixture turned into
turbid and the colour became celadon. It indicted that something
was created and the reaction began. It can clearly be seen that it dir-
ectly formed spheroidal Cu,O (Fig. 7a) through a homogenous nu-
cleation process [20]. The mixture produced remarkable brick red
precipitation in the celadon solution. The Cu,O crystal formed ir-
regular convex, some octahedral Cu,O crystals generated when
the reaction time reached 30 min (Fig. 7b). Further, the colour
became dirty red. According to the theory of Ostwald ripening
[21, 22], small crystals would dissolve and redeposit onto larger
crystals. When the reaction proceeded for 1h, the convex in
Fig. 7b (see arrows) gradually dissolved. Some were used as raw
materials for the growth of octahedral Cu,O crystal, while others
remained in the solution. The particles became shrinkage and
uneven octahedral Cu,O formed with an average edge size of
about 1 um (Fig. 7¢). Then, small particles (see Fig. 7¢, arrows) dis-
solved, which were used as the raw materials for the further growth
of crystal planes and crystal edges of the larger crystals. Finally,
when the reaction lasted for 2 h, the colour of solution became
brick red and the Cu,O crystallite was regular truncated octahedral
(Fig. 7d). If the reaction time was prolonged, the morphology of
Cu,0O greatly changed because many Cu,O crystallites reunited
with each other and large-irregular agglomerates formed.
According to the experiment, we proposed a possible formation
mechanism of truncated octahedral Cu,O (Fig. 8). At the beginning
of the reaction, the spherical Cu,O particle nucleated. As the reac-
tion proceeded, the polyhedral particles grew along different direc-
tions with different growth rates due to their different surface

CuCl
S | - o WO
nucleation @ ©xpansion “’ constriction

> — % —_—
NaOH [0 @ 0T ¢  2n i
H,0
ethanol

Fig. 8 Growth mechanism of the truncated octahedral Cu,O

Micro & Nano Letters, 2016, Vol. 11, Iss. 6, pp. 336-340
doi: 10.1049/mnl.2015.0512



Fig. 9 SEM images of products with the different temperature
a 0°C

b 25°C

¢ 60°C

energies. As y{111} <y{200} <y{110}.{111} planes have lowest
growth rate due to the lowest surface energy. The growth of
crystal is perpendicular to this plane, resulting in a change in the
final morphology. Hence {111} and {200} faces can be easily
maintained in the final appearance and the crystal developed into
truncated octahedral structure [23].

The influence of reaction temperature on the formation of Cu,O
particles was also investigated at 0°C, 25°C and 60°C. When the
temperature decreased to 0°C, the SEM image showed that the
Cu,0 particles were spheroidal with non-uniform size (Fig. 9a).
As was shown in Fig. 95, the uniform and dispersive truncated octa-
hedral Cu,0O formed at 25°C. When the reaction system was kept at
60°C (Fig. 9c¢), different shapes of Cu,O crystal formed due to re-
crystallisation. The variation of supersaturation and undercooling
caused by temperature change will alter the specific surface ener-
gies and relative growth rates of different planes, leading to the for-
mation of different morphologies [24]. Such results further verified
the mechanism we proposed in the previous part of this work for the
growth of the truncated octahedral Cu,O crystallites. In addition,
the growth process of crystallites is a kinetically and thermodynam-
ically controlled process that can form different shapes through
changes in the reaction parameters [25].

The biomedical properties of Cu,O were studied by exploring
antibacterial property of as-prepared sample. This study was per-
formed according to the microdilution test and it provided results
of the growth inhibition of certain microorganism. The Cu,O solu-
tions strongly inhibited the growth of both gram positive and gram
negative bacteria. The bacteria were inoculated into Cu,O solutions
with different concentrations and incubated at 37°C for 16 h. The
antibacterial activity of truncated octahedral Cu,O was evaluated
by an ELISA. The percentage of bacterial growth inhibition was
calculated as indicated earlier (Banjara et al. 2012) as follows: per-
centage of growth inhibition = (OD of control —OD of test)/OD of
control X 100% (OD means optical density). The Cu,O solutions
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Fig. 10 Antibacterial activity of truncated octahedral Cu,0 at various con-
centrations towards
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were diluted to concentrations of 400, 200, 100 and 50 ug ml~!
by culture medium. Fig. 10 presented the antibacterial activity as
a function of different concentrations of Cu,O solutions. It can be
clearly seen that Cu,O inhibited the growth of S. aureus to
33.33% and E. coli to 24.15% at concentration of 50 pgml™".
The Cu,O solution with the concentration of 400 ug ml~" exhibited
strong antibacterial efficiency of S. aureus to 94.76% and E. coli to
90.01%. The antibacterial activity of the synthesised Cu,O varied
along with the bacterial species and concentrations of Cu,O.

The growth inhibition percentage of ZnO on S. aureus and E. coli
was 92.5%, 88% at the concentration of 400 ug ml™", respectively
[26]. Obviously, truncated octahedral Cu,O prepared in this work
had more effective antibacterial activity. In addition, compared
with cubic Cu,O, the as prepared truncated octahedral Cu,O crys-
tals had a high selectivity for these bacteria [27]. As we all know,
living issue of fungi, bacteria and viruses contain proteins. At
first, Cu,O particles were absorbed on the outside of cells. Then
Cu,0 particles were penetrated into the recombinant protein on
cell membrane, and reacted with the protease. The cell wall was
decomposed and the interior of the cell was infected, indicating
that the outer membrane of the cell was damaged, leading to the in-
terior component [28]. Therefore, the as prepared Cu,O crystals
showed extremely potential in the biomedical engineering field,
which could be applicable to medical devices.

4. Conclusion: In this paper, the truncated octahedral Cu,O with an
average size of 2.5 um and good dispersity have been prepared by an
environment friendly, low energy consumption and convenient
method. It is found that the parameters of time, temperature and
polyethylene glycol influence the formation of cuprous oxide. The
formation mechanism of truncated octahedral Cu,O is proposed.
The prepared Cu,O shows strong antibacterial activity towards
both Gram-negative and Gram-positive bacteria. The inhibition
ratio of S. aureus is close to 94.76% and that of E. coli approaches
to 90.01% when the concentration of Cu,O is 400 ug ml™". It
indicates that truncated octahedral Cu,O can be a potential
fungicide, which is widely applied in biomedical, disease
prevention and sensing. Taking cost and approach into
consideration, the truncated octahedral Cu,O have more
advantages over the existing ones for environmental remediation.
In addition, the truncated octahedral-mediated approach can be
applied to synthesise other truncated octahedral inorganic materials.
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