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Abstract
Copper and zinc composite oxide (CuZnO) was synthesized successfully via a sol–gel method and modified by silane
coupling agent to prepare CuZnO@graphene oxide (CuZnO@GO) nanocomposites, with CuZnO nanoparticles (NPs)
distributed on the GO nanosheets. The structural properties of prepared CuZnO@GO nanocomposites were studied by FT-
IR and XRD techniques. SEM and TEM analysis showed the spherical morphology of CuZnO NPs with a diameter of 20–
40 nm. The optical properties of synthesized products were estimated through UV–Vis DRS and PL spectroscopy, which
suggested that CuZnO@GO nanocomposites had a widened absorption range from UV to visible region and a lower
photogenerated carrier recombination rate than that of pure CuZnO NPs. The antibacterial mechanism of CuZnO@GO
nanocomposites was investigated using gram-negative bacteria Escherichia coli and gram-positive bacteria Staphylococcus
aureus as two model microorganisms. The antibacterial properties of CuZnO@GO nanocomposites on mixed bacteria were
researched in the cooling water system. The results showed that when adding CuZnO@GO nanocomposites to E. coli or S.
aureus suspension, the protein leakage after 20 h was 10.5 times or 8.3 times higher than that in the blank experiment.
Furthermore, the antibacterial activity of CuZnO@GO nanocomposites in presence of visible light was found to be
significantly enhanced as compared with control. Under visible light irradiation, the antibacterial rate of CuZnO@GO
nanocomposites in circulating cooling water reached 99.09% when the mass fraction of GO was 17.5%, and more than 90%
of bacteria were inactivated by 100 mg·L−1 CuZnO@GO nanocomposites in 60 min after four recycled runs.
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Graphical Abstract
Schematic of antibacterial mechanism of CuZnO@GO nanocomposites

Highlights
● CuZnO@GO nanocomposites with excellent photocatalytic antibacterial activity were synthesized.
● The antibacterial mechanism of CuZnO@GO nanocomposites was investigated using pure bacteria.
● The antibacterial application of CuZnO@GO nanocomposites for complex bacteria was researched.
● After four recycled runs, the antibacterial rate of CuZnO@GO nanocomposites was still up to 90%.

Keywords CuZnO@GO nanocomposites ● Visible light ● Photocatalytic antibacterial activity ● Antibacterial mechanism ●

Water treatment

1 Introduction

Along with the development of modernization, water
environmental pollution, and water resource shortage have
become increasingly prominent. Many factories such as
pharmaceutical, chemical, petrochemical, paper, and textile
industries have a great demand for water while they also
produce large amounts of wastewater which contains var-
ious organic compounds, heavy metals, and microorgan-
isms. The growth of microorganisms in wastewater can
result in biological slime, pipeline corrosion, and increased
water pressure loss [1]. Especially, water contaminated by
pathogenic microbes may lead to some waterborne infec-
tious diseases [2]. Therefore, it is of paramount importance
to control bacterial growth in wastewater before it is reused
or discharged into the environment.

Though conventional chemical disinfection technologies
using chlorine, ozone, and chloramines have proven to be
highly effective for bacteria inactivation in water treatment,
they can react with diverse organic contents in water to form
harmful disinfection byproducts, some of which have been
identified as mutagenic and carcinogenic [3–5]. Alternative

to these technologies, photocatalytic processes have been
widely utilized in recent years due to their efficient, stable
and environmentally friendly performance for water
decontamination including the degradation of organic pol-
lutants and destruction of bacteria [6]. Typically, efficient
photocatalysts such as TiO2, ZnO, MoS2, CdS, Ag3PO4, etc.
have been extensively employed for photocatalytic appli-
cations [7–11].

Particularly, zinc oxide (ZnO) chosen for this research is
desirable as a suitable material for environmental remedia-
tion because of its chemical stability, no toxicity, low cost, a
wide band gap (3.37 eV), and a large exciton binding
energy (60 meV) [12–14]. The photocatalytic activity of
ZnO is comparable and even better than that of TiO2 in
some of reports [15]. Moreover, nanoparticulate ZnO can be
used as an antibacterial agent which inhibits both gram-
negative bacteria and gram-positive bacteria [16]. However,
the photocatalytic antibacterial ability of pure ZnO is valid
only under UV light irradiation since the recombination rate
of photoinduced electrons and holes of ZnO is too high to
effectively make use of visible light. To overcome this
limitation, several strategies have been developed to reduce
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the recombination of charge carriers by combining the
photocatalysts with some noble metals (such as Ag, Pb, and
Pt) [17–19] and other semiconductors (like CuO, Fe2O3,
and CeO2) [20–22]. Among these materials, copper oxide
(CuO) can be used not only to improve the photoactivity of
ZnO but also to act as an antibacterial agent itself. Previous
studies have revealed that bacteria are not easy to form
protective biofilm on the surface of nanoparticulate CuO
[23], with the function of inhibiting many kinds of bacteria,
which is related to cell membrane damage [24, 25]. In
addition to the aforementioned strategies, it has been found
that loading of semiconductor photocatalysts on carbon
based materials including activated carbon [26], graphene
nanosheets [14] or carbon nanotubes [27] holds great pro-
mise to enhance the visible light photocatalytic efficiency of
photocatalysts.

Graphene and its derivatives have attracted tremendous
research efforts in recent years because of their unique
structure, large specific surface area and outstanding
mechanical, electrical, optical, and thermal performance
[28–31]. Furthermore, a lot of research has been done on the
antibacterial activity of graphene. In 2010, Hu et al. [32]
discovered that graphene had strong antibacterial properties.
Okhavan et al. studied the inhibitory of graphene and gra-
phene oxide (GO) nanowalls on Escherichia coli and Sta-
phylococcus aureus [33]. Compared with graphene, GO
exhibits a good hydrophilicity due to more oxygen-
containing groups on its surface, and it can be firmly
combined with other materials to form complexes through
functional groups. It is expected that the combination of
ZnO with GO may be ideal to produce superior photo-
catalytic activity of facilitating the charge separation and
transportation due to the conjugated structure and high
surface area of GO.

Currently, the research on antibacterial properties of
materials is mostly focused on the stage of pure strain, and
there are few studies conducted in the complex strain of
actual wastewater systems. Hence, in order to ensure that
the prepared antibacterial materials can perform in practical
applications, it is very necessary to investigate the anti-
bacterial properties of materials in practical wastewater.

Considering the above-mentioned points, in this work,
copper and zinc composite oxide (CuZnO) was synthesized
via a sol–gel method and modified by silane coupling agent
KH550 to combine with GO as the carrier to prepare
CuZnO@GO nanocomposites. The synthesized products
were characterized by Fourier transform infrared (FT-IR),
X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscope (TEM), ultravio-
let–visible diffuse reflectance spectroscopy (UV–Vis DRS)
and photoluminescence (PL) spectroscopy techniques. In
addition, the antibacterial mechanism of CuZnO@GO
nanocomposites was investigated using gram-negative

bacteria E. coli and gram-positive bacteria S. aureus as
two model microorganisms. Finally, the antibacterial
properties of CuZnO@GO nanocomposites on mixed bac-
teria were researched in the cooling water system.

2 Materials and methods

2.1 Preparation of CuZnO NPs and CuZnO@GO
nanocomposites

All the reagents in the experiment were of analytical grade
purity and were used as received. GO was prepared through
a modified Hummers method according to a previous lit-
erature [34].

For preparation of CuZnO NPs, 0.035M of zinc nitrate
and 0.015M of copper acetate were dissolved in 100 mL of
ethanol solution (v ethanol:v water= 1:1) by sonication to
make mixture uniformly. Then, 0.06M of citric acid
monohydrate was added to the solution. The pH of the
solution was adjusted to 5.5–6.7 with aqueous ammonia to
obtain dark blue gel. Next, the gel was stirred at 80 °C for 2
h in a water bath to get blue precipitate. After washing with
anhydrous ethanol, the blue precipitate was dried at 60 °C
and ground to powder. Finally, the powder was calcined at
500 °C for 2 h, and CuZnO NPs were obtained.

For preparation of CuZnO@GO nanocomposites, first of
all, the CuZnO NPs obtained above were modified by silane
coupling agent KH550 (NH2CH2CH2CH2Si(OC2H5)3) as a
bridge for grafting to promote the combination of CuZnO
NPs and GO. Specifically, 0.5 g of CuZnO NPs were dis-
solved in 10 mL of N-methylpyrrolidone and sonicated for
1 h. Then, 10 mL of silane coupling agent KH550 was
added to the solution and sonicated for 2 h to complete the
reaction. Afterwards, the precipitate was separated from the
solution by centrifugation, washed with anhydrous ethanol,
and dried at 60 °C to obtain modified CuZnO NPs.
According to a certain mass ratio, GO and modified CuZnO
NPs were mixed evenly in dimethylacetamide with ultra-
sonic treatment for 6 h. Finally, the CuZnO@GO nano-
composites recovered by centrifugation were washed with
anhydrous ethanol for three times and dried at 60 °C.

2.2 Characterization

The crystal phase structure of CuZnO@GO nanocomposites
was determined by (XRD, X’Pert Pro MPD) manufactured
by PANalytical Corporation. The chemical structure of
CuZnO@GO nanocomposites was investigated by (FT-IR,
NEXUS) spectrometer manufactured by Nicolet Company.
The microstructure of CuZnO@GO nanocomposites was
analyzed by (SEM, S4800) manufactured by Hitachi Lim-
ited and (TEM, JEM-2100UHR) manufactured by Nippon
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Electric Corporation. The optical properties of CuZnO@GO
nanocomposites were estimated by (UV–Vis DRS), and
(PL) spectroscopy.

2.3 Antibacterial mechanism analysis of CuZnO@GO
nanocomposites

2.3.1 Protein leakage experiment

The damage of bacterial cell membrane structure will lead
to the outflow of cell contents, so the experiment was car-
ried out with the leakage of protein concentration as an
indicator [35]. E. coli (or S. aureus) bacterial suspension
with concentration of 107 cfu·mL−1 was incubated with
CuZnO@GO nanocomposites in conical flasks. In the blank
control test, CuZnO@GO nanocomposites were not added
to conical flasks. A 1 mL of bacterial suspension was
removed into EP tube every 2 h and 5 mL of Coomassie
brilliant blue solution was added into the tube. Then the
mixture was shaken and reacted for 2 min. The absorbance
of the mixed solution was determined at 595 nm and protein
concentration was calculated based on the standard curve.

2.3.2 Photocatalytic antibacterial test

The photocatalytic antibacterial activity of CuZnO@GO
nanocomposites was evaluated by the inactivation of E. coli
and S. aureus under visible light irradiation. In a typical
procedure, 10 mg CuZnO@GO nanocomposites were dis-
persed into 100 mL of bacterial suspension with con-
centration of 107 cfu·mL−1. Then the mixture solution was
exposed to a 300W Xe lamp with a cutoff filter (providing
visible light of λ ≥ 420 nm) under the condition of magnetic
stirring. At a given interval of reaction time, 200 μL of
bacterial suspension was taken out and diluted appropriately
with sterile distilled water. Subsequently, the dilutions were
spread on lysogeny broth (LB) agar plates uniformly and
incubated overnight at 37 °C to count the colonies and
calculate the number of surviving bacteria. For comparison,
the control test without CuZnO@GO nanocomposites was
conducted under same visible light irradiation.

2.3.3 Determination of intracellular reactive oxygen species

The level of intracellular reactive oxygen species (ROS) in
bacteria was determined by the nitro blue tetrazolium
(NBT) reduction method [36]. Bacterial suspensions with

concentration of 107 cfu·mL−1 were cultured at 37 °C for 5,
10, and 15 min in the presence of CuZnO@GO nano-
composites under visible light irradiation. Then, 2 mL of 1
mg·mL−1 NBT solution was added to the above solutions
and cultured for 30 min at 37 °C. The reaction was stopped
by the addition of 0.2 mL of 0.1 mol·L−1 HCl. Then, the
reacted suspensions were centrifuged for 10 min at 5000
rpm to remove the supernatants. After that, the collected
cells were treated with 1 mL of dimethyl sulfoxide to extract
the reduced NBT. Finally, the extracted solution was diluted
and the absorbance of the bluish violet formazan obtained
from cells was measured at 575 nm by a spectrophotometer.

2.4 Application of CuZnO@GO nanocomposites in
circulating cooling water

To assess the photocatalytic antibacterial performance of
CuZnO@GO nanocomposites in real samples, the experi-
ments performed in circulating cooling water by using
antibacterial rate as an index. The circulating cooling water
was taken from petrochemical enterprises and its water
quality analysis is shown in Table 1. The amount of viable
bacterial cells in the LB agar plates was analyzed using the
colony forming units counting [37]. The antibacterial rate
was calculated by Eq. (1) as follows:

η ¼ n0 � n

n0
� 100% ð1Þ

where η is antibacterial rate, %; n0 and n are the numbers of
viable bacterial cells in the absence and presence of
CuZnO@GO nanocomposites, cfu·mL−1, respectively.

When studying the photocatalytic antibacterial properties
of CuZnO@GO nanocomposites in circulating cooling
water, the effects of GO mass fraction, dosage of CuZ-
nO@GO and repeated utilization times on antibacterial rate
were mainly investigated. The mass fraction of GO was 2.5,
7.5, 12.5, 17.5, 22.5, 27.5, 32.5, 37.5, and 42.5%
accounting for CuZnO@GO nanocomposites. The dosage
of prepared CuZnO@GO nanocomposites added to the
circulating cooling water was 50, 75, 100, 125, and 150
mg·L−1, respectively. After 60 min of exposure to visible
light, the antibacterial rate of CuZnO@GO nanocomposites
in circulating cooling water was calculated by the colony
counting method. For recycling use experiments, the sepa-
rated CuZnO@GO nanocomposites were washed with dis-
tilled water and reused directly for the next antibacterial
cycle.

Table 1 Water quality analysis results for circulating cooling water used in the experiment

Index COD (mg·L−1) NH4
+-N(mg·L−1) TP (mg·L−1) Na+ (mg·L−1) Ca2+ (mg·L−1) Mg2+ (mg·L−1) Turbidity (NTU) pH

Concentration 182.30 11.75 2.01 289.46 235.21 35.79 5.89 7.56
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3 Results and discussion

3.1 Characterization of CuZnO@GO nanocomposites

Figure 1 displays the synthesis procedure of CuZnO@GO
nanocomposites. The morphologies and size of GO,
CuZnO, and CuZnO@GO samples are observed by SEM
and TEM. The SEM and TEM images of GO are displayed
in Fig. 2a, d, respectively. It can be clearly seen that GO
exhibits a typical two-dimensional sheet structure with
characterized wrinkles and high transparency. The SEM

image of CuZnO NPs is shown in Fig. 2b, which reveals the
spherical morphology with an average diameter of 20–40
nm. While aggregation of CuZnO NPs is observed from
TEM image of CuZnO NPs in Fig. 2e. As presented in Fig.
2c, f, CuZnO NPs have been successfully loaded on GO
surface. The large surface area of GO is favorable for the
dispersal of CuZnO NPs, which benefits the enhancement
of photocatalytic performance.

XRD measurements are employed to determine the
phases of the as-prepared materials, and the results are
shown in Fig. 3. As can be seen, GO exhibits a high

Fig. 1 Synthesis of CuZnO@GO nanocomposites

Fig. 2 SEM images of a GO, b CuZnO, and c CuZnO@GO nanocomposites; TEM images of d GO, e CuZnO, and f CuZnO@GO
nanocomposites
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intensity diffraction peak centered at 2θ of 11.3°, corre-
sponding to the (001) crystal plane of GO, which is similar
to the previous report [38]. In the pattern of CuZnO NPs,
strong peaks at scattering angles of 31.7°, 34.3°, 36.2°,
47.5°, 56.5°, 62.8°, 66.4°, 67.9°, 69.1°, and 72.6° are dis-
tinctly indexed to the (100), (002), (101), (102), (110),
(103), (200), (112), (201), and (004) crystal planes of ZnO
(JCPDS No. 80-0074), respectively, indicating the presence
of ZnO with hexagonal wurtzite structure in the CuZnO
NPs. The intensity and sharpness of diffraction peaks prove
that the sample has good crystallinity. In addition, there are
some relatively weak diffraction peaks at 2θ of 32.5°, 35.5°,
38.7°, 48.8°, 53.5°, 58.3°, 61.5° and 65.8° in the pattern of
CuZnO NPs, which are corresponding to the (110), (−111),
(111), (−202), (020), (202), (−113), and (022) crystal
planes of CuO (JCPDS No. 89-5895), respectively. The
diffraction peaks of CuZnO NPs slightly shift to high angles
compared with the pure ZnO standard card, demonstrating
that Cu2+ has entered the ZnO lattice during the synthesis.
Furthermore, CuZnO@GO nanocomposites retain the
characteristic diffraction peaks of CuZnO NPs and no other
impurity peaks are found, indicating that the morphology of
CuZnO NPs has not been changed during the synthesis and
CuZnO NPs in the CuZnO@RGO nanocomposites main-
tain high crystallinity. Besides, a weak GO diffraction peak
appears in the composites, which is due to the low amount
of GO used in the synthesis process and the unordered
accumulation of GO sheets, resulting in low intensity of GO
diffraction peak.

The structure of GO, CuZnO, and CuZnO@GO nano-
composites is further analyzed by FT-IR spectra (Fig. 4).
The broad absorption peaks around 3427 cm−1 are attrib-
uted to O–H stretching vibration of H2O in GO and CuZ-
nO@GO nanocomposites, which may be caused by
moisture absorption. In addition, the characteristic peaks at

1628 cm−1 in pure GO and 1621 cm−1 in CuZnO@GO
nanocomposites are assigned to the C=C stretching band
of GO. In the case of GO, the peaks at 1738, 1226, and
1058 cm−1 are associated with carboxyl C=O, hydroxyl
C–O and epoxy C–O groups stretching vibration, respec-
tively. The presence of oxygen-containing functional
groups provides active sites for GO, which is conducive to
the complex reaction of CuZnO and GO. For CuZnO@GO
nanocomposites, there is an obvious absorption peak at 476
cm−1, which is the characteristic absorption peak of CuZnO
NPs, and it is proved that CuZnO NPs have been loaded on
the surface of GO. Furthermore, an absorption peak at 1123
cm−1 appears due to silane coupling agent being used to
modify the CuZnO NPs, so that CuZnO@GO nano-
composites show a peak of Si–O stretching vibration.

The optical absorption property of photocatalyst is a key
factor which determines its photocatalytic activity. Figure
5a shows the UV–Vis DRS of GO, CuZnO, and CuZ-
nO@GO nanocomposites. GO reveals a certain weak
absorption over the entire region, which may be associated
with the brownish yellow color of GO. While CuZnO NPs
and CuZnO@GO nanocomposites both present strong
absorption from UV to visible region and the absorption
intensity of CuZnO nanocomposites is higher than that of
CuZnO NPs. Compared with CuZnO NPs, CuZnO@GO
nanocomposites exhibits red shift of absorption edge toward
longer wavelength, which is due to the introduction of GO,
resulting the improvement of photocatalytic activity of
photocatalyst. To obtain the band gap values, band gap
energy plot (Fig. 5b) of materials is deduced by the Tauc
plot method [39]. As can be seen, CuZnO NPs and CuZ-
nO@GO nanocomposites provide the band gap energy as
2.87 and 2.64 eV, respectively. These values are lower than
the band gap energy of 3.37 eV for pure ZnO, which can
effectively reduce the excitation energy of materials, thus

Fig. 3 XRD patterns of GO, CuZnO and CuZnO@GO
nanocomposites

Fig. 4 FT-IR spectra of GO, CuZnO, and CuZnO@GO
nanocomposites
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CuZnO@GO nanocomposites have better ability to utilize
sunlight.

To further investigate the optical property of samples, PL
spectra of photocatalysts are recorded at room temperature
and shown in Fig. 6. It can be clearly seen that the spectrum
of pure ZnO mainly consists of two emission bands. The
first band is the UV near-band-edge emission at 400 nm,
which is originated from the recombination of photoinduced
electrons and holes [40, 41]. The blue emission at 468 nm is
generally occurring due to the oxygen vacancies or other
defects of ZnO lattice [42]. By comparison, there is one
more emission peak at 490 nm in the spectra of CuZnO NPs
and CuZnO nanocomposites than that of pure ZnO, proving
more defects existing in photocatalysts, which is beneficial
for improving the intensity of visible light emission. In
addition, it is observed that the PL intensity of CuZnO NPs
decreases dramatically when compared to that of pure ZnO
in the entire spectrum. Moreover, CuZnO@GO nano-
composites exhibits the lowest intensity of PL emission

among all three samples, indicating that the recombination
rate of photogenerated charge carriers is further reduced.
This is because the excited electrons in CuZnO NPs can be
efficiently transferred to GO sheets during the photo-
catalytic process, thereby enhancing the photocatalytic
activity of materials. Hence, the incorporation of CuO and
GO with ZnO efficiently facilitates the separation of pho-
toinduced electron–hole pairs.

3.2 Antibacterial mechanism of CuZnO@GO
nanocomposites against E. coli and S. aureus

3.2.1 Effect of CuZnO@GO nanocomposites on bacterial
protein leakage

From Fig. 7a, we can see that the protein leakage of E. coli
is very low under normal growth condition, the leakage of
12 h is less than 10 mg·L−1, and the leakage rate begins to
increase after 12 h. There are three reasons for protein
leakage in normal bacterial growth. The first is that bacteria
discharge some proteins through exocytosis, the second is
cell autolysis causes protein leakage, and the third is the
normal aging and death of bacteria cause protein leakage.
When adding 100 mg·L−1 CuZnO@GO nanocomposites to
E. coli suspension, the slope of the curve increases, which
proves that the rate of protein leakage is quickened. The
main reason is that after the cell membrane of E. coli is
destroyed by CuZnO@GO nanocomposites, the cell mem-
branes do not prevent substances outflow from cells, which
causes the quicker speed of protein leakage, and the protein
leakage after 20 h is 10.5 times higher than that in the blank
experiment. According to Fig. 7b, the protein leakage of S.
aureus under normal growth condition is also low, and the
leakage of 14 h is less than 10 mg·L−1. When 100 mg·L−1

CuZnO@GO nanocomposites are added to the S. aureus
suspension, the protein leakage speed is accelerated, and the

Fig. 5 UV–Vis DRS a and band gap energy plot b of GO, CuZnO, and CuZnO@GO nanocomposites

Fig. 6 PL spectra of pure ZnO, CuZnO, and CuZnO@GO nano-
composites with an excitation wavelength of 325 nm
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leakage increases by 8.3 times after 20 h comparing with the
blank experiment.

We also can see that after the action of CuZnO@GO
nanocomposites, the protein leakage rate of E. coli is higher
than that of S. aureus. This is because that S. aureus
belongs to gram-positive bacteria. Totally, 90% of the cell
wall of gram-positive bacteria is a peptidoglycan with large
mechanical strength, and the cell wall is thicker (20–80 nm).
Therefore, the cell wall is capable of resisting external
injury, and can still maintain the original cell morphology
when suffering from external injury. In contrast, E. coli
belongs to gram-negative bacteria. The cell wall of gram-
negative bacteria has a multilayer structure, loose interlayer
arrangement, low-peptidoglycan content, and thin cell wall
(10–15 nm). Therefore, the ability to resist external injury is
weak, and it is easy to cause cell damage and deformation in
the case of external injury. Thus the protein leakage rate of
E. coli is faster than that of S. aureus.

3.2.2 Photocatalytic antibacterial activity of CuZnO@GO
nanocomposites

In order to evaluate the antibacterial performance of CuZ-
nO@GO nanocomposites, the inactivation experiments for
E. coli and S. aureus were carried out in the presence and
absence of visible light and the results are shown in Fig. 8.
It is noted that visible light without any materials shows no
loss in bacterial cell number for both E. coli and S. aureus,
implying that the visible light itself does not have enough
energy to kill bacteria. For dark experiments, the microbes
were incubated with CuZnO NPs and CuZnO@GO nano-
composites, respectively. From Fig. 8a, for 100 mg·L−1

CuZnO NPs, the number of survival E. coli cells decreases
from 1.2 to 0.2 of 107 cfu·mL−1 after treatment for 80 min,
which may be attributed to cell permeability change caused
by the interaction between the released positively charged
zinc and copper ions of CuZnO NPs with the negatively
charged cell membrane of bacteria. After loading on GO,

Fig. 7 Effects of CuZnO@GO nanocomposites on protein leakage of a E. coli and b S. aureus

Fig. 8 Antibacterial activity of CuZnO and CuZnO@GO nanocomposites against a E. coli and b S. aureus

Journal of Sol-Gel Science and Technology (2019) 89:672–684 679



prepared CuZnO@GO nanocomposites possess increased
bactericidal efficiency of making all E. coli bacteria inac-
tivated after treatment for 80 min in the dark, which
proves that GO plays an important role in the antibacterial
effect of CuZnO@GO nanocomposites. When visible light
is introduced, the antibacterial activity CuZnO@GO

nanocomposites is further enhanced. After 40 min of irra-
diation time, there are no survival E. coli bacteria left, thus
CuZnO@GO nanocomposites reveals twice higher anti-
bacterial activity in the presence of visible light than that in
the dark. Meanwhile, as can be seen from Fig. 8b, the
reduction of viable S. aureus bacteria induced by CuZ-
nO@GO nanocomposites displays a similar trend. The
difference is that 100% bacterial inactivation time for S.
aureus treated by CuZnO@GO nanocomposites is 160 min
in the dark and 80 min under visible light irradiation, indi-
cating that S. aureus is less sensitive to composites than E.
coli, which is in agreement with previous results.

3.2.3 Oxidative stress induced by CuZnO@GO
nanocomposites

In photocatalytic antibacterial experiments, many research-
ers reported that ROS acts as a key marker in bactericidal
reaction. NBT can be reduced to bluish violet formazan
under the action of superoxide radical (•O2

−), which belongs
to a kind of ROS. Therefore, the absorption of formazan can
be employed to indicate the level of intracellular ROS in
bacteria. As can be seen from Fig. 9, untreated E. coli and S.
aureus cells maintain a stable level of ROS production at

Fig. 9 Effect of CuZnO@GO nanocomposites on the intracellular
ROS concentration of E. coli and S. aureus

Fig. 10 Schematic of
antibacterial mechanism of
CuZnO@GO nanocomposites
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different times. However, after adding CuZnO@GO nano-
composites, the ROS production of E. coli and S. aureus
cells increase with the prolongation of culture time. In 15
min, whether for E. coli or S. aureus, the intracellular ROS
concentration of the bacteria treated by CuZnO@GO
nanocomposites is twice higher than that of the blank group.
Previous studies have suggested that oxidative stress is one
of the mechanisms involved in the antibacterial activity of
nanomaterials [43, 44]. When the CuZnO@GO nano-
composites act on E. coli or S. aureus, the composites itself
can induce the electron donor on the cell surface to react
with oxygen molecules to generate •O2

−. More and more
reactive oxygen species cannot be removed in time, resulting
in the accumulation. Surprisingly, under visible light irra-
diation, the ROS level of E. coli and S. aureus cells further
increases significantly in the presence of CuZnO@GO
nanocomposites and is more than four times higher as
compared with those of blank group after 15 min, indicating
that illumination plays a vital role in accelerating the rise of
intracellular ROS concentration. When the CuZnO@GO
nanocomposites are irradiated with visible light, the elec-
trons (e−) are excited from valence band (VB) to conduction
band with the simultaneous creation of holes (h+) in the VB.
Then the generated electrons can be readily trapped by O2

present on the surface of photocatalyst or bacterial cells to
yield •O2

−. Furthermore, •O2
− and the photoinduced holes

can react with H2O in the system to produce strong oxidizing
hydroxyl radical (•OH), which can destroy the bacterial cell
wall. Additionally, these above ROS can decrease the
activity of some membranous enzymes [45] and enter into
cells, causing a series of oxidative stress reactions and
leading to bacterial death.

Based on the preceding results, the antibacterial
mechanism of CuZnO@GO nanocomposites can be pro-
posed and schematically illustrated in Fig. 10. On the one

hand, CuZnO@GO nanocomposites can destroy the cell
membrane of bacteria, which leads to the acceleration of
cell content leakage. When CuZnO@GO nanocomposites
are exposed to bacteria, the nanocomposites can be absor-
bed onto cells based on the electrostatic interaction between
the released positively charged zinc and copper ions of
CuZnO NPs with the negatively charged cell membrane of
bacteria. Then the electron transport breaks the potential
balance on the cell surface and GO can physically cut
bacteria due to its sharp edge, resulting the damage of cell
structure. On the other hand, CuZnO@GO nanocomposites
can induce more oxidative stress in the bacterial cell under
visible light irradiation. The illumination leads to the pro-
duction of electron–hole pairs in photocatalysts and the
increased level of ROS in bacteria. These photogenerated
radicals with strong oxidation can attack the bacterial cell,
causing a series of chemical reaction and leading to bac-
terial death.

3.3 Antibacterial properties of CuZnO@GO
nanocomposites in circulating cooling water

The 0.1 g of modified CuZnO NPs were compounded with
GO to make GO mass fraction of 0, 2.5, 7.5, 12.5, 17.5,
22.5, 27.5, 32.5, 37.5, 42.5, and 100%. Then 100 mg·L−1

CuZnO@GO nanocomposites were added into the circu-
lating cooling water. After stirring for 60 min under visible
light irradiation, the antibacterial rate was calculated by Eq.
(1). The effect of GO mass fraction on the antibacterial
property of CuZnO@GO nanocomposites is expressed by
Figs. 11 and 12a.

As can be seen from Fig. 11, the number of bacteria in
circulating cooling water decreases significantly after adding
CuZnO@GO nanocomposites for 60min with visible light.
When the mass fraction of GO is 17.5%, almost no bacterial

Fig. 11 Antibacterial experiment photos of CuZnO@GO nanocomposites with different GO mass fraction under visible light irradiation
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growth is found on the culture dish. According to Fig. 12a,
the photocatalytic antibacterial property of CuZnO@GO in
circulating cooling water increases with the increase of GO
mass fraction, and the highest antibacterial rate reaches
99.09% when the mass fraction of GO is 17.5%. After that,
the antibacterial rate of CuZnO@GO decreases with
increasing GO mass fraction. CuZnO@GO has positive
charge while most of the bacterial surface carries negative
charge. When CuZnO NPs are supported on the surface of
GO, CuZnO@GO nanocomposites can be well adsorbed on
the surface of bacteria by electrostatic action, so that the
bacteria will be coated to cut off the exchange of substances
and information between bacteria and outside. Besides, the
photogenerated electrons excited from CuZnO NPs tends to
transfer into GO sheets [46], which can improve the photo-
catalytic activity. At the same time, the contact chance
between bacteria and GO can be increased, and the synergistic
effect of CuZnO and GO on antibacterial properties sig-
nificantly increases the antibacterial rate [47, 48]. When GO
mass fraction is higher than 17.5%, the antibacterial rate of the

composites gradually decreases. This is because CuZnO
content is not enough to completely fill GO surface when the
GO content increases. At the same time, too much GO is
agglomerated during the loading process [49], which is det-
rimental to photocatalysis. After the addition of CuZnO@GO
nanocomposites to circulating cooling water, the agglomer-
ated GO instead becomes a substrate for bacterial growth,
thereby reducing the antibacterial rate of CuZnO@GO
nanocomposites.

The 0.1 g of modified CuZnO NPs were compounded
with GO, and the mass fraction of GO was 17.5% of
CuZnO@GO nanocomposites. Then CuZnO@GO was
added to the circulating cooling water with visible light
condition. The effect of CuZnO@GO dosage on the anti-
bacterial rate is shown in Fig. 12b. The antibacterial rate of
CuZnO@GO nanocomposites in the circulating cooling
water increases with the increase of the dosage. When the
dosage is 50 mg·L−1, the antibacterial rate is only 82.85%.
When the dosage of CuZnO@GO nanocomposites is
increased, the strong antibacterial effect of GO and CuZnO
is brought into full play, so that the overall antibacterial
property of the composites is significantly enhanced. When
the composites dosage is 100mg·L−1, the antibacterial rate
reaches 99.09%. Subsequently, increasing the dosage to 150
mg·L−1, the antibacterial rate steadily increases to 99.71%.

In our previous study, the strains of bacteria were iden-
tified in circulating cooling water [50]. The results of the
identification showed that there were both gram-negative
bacteria (Enterobacter, Proteus, Neisseria, Pseudomonas,
Klebsiella, etc.) and gram-positive bacteria (Staphylo-
coccus, Microbacterium, etc.) in circulating cooling water.
In the complex environment of circulating cooling water,
CuZnO@GO nanocomposites can achieve 99.7% of anti-
bacterial rate, which proves the universality of CuZnO@GO
nanocomposites.

Fig. 12 Effect of a GO mass fraction and b dosage of composites on
antibacterial rate of CuZnO@GO nanocomposites under visible light
irradiation

Fig. 13 Reusability of CuZnO@GO nanocomposites in circulating
cooling water under visible light irradiation
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In order to evaluate the stability and reusability of pho-
tocatalyst for realistic application, the recycled runs for the
photocatalytic inactivation of bacteria have been performed
in circulating cooling water with 100 mg·L−1 CuZnO@GO
nanocomposites for four times (60 min at a time). From Fig.
13, it can be clearly found that the antibacterial rate of
CuZnO@GO nanocomposites displays a slight decrease
under visible light irradiation after four repeated experi-
ments. The slight reduction of photocatalytic antibacterial
activity in cyclic use may be caused by the loss of CuZ-
nO@GO nanocomposites during the centrifugation and
washing progress. Moreover, an antibacterial rate of more
than 90% is still achieved within 60 min after four runs,
demonstrating that CuZnO@GO nanocomposites have
considerable photostability. The reusability of CuZnO@GO
nanocomposites can save the cost distinctly, thereby facil-
itating the practical application for water treatment.

4 Conclusions

(1) The size of CuZnO NPs prepared by a sol–gel method
was about 20–40 nm. The FT-IR characterization proved
that the synthesized GO contained many oxygen-containing
functional groups. Through SEM and TEM photos, CuZnO
NPs were successfully loaded to the GO surface, and the
XRD characterization showed that the lattice morphology of
CuZnO NPs did not change after the load. The UV–Vis and
PL spectra showed CuZnO@GO nanocomposites had better
ability to utilize sunlight.

(2) E. coli and S. aureus were very sensitive to CuZ-
nO@GO nanocomposites, and CuZnO@GO could accel-
erate protein leakage of bacteria. When adding
CuZnO@GO nanocomposites to E. coli or S. aureus sus-
pension, the protein leakage after 20 h was 10.5 times or 8.3
times higher than that in the blank experiment. Under
visible light irradiation, CuZnO@GO nanocomposites
exhibited strong photocatalytic antibacterial activity due to
increased oxidative stress in bacterial cell by photo-
generated reactive radicals.

(3) In the presence of visible light, the antibacterial rate of
CuZnO@GO nanocomposites in circulating cooling water
reached 99.09% when the mass fraction of GO was 17.5%
and the dosage was 100mg·L−1, and more than 90% of
bacteria could still be inactivated in 60 min after four recy-
cled runs. The CuZnO@GO nanocomposites could be an
efficient visible light-responsive photocatalytic antibacterial
agent for the potential application in water treatment.
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