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a b s t r a c t
The visible-light-driven (VLD) photocatalytic activity of graphene oxide–zinc oxide (GO–ZnO) composite
prepared by a simple hydrothermal method was evaluated toward the inactivation of Escherichia coli K12. The results showed that GO–ZnO composite had excellent VLD photocatalytic bacterial inactivation
activity, comparing with those of ZnO and GO, which was attributed to the strong interaction between ZnO
and GO in the composite. Accordingly, an interaction induced VLD photocatalytic inactivation mechanism
of the strong interaction of GO with ZnO within the GO–ZnO composite was proposed. GO served as a
photosensitizer and facilitated the charge separation and transfer, thus boosted the massive production
of reactive oxygen species such as • OHbulk , which was identiﬁed as the major reactive species from
conduction band of ZnO, and resulted in a remarkable enhancement of bacterial inactivation efﬁciency.
Moreover, GO–ZnO composite showed obviously superior photocatalytic bacterial inactivation within
10 min under natural solar light irradiation, indicating that GO–ZnO composite has great potential in
wastewater treatment and environmental protection.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Currently, due to growing concerns about the emergence of
worldwide microbiologically contaminated water sources, it is
urgent to develop efﬁcient and eco-friendly water disinfection
techniques to eliminate pathogenic microorganisms. Alternative to
the traditional disinfection methods, semiconductor photocatalysis has been considered as an effective water puriﬁcation approach
to various microbial contaminations [1,2].
Zinc oxide (ZnO), with a bandgap of 3.27 eV, is one of the most
widely studied semiconductor photocatalyst that can only be activated by UV light. In order to effectively utilize energy of visible
spectrum of sunlight or indoor artiﬁcial light, it is crucial to extend
the photo-response range of ZnO to visible light (VL) in photocatalytic process. Recently, graphene or graphene oxide (GO) has
attracted increasing attention due to their good electron conductivity, large speciﬁc surface area and high adsorption ability [3,4].
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In particular, the oxygen functional groups on the surface of GO
can act as active anchoring sites for photocatalyst fabrication [5–7].
Therefore, a variety of GO–ZnO composites are developed to extend
their applications in photocatalysis, such as heavy metal reduction
[8], air puriﬁcation [9], dye degradation [10,11], and photodynamic
therapy [12]. Unfortunately, very limited work focused on using
GO–ZnO composites for VLD bacterial inactivation.
Various reactive oxygen species (ROSs), such as superoxide radicals (• O2 − ), hydroxyl radicals in solution (• OHbulk ), and hydrogen
peroxide (H2 O2 ) are believed to be responsible for the destruction of microorganisms [13,14]. However, there are signiﬁcant
differences in VLD photocatalytic mechanisms for bacterial disinfection and other photocatalytic processes. Which ROS(s) plays the
major role(s) for GO–ZnO composite in VLD photocatalytic bacterial
inactivation process is still unclear. Although enhanced bacterial
inactivation of GO–ZnO composites has been reported [15,16], the
VLD charge transfer process between GO and ZnO and the role of
GO in GO–ZnO composite still have not yet been identiﬁed. The
enhanced photocatalytic activities of GO–ZnO composites in various pioneering studies were generally accepted to be attributable
to the electron transfer ability of GO [8–12], which would
facilitate the separation and transfer of photogenerated charges.
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More recently, much effort has been made to endow wide-bandgap
semiconductors (such as TiO2 , ZnS and ZnO) with VLD photocatalytic performances by using GO as a photosensitizer [17–21]. These
results may provide a meaningful hint to better explain VLD photocatalytic bacterial inactivation mechanism of GO–ZnO composite.
Hence, the detail VLD photocatalytic processes and mechanisms for
bacterial disinfection are required a more systematic study.
In this study, the VLD photocatalytic inactivation activity of
GO–ZnO composite photocatalysts toward a model bacterium,
Escherichia coli K-12, was assessed. The role of GO in the GO–ZnO
composites was explored to specify major/dominant reactive
species involved in the inactivation process. Accordingly, a reasonable mechanism was also proposed to well explain the efﬁcient VLD
bacterial inactivation performance of prepared GO–ZnO composite
photocatalyst. The GO–ZnO composite was also applied to measure
the bacterial inactivation under natural solar light radiation.

2. Experimental
2.1. Synthesis of graphene oxide–zinc oxide (GO–ZnO) composite
Graphene oxide (GO) was prepared according to the modiﬁed Hummer’s method [22]. The graphene oxide–zinc oxide
(GO–ZnO) composite was synthesized by a simple hydrothermal method described as following: Typically, 5 mL GO aqueous
solution (1 mg mL−1 ) was added to 35 mL deionized (DI) water
containing 0.5 g ZnO nanoparticles (NPs) (<100 nm, Sigma–Aldrich)
(GO:ZnO = 1% weight ratio) and then kept stirring for 30 min. After
that, the solution was transferred to 100 mL Teﬂon-sealed autoclave and maintained at 160 ◦ C for 12 h. After cooling to the room
temperature (∼25 ◦ C), the precipitate was centrifuged, washed
with DI water and then 100% ethanol for several times, and ﬁnally
dried at 60 ◦ C in an oven. All the chemicals used in the experiments were of reagent grade and used as received without further
puriﬁcation.

2.3. Photocatalytic inactivation activity of GO–ZnO composite
The VLD photocatalytic inactivation of E. coli K-12 was conducted using ﬂuorescent tubes (15 W, FSL, Foshan, China) as VL
source. The VL intensity was measured by a LI-250 light meter (LICOR, Lincoln, Nebraska, USA) and was ﬁxed at 8.5 mW cm−2 . The
cells of E. coli K-12 were inoculated into 50 mL of Nutrient Broth
(Lab M, Lancashire, UK) at 37 ◦ C for 15 h in a shaking incubator.
The cultures were then washed twice with sterilized saline (0.9%
NaCl) solution by centrifugation for 1 min, and then the cell pellet
was re-suspended in sterilized saline solution. The ﬁnal cell density was adjusted to about 1 × 107 colony forming unit (CFU) mL−1 .
A suspension (50 mL) containing the photocatalyst (50 mg) and the
bacterial cells in a 150 mL ﬂask was kept at 25 ◦ C with continuous stirring. At different time intervals, aliquots of the sample were
collected and serially diluted with sterilized saline solution. 0.1 mL
of the diluted sample was immediately spread on Nutrient Agar
(Lab M, Lancashire, UK) plates and incubated at 37 ◦ C for 24 h to
determine the number of survival cells (in CFU). The detection limit
was 1 CFU mL−1 . For comparison, dark (photocatalyst and bacterial cells without light) and light (bacterial cells and light without
photocatalyst) controls were also included in the study. To identify the major reactive species accounting for the photocatalytic
inactivation of E. coli K-12, speciﬁc scavenger at optimized concentration was added under otherwise identical conditions mentioned
above. All the above experiments and controls were conducted in
triplicates.
The bacterial cells and the photocatalyst mixture was collected
before and after photocatalytic treatment, and stained with the
dyes of LIVE/DEAD BacLight Bacterial Viability Kit (L7012, Molecular Probes, Inc., Eugene, Oregon, USA) following the procedure
recommended by the manufacturer. After incubation at 25 ◦ C in
the dark for 15 min, the samples were transferred to a coverslip
and examined under a ECLIPSE 80i ﬂuorescence microscopy (Nikon,
Tokyo, Japan) equipped with a ﬁlter block NUV-2A consisting of
excitation ﬁlter Ex 400-680 (Nikon, Tokyo, Japan) and Spot-K slider
CCD camera (Diagnostic Instruments Inc., Sterling Heights, Michigan, USA).

2.2. Characterizations of GO–ZnO composite
The X-ray diffraction (XRD) pattern of as-prepared composites was performed using a SmartLab X-ray diffractometer (Rigaku,
Tokyo, Japan) operating at 40 mA and 40 kV using Cu K␣ as radiation source. Transmission electron microscopic (TEM) images
were observed using Tecnai G2 Spirit transmission electron
microscope (FEI, Hillsboro, OR, USA) at 200 kV equipped with
an energy-dispersive X-ray (EDX) spectrometer. UV–vis diffuse
reﬂectance spectra (DRS) were measured with a Varian Cary 500
UV–vis spectrophotometer (Palo Alto, CA, USA) equipped with a
Labsphere diffuse reﬂectance accessory. X-ray photoelectron spectroscopy (XPS) experiments were recorded on an AXIS-ULTRA
DLD-600W X-ray photoelectron spectrometer (Shimadzu-Kratos,
Kyoto, Japan) using Al-K␣ radiation as the excitation source. The
Brunauer–Emmett–Teller (BET) speciﬁc surface area of the samples was determined with an ASAP 2020 volumetric adsorption
analyzer (Micromeritics, Norcross, GA, USA). The Raman spectra
were measured using a Renishaw RM 1000 Raman spectrometer
(Wotton-under-Edge, UK) with the excitation of a 514 nm laser
beam. The electrochemical impedance spectroscopy (EIS) measurements were performed with a CHI760C electrochemical working
station (CH Instruments, Shanghai, China) in a three-electrode
quartz cells with 0.1 M Na2 SO4 electrolyte solution. The working
electrode was obtained by the ZnO, GO and GO–ZnO composite samples deposited on a ﬂuorinated-tin-oxide (FTO) conducting
glass. Ag/AgCl and Pt served as the reference and the counter electrode, respectively.

2.4. Detection of hydrogen peroxide (H2 O2 ), hydroxyl radical
(• OH) and superoxide (• O2 − )
H2 O2 produced during the photocatalytic inactivation was analyzed by a highly sensitive ﬂuorometric method [23]. Brieﬂy, 0.4 mL
of the samples, 0.1 mL of FeSO4 (0.25 mM) and 0.1 mL of coumarin
(0.5 mM) were added into 0.4 mL of citrate buffer (pH 3) with
further standing for 10 min. Then the mixture was measured at
emission wavelength of 456 nm with excitation wavelength of
346 nm by an Inﬁnite® M200 microplate reader (Tecan, Männedorf,
Switzerland). The concentration of produced H2 O2 was calculated
based on the standard as the same procedure using pure H2 O2 as
the reference.
To detect the production of • OH, 50 mg GO–ZnO composite was
suspended in a 50 mL saline solution containing terephthalic acid
(TA) (5 × 10−4 M) and NaOH (2 × 10−3 M) [14]. The resulting suspension was then exposed to VL irradiation. At regular intervals,
1 mL the suspension was collected and centrifuged to separate the
photocatalyst. Finally, ﬂuorescence of the solution was measured at
emission wavelength of 426 nm by exciting wavelength at 315 nm
by the Inﬁnite® M200 microplate reader.
To detect the production of • O2 − , the procedure was similar
to that of • OH with nitroblue tetrazolium (NBT) instead of TA
and NaOH [14]. The production of • O2 − was quantitatively analyzed by detecting the decrease of the concentration of NBT at
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wavelength 259 nm with a LabTech Bluestar A UV–Vis spectrophotometer (Tianjing, China).

3. Results and discussion
3.1. Characterizations of photocatalysts
Fig. 1a shows the XRD patterns of GO, ZnO and GO–ZnO composite. The pattern of GO has a typical characteristic peak at
2 = 8.9◦ , corresponding to (001) inter-planar spacing (d-spacing) of
about 1 nm, demonstrating the successful introduction of oxygencontaining groups on the basal plane compared to graphite (Fig.
S1). The GO–ZnO composite showed similar XRD patterns as compared to pure ZnO. All the diffraction peaks can be well indexed
to the hexagonal phase of ZnO (JCPDS 01-075-0576). Notably, no
diffraction peaks of GO can be observed in the GO–ZnO composite, which may be ascribed to the low content and relatively low
diffraction intensity of GO in the composites [6]. The morphologies
of GO, ZnO and GO–ZnO composite are revealed through TEM analysis (Figs. S2 and 1b). As shown in Fig. 1b, the GO–ZnO composite
presents similar size and morphology as the pure ZnO (Fig. S2b).
However, both the edges of GO and ZnO were clearly observable in
the GO–ZnO composite, suggesting that a good contact was formed
between GO and ZnO.
XPS and Raman spectra were used to investigate the interfacial character as well as the interaction between GO and ZnO in
the GO–ZnO composite. As shown in Fig. 2a, the C 1s spectrum of
GO suggested the abundance of various oxygen-containing functional groups on the GO surface. The deconvoluted peaks centered
at 284.4, 285.3, 287.2 and 288.9 eV were assigned to C C, C O,
C O and C(O)OH bonds, respectively [5]. As for GO–ZnO composite,
the oxygen-containing functional groups in C 1s spectra exhibited smaller relative contents (Table S1), indicating the removal
of oxygen-containing functional groups and partially reduction
of original GO during the hydrothermal treatment. Meanwhile, it
could be found a peak shift of the binding energies of C C and
C O bonds in GO–ZnO composite (Fig. 2b), which implied that the
strong interaction existed between ZnO and the oxygen-containing
functional groups onto the GO surface [7]. In Fig. 2c, the binding
energy peaks at 1021.6 and 1044.7 eV matched well with those of
respective Zn 2p3/2 and Zn 2p1/2 , which corresponded to the chemical element state of Zn2+ in ZnO and GO–ZnO composite. It was
seen that the peak positions of Zn 2p of GO–ZnO composite was
identical to those of ZnO, which conﬁrmed that no chemical Zn–C
bond was formed in the composite [24]. Raman spectra of GO and
GO–ZnO composite were presented in Fig. 2d. GO displayed two
typical bands located at 1357 cm−1 for D band and 1603 cm−1 for G
band. The D band is ascribed to edge or in-plane sp3 defects and disordered carbon, whereas the G band arises from in-plane vibration
of ordered sp2 -bonded carbon atoms in a two dimensional hexagonal lattice [11]. In general, the ID /IG intensity ratio is a measure
of the relative concentration of local defects/disorders and average size of the sp2 domains in graphite materials [7]. Particular
note was the ID /IG ratio increased to 0.90 for GO–ZnO composite as compared with 0.76 of GO, indicating the formation of the
defects and disorders as well as a decrease in the average size of
the sp2 domains resulting from the removal of oxygen-containing
functional groups, which corresponded to the results of XPS. Additionally, the D band for GO–ZnO composite showed a blue shift
(1350 cm−1 ) as compared with ZnO (1357 cm−1 ), further implying
a close interaction between ZnO NPs and GO sheets [25]. Therefore, the results of XPS and Raman spectra excluded the formation
of Zn-C bond and all the above analyses illustrated the existence of a
strong interaction between GO and ZnO within obtained composite.
During hydrothermal process, the decrease of oxygen-containing
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functional groups resulted in some  electrons of C atom that
cannot bond with others to form a delocalized large  bond. The
remaining unpaired  electrons could easily bond with Zn atoms
on the surface of ZnO in the GO–ZnO composite to form a strong
interaction between GO and ZnO [24], which was expected to favor
the charge transfer process.
The interface charge separation efﬁciency which would signiﬁcantly affect the photocatalytic activity can be investigated by the
electrochemical impedance spectra (EIS), and the results are presented in Fig. 3. The impedance spectra with a semicircle arc were
observed at higher frequencies, corresponding to the kinetic control of the charge transfer process. The arc radius in EIS reﬂects
the interface layer resistance arising at the surface of the electrode.
The smaller arc radius implies the higher charge transfer efﬁciency
[5]. The arc radius of GO–ZnO composite was smaller than that of
ZnO under VL irradiation (Fig. 3a) or in dark (Fig. 3b). This suggested that the GO–ZnO photocatalysts had lower resistance than
that of ZnO, implying that the mobility of charges separation and
transfer at the solid–liquid interface was promoted. Furthermore,
faster transient photocurrent response for GO–ZnO composites was
observed compared to those of ZnO and GO (Fig. S3). The photocurrent enhancement after GO introduction suggested a higher
separation efﬁciency of photogenerated electrons and holes, which
could be assigned to the interaction of GO and ZnO in GO–ZnO composites. The result further demonstrated that the introduction of GO
was beneﬁcial for achieving efﬁcient carrier transport and separation, which was highly desired for photocatalytic performance of
prepared GO–ZnO composite.
The adsorption range of light of photocatalysts also plays an
important role in the photocatalytic process, which can be examined by UV–vis diffuse reﬂectance spectroscopy (DRS). As shown
in Fig. 4a, it can be seen that the addition of GO into composite
signiﬁcantly affected the light adsorption as well as the optical
property of ZnO. An enhanced absorbance was observed at the VL
region ( > 400 nm), which was attributed to the broad background
adsorption of GO within VL region. The Kubelka–Munk method was
employed to determine the band gap of as-prepared photocatalysts
(Fig. 4b), from which the band gap of the samples were estimated
to be 3.13 and 3.15 eV, corresponding to GO–ZnO and ZnO, respectively. This similar value demonstrated that the strong interaction
with GO hardly affected band gap of ZnO in GO–ZnO composite.

3.2. Photocatalytic inactivation activity
E. coli K-12, a common water-borne bacterium, was chosen as a
representative microorganism to evaluate the VLD photocatalytic
inactivation activity of GO–ZnO composite. In the dark and light
control experiments, the bacterial population remained unchanged
even after 60 min, indicating no toxic effect of GO–ZnO to the cells
of E. coli K-12, and no photolysis of bacterial cells occurred under
VL irradiation. As shown in Fig. 5a, no decrease of cell density was
observed over the pure GO or ZnO irradiated by VL, implying that
ZnO and GO themselves could not directly act as VLD photocatalysts
for the bacterial inactivation. However, the GO–ZnO composite
with 1 wt% GO loading exhibited the optimized photocatalytic inactivation (Fig. S4), with 1 × 107 CFU mL−1 of E. coli K-12 complete
inactivation within 60 min under VL irradiation. It should be noted
that the cell density was almost stable at 7-log in the ﬁrst 30 min.
This initial decay period was attributed to the accumulation of reactive species, since they were insufﬁcient to engender remarkable
bacterial damage [26]. In addition, the simple mixture of ZnO and
GO did not have any detectable VLD photocatalytic activity toward
the bacterial cells within 60 min (Fig. 5b), further suggesting the
interaction between GO and ZnO was important in enhancing the
overall VLD bacterial inactivation by GO–ZnO composite.
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Fig. 1. (a) XRD patterns of GO, ZnO and GO–ZnO composite; (b) TEM image of GO–ZnO composite.

To study the cell membrane integrity of E. coli K-12 during
photocatalytic inactivation by GO–ZnO composite, the ﬂuorescent microscopic method was conducted according to previous
study [26]. Once bound to a nucleic acid, membrane-permeable
SYTO 9 emits green light while membrane-impermeable

propidium iodide (PI) emits red light. Live bacterial cells with intact
cell membranes are therefore stained ﬂuorescent green, whereas
dead bacterial cells with damaged cell membranes are stained ﬂuorescent red. As shown in Fig. 6a, the viable cells presented intense
green ﬂuorescence. Notably, GO–ZnO composite could not been

Fig. 2. XPS spectra of C 1s for (a) GO, (b) GO–ZnO composite, and (c) Zn 2p; (d) Raman spectra of GO and GO–ZnO composite.
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Fig. 3. EIS Nynquist plots of GO–ZnO composite and pure ZnO (a) under VL light irradiation and (b) in dark. (Na2 SO4 = 0.1 M).

Fig. 4. (a) UV–vis diffuse reﬂectance spectra (DRS) of ZnO and GO–ZnO composite; (b) the plots of transformed Kubelka–Munk function versus the energy of visible light.

stained by neither SYTO 9 nor PI, and there was no obvious interaction between bacterial cells and the composite photocatalysts
(Fig. 6b). After VLD photocatalytic treatment for 20 min, a portion
of bacterial cells turned to red ﬂuorescence (Fig. 6c), indicating
these cells loss their cell membrane integrity. As time progressed,
increasingly more red-stained bacterial cells were observed (Fig. 6d
and e). Hence, the ﬂuorescence microscopic observations provided
direct evidence of bacterial cell membrane were damaged during
photocatalytic process. The cell membrane is a protecting barrier
and regulates the enzymatic reactions, cell recognition and substrate transport, thus controlling overall cell metabolism [27]. Cell

membrane integrity is a primary indicator when bacterial cells
are under adverse stress [28]. Therefore, it could be concluded
that the GO–ZnO composite photocatalysts irradiated by VL led to
progressive damage of the cell membranes of bacterial cells.
3.3. Mechanism of VLD photocatalytic inactivation
To further investigate the photocatalytic inactivation mechanism, the scavenger study, which employing different compound
individually to remove the speciﬁc reactive species [14,26],
was conducted in the photocatalytic inactivation process. Before

Fig. 5. Photocatalytic inactivation efﬁciency of E. coli K-12 (1 × 107 CFU mL−1 ) in the presence of (a) GO–ZnO composite, GO (0.01 mg mL−1 ) and ZnO and (b) simple mixture
of ZnO and GO under VL irradiation provided by ﬂuorescence tubes.
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Fig. 6. Fluorescence microscopic images of E. coli K-12 after the photocatalytic treatment in the presence and in the absence of GO–ZnO composite under VL irradiation
provided by ﬂuorescence tubes. (a) E. coli K-12. The mixture of GO–ZnO composite and E. coli K-12 under VL irradiation for (b) 0, (c) 20, (d) 40, and (e) 60 min.

Fig. 7. The photocatalytic inactivation of E. coli K-12 (a) in the presence or absence of different scavengers: no scavenger, 5 mM isopropanol, 2 mM TEMPOL, 0.5 mM sodium
oxalate, 0.1 mM Fe(II)-EDTA and 0.05 mM Cr(VI); and (b) argon aeration with GO–ZnO under VL irradiation provided by ﬂuorescence tubes.
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Fig. 8. H2 O2 produced during the photocatalytic inactivation process with GO–ZnO under VL irradiation provided by ﬂuorescence tubes (a) for 60 min and (b) for 8 h.

conducting the scavenging experiments, the applied concentrations of each scavenger were optimized to achieve their maximum
scavenging effect but not cause toxicity to bacterial cells. As shown
in Fig. 7a, with the addition of sodium oxalate as a scavenger
for h+ , the inactivation efﬁciency had a negligible change compared with that without scavenger added, indicating h+ was not
the major reactive species in this VLD photocatalytic inactivation
process. This is because GO–ZnO composite cannot be photoexcited
by VL irradiation due to its wide bandgap and no e− and h+ were
generated from ZnO. However, obvious inhibition effect of bacterial inactivation was observed when Cr(VI) was used to scavenge
e− , implying that e− or its later resulted species was involved in
the process of the photocatalytic inactivation, since other ROSs,
such as • O2 − , • OHbulk and H2 O2 may be also formed from the
reactions with e− during the photocatalysis. Surprisingly, the photocatalytic inactivation was completely inhibited in the presence of
isopropanol, Fe(II)-ethylenediaminetetraacetic acid (EDTA), and 4hydroxy-2,2,6,6 tetramethyl-piperidinyloxy (TEMPOL) to remove
• OH, H O , and • O − , respectively. Since • O − was generally pro2 2
2
2
duced from e− , while H2 O2 and • OHbulk could be generated from
both e− in the CB and h+ in the VB, argon (Ar) was aerated continuously in the reaction solution to remove O2 and hence eliminated
any inﬂuencing of ROSs produced from the e− in CB, leaving only the
h+ in VB to be function to produce ROSs. As illustrated in Fig. 7b, with
VL irradiation, GO–ZnO composite exhibited almost no bacterial
inactivation, further conﬁrming no h+ in VB of ZnO was generated,
since neither GO–ZnO composite nor ZnO was with VL response.
This result also suggested that H2 O2 and • OHbulk were probably
produced from the e− in CB rather than h+ in VB. In CB, • O2 − is
formed ﬁrstly to be activated the ambient molecular oxygen by
reacting with e− , while H2 O2 is produced by the reduction or disproportionation of • O2 − [29], and then further forming • OHbulk .
The quenching of • O2 − and H2 O2 would also decrease the amount
of • OHbulk , thus resulting in a signiﬁcant inhibition effect on the
inactivation efﬁciency.
To further investigate the major reactive species, the effect
of direct contact between GO–ZnO photocatalyst and bacterial
cell was also validated. A partition system was employed to
separate the bacterial cell from the photocatalyst (Fig. S5) [29].
The semipermeable membrane (Molecular weight cutting limit is
12,000–14,000 Da) used in the partition system only allowed entry
of • OHbulk and H2 O2 [29], but prevented the passage of GO–ZnO
composite (50–200 nm) and the cell of E. coli K-12, which has with
molecular weight of about 2.6 × 106 Da. Thus, the direct contact
between bacterial cell and GO–ZnO was prohibited. Expectedly, the
GO–ZnO composite could completely photocatalytic inactivation of
the bacterial cells within 6 h under VL irradiation in the partition
system (Fig. S6), further conﬁrming the existence of diffusible ROSs

such as • OHbulk and H2 O2 in the inactivation process. The photocatalytic disinfection efﬁciency in the partition system was lower than
that in the non-partition system because the life span of • OHbulk is
extremely short and some of them may annihilate during the diffusing process [29]. This result demonstrated that direct contact
between GO–ZnO composite and bacterial cell was not a prerequisite for the photocatalytic inactivation of the bacterial cells and
further supported the importance of • OHbulk and H2 O2 in activation
process.
Since the yield of • OHbulk was highly dependent on the amount
of H2 O2 , the concentration of H2 O2 was directly monitored using
the microplate ﬂuorometric method [23]. As shown in Fig. 8a,
the production of H2 O2 was found to increase dramatically under
VL irradiation, achieving as high as ca. 80 M within 60 min,
much higher than that produced by ZnO and GO (Fig. S7). Moreover, the concentration of H2 O2 did not reach a constant value
as reported previously [29,30]. In contrast, it was linearly ﬁtted with a regression coefﬁcient (R2 = 0.994) within the range of
0–80 M, demonstrating a high and continuous production of H2 O2
by GO–ZnO composite. Surprisingly, this linear relationship was
even observed after 8 h VL irradiation, with the estimated concentration of H2 O2 to be maximum 1000 M (R2 = 0.965) (Fig. 8b),
which far exceeded those produced by previously reported VLD
photocatalysts such as CdIn2 S4 (61.7 M) [29], and Cu(II)/WO3
(0.5 M) [31]. Hence, the strong interaction within GO–ZnO composite maybe induce good mass production of H2 O2 , exhibiting
promising potentials to H2 O2 -oriented VLD photocatalysis applications.
The contributions of • O2 − and • OHbulk in the VLD bacterial inactivation process were further clariﬁed by using NBT and TA as the
• O − and • OH
2
bulk probe, respectively. NBT, exhibiting an absorption maximum at 259 nm, can directly react with • O2 − to form
insoluble blue formazanb. The production was quantitatively analyzed by detecting the concentration of reduced NBT. TA readily
reacts with • OHbulk to produce the highly ﬂuorescent product,
2-hydroxyterephthalic acid (TAOH), which has the photoluminescence emission peak at 426 nm by excitation at 315 nm [32]. The
amount of • OHbulk can be monitored by the ﬂuorescence emission peak at 425 nm. As shown in Fig. 9a, the concentration of
• O − quickly increases within 30 min and became constant with
2
prolonged irradiation time, indicating that the generation and annihilation of • O2 − reached a dynamic equilibrium [33]. Nevertheless,
the concentration of • OHbulk kept increasing within 60 min (Fig. 9b),
which corresponded to the change trend of H2 O2 . In CB, • O2 −
is formed to be activated the ambient molecular oxygen, while
H2 O2 is produced by the reduction or disproportionation of • O2 −
[29], further forming • OHbulk . Although the kinetics correlation
between • O2 − , • OHbulk and H2 O2 is required further investigation,
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Fig. 9. (a) Transformation percentage of NBT concentration; (b) ﬂuorescence intensity at 426 nm for TAOH with GO–ZnO composite under VL irradiation provided by
ﬂuorescence tubes.

the VLD photocatalytic bacteria inactivation of GO–ZnO composite
was highly relevant to the evolution of • OHbulk and H2 O2 rather
than • O2 − . Hence, a reliable conclusion can be drawn from above
analyses that • OHbulk was the major ROS responsible for the bacterial inactivation in this case. This was also consistent with the
results of scavenger study that the quenching of • O2 − and H2 O2
decreased the amount of • OHbulk , resulting in a signiﬁcant inhibition effect on the inactivation efﬁciency.
Speciﬁc surface area of photocatalyst may have inﬂuence on
their photocatalytic activities. Nevertheless, GO–ZnO and ZnO process similar speciﬁc surface area (Fig. S8), indicating that speciﬁc
surface area of photocatalysts played neglectable effect on the
signiﬁcant enhancement of bacterial inactivation after GO introduction. As discussed above, the GO–ZnO composite was able to
have an intense light absorption within the VL region and a more
rapid interfacial charge separation and transfer under VL irradiation due to the strong interaction between GO and ZnO, but not
enough to be VLD due to the wide band gap of 3.13 eV. However,
when VLD photocatalytic bacterial inactivation experiment was
conducted, GO–ZnO composite was found to exhibit remarkable
enhancement of the activity. Finally, the above discussions guided
us to infer an interaction between ZnO and GO induced VLD photocatalytic bacterial inactivation mechanism of GO–ZnO composite.
The interfacial interaction between GO and the semiconductors will
affect the charge carrier lifetime and transfer efﬁciency across the
interface [34]. Accordingly, with proper interfacial interaction, the
photoinduced e− in GO can be successfully injected into the CB
of semiconductors, thus producing VL activity. In fact, some theoretical calculations found that graphene can potentially act as a
photosensitizer in some wide-band-gap semiconductor/graphene
composites [35,36]. Therefore, GO was proposed to act as a photosensitizer in GO–ZnO composite. The conduction band minimum
(ECBM ) potential of ZnO was calculated to be −4.39 eV versus a vacuum, according to the equation ECBM =  − Ec − 0.5Eg , where  is the
absolute electronegativity of ZnO, Ec is the energy of free electrons
on the hydrogen scale (about 4.5 eV), Eg is the band gap energy of
ZnO. The potential of GO is −3.5 eV [37]. Since the energy level of GO
is higher than the conduction band of ZnO, electron transfer from
GO to ZnO is thermodynamically favorable. Consequently, under
VL irradiation, GO was excited from the ground state to the excited
state *GO, with electrons photogenerated simultaneously, which
were then injected into CB of ZnO and then efﬁciently migrated to
the surface of the GO–ZnO composite. With enhanced charge separation and transfer efﬁciency, these electrons activated the ambient
oxygen molecules to produce highly powerful ROSs such as • O2 −
and H2 O2 , and then resulted in • OHbulk , leading to dramatically
inactivation effect toward bacterial cells.

3.4. Practical application
Furthermore, the GO–ZnO composite also showed, within
10 min, a 6-log reduction of the bacterial population under natural
sunlight irradiation (Fig. S9). This excellent bacterial inactivation is
far exceed those of the pure TiO2 [38], metal-doped TiO2 [39,40],
nitrogen-doped TiO2 [40], and GO–TiO2 [41] irradiated by sunlight.
In addition to the GO photosensitizer induced effect, the UV light
of the solar spectrum facilitated the utilization of the photogeneration of charges from both CB and VB of ZnO, creating a prosperous
ROS-rich process for the bacterial inactivation. Thus from the
viewpoint of practical application, the present work also successfully demonstrated a new and promising GO–semiconductor-based
photocatalyst for the ultimate goal of solar energy utilization in
water and/or wastewater puriﬁcation.
4. Conclusions
In summary, GO–ZnO composite was synthesized by a simple hydrothermal method. Signiﬁcantly, the obtained GO–ZnO
composite exhibited superior VLD photocatalytic activity for the
inactivation of E. coli K-12 due to the strong interaction between
ZnO and GO. As GO serving as a photosensitizer, the strong interaction promoted the charge separation and transfer, resulting in
boosted production of ROSs and then enhanced bacterial inactivation without direct contact with the bacteria. The • OHbulk was
suggested as the major ROS responsible for the bacterial inactivation in this process. The GO–ZnO composite also showed an
excellent bacterial inactivation under natural sunlight irradiation.
This current study does not only provide a highly efﬁcient VLD photocatalyst for massively H2 O2 -produced photocatalytic reactions,
but also promotes further interest of GO-semiconductor photocatalyst for environmental application with the utilization of VL and
sunlight.
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