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ctional Ag and Sr2+ co-doped
TiO2@rGO ternary nanocomposite with enhanced
p-nitrophenol degradation, and bactericidal and
hydrogen evolution activity†

Xueyu Wei, *ab Jiashun Cao*a and Fang Fanga

In the present study, a novel multifunctional Sr2+/Ag–TiO2@rGO ternary hybrid photocatalyst was prepared

via facile sol–gel and hydrothermal methods. The prepared catalyst was well characterized by UV-vis, XRD,

Raman, HRTEM and XPS. The synthesized composite was utilised for p-NP degradation, E. coli disinfection

and H2 generation under visible light. The Sr2+/Ag–TiO2@rGO catalyst showed enhanced photocatalytic H2

evolution rate (64.3 mmol h�1) compared with Ag–TiO2@rGO (30.1 mmol h�1) and TiO2 (no activity). Nearly

complete degradation of 15 mg l�1 p-NP was achieved over Sr2+/Ag–TiO2@rGO after 3 h, while only 66%

and 5%was achieved by Ag–TiO2@rGO and TiO2 respectively. Furthermore, TEM analysis was carried out on

Escherichia coli (E. coli) before and after visible light irradiation to understand the inactivation mechanism

and DNA analysis indicated no fragmentation during inactivation. Radical quantification experiments and

ESR analysis suggested that $OH and O2c
� were the main ROS in the degradation and disinfection

processes. The superior photocatalytic H2 evolution rate of Sr2+/Ag–TiO2@rGO was attributed to the

synergetic effect between the Ag, Sr2+ and TiO2 components on the rGO surface. The localized SPR

effect of Ag induced visible light generated charge carriers into the conduction band of the TiO2 and

Sr2+ which further transfer to the rGO for the reduction of H+ ions into H2. The results suggest that Sr2+/

Ag–TiO2@rGO structures could not only induce separation and migration efficiency of charge carries,

but also improve charge collection efficiency for enhanced catalytic activity. Thus, we believe that this

work could provide new insights into multifunctional nanomaterials for applications in solar

photocatalytic degradation of harmful organics and pathogenic bacteria with clean energy generation

during wastewater treatment.
Introduction

Wastewater comprises various pollutants such as toxic chem-
icals, pathogenic bacteria and viruses. Although, different
strategies have been employed to eliminate these pollutants, it
still remains a great challenge to eliminate hazardous chem-
icals and disease-causing microorganisms employing a single
material. This objective could be solved by means of preparing
new multifunctional composite materials that are capable of
degrading chemical pollutants and eliminating common path-
ogenic bacteria effectively with simultaneous generation of
clean energy (hydrogen) via an eco-friendly process.

For many years, nitro aromatic compounds have been
considered as one of the most refractory and carcinogenic
Nanjing – 210098, P. R. China. E-mail:

re, Anhui Polytechnic University, Wuhu –

tion (ESI) available. See DOI:

9

pollutants in waste water due to their high stability and solu-
bility.1 The reduction of p-nitrophenol (p-NP) to p-aminophenol
(p-AP) is more amicable way, since p-AP is an important inter-
mediate compound for the manufacture of analgesic and anti-
pyretic drugs, photographic lms, corrosion inhibitor,
anticorrosion-lubricant, and hair-dyeing agents.2 Semi-
conductor photocatalysts imposes a great potential to resolve
the serious world energy crisis and several environmental issues
induced by extensive consumption of non-renewable fossil fuels
and organic chemicals.3 It constitutes a green technology to
produce hydrogen and oxygen by breaking down water through
harnessing solar light energy under ambient conditions.4,5

Photocatalysis is an efficient technology for addressing with
environmental pollution, because of its high efficiency and eco-
friendly and pollution free catalytically generated by products.6,7

Titanium dioxide is one of the most potential and intensively
used oxides for several environmental remediation, water
splitting and organic synthesis applications.8 It has several
advantages over other semiconductors for instance, low cost,
chemical stability, high catalytic activity, and
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra06813e&domain=pdf&date_stamp=2018-09-11
http://orcid.org/0000-0003-1505-3087
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06813e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008056


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 6
:4

9:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
biocompatibility.8,9 However, due to its wideband gap (Eg
ranging from ca. 3.0 to ca. 3.2 eV), its poor response to light in
the visible region, and the fast recombination of the photo-
generated electron–hole pairs, which drastically render its
catalytic applications.10,11 Different metals like Pt, Pd, and Au on
different kind of supports have been used as photocatalysts,
among them in terms of cost and resources abundance, Ag
could be a good replacement due to its high catalytic perfor-
mance and low cost. Amongst many TiO2 composites, Ag/TiO2

has been widely studied in degradation of nitroaromatic
compounds, however the degradation efficiency was low.12,13

Doping of transition elements into TiO2 lattice, by physical
and chemical processes, have been found to be useful
approaches to obtain visible light sensitized catalysts.14

However, these metal dopants have to be used in small quan-
tities to avoid the recombination of photo-generated electrons
and holes, which is bolstered by the large amount of these
dopants.15 Thus, low concentration co-doping of cations and
anions could be an effective solution to enhance the visible light
absorption efficiency as well as to reduce the recombination of
the photo-generated charges. Co-doping with two different
atoms into TiO2/ZnO matrices has attracted signicant atten-
tion since they can exhibit higher photo-catalytic activity and
unique characteristics compared to doping them with a single
element.16–19

Furthermore, enhanced TiO2 based nanostructures can also
be designed by means of coupling with an ideal sink of pho-
togenerated electrons to overcome the problem of recombina-
tion during photocatalysis. For this, graphene is an ideal choice
to accept and shuttle electrons during photocatalysis due to its
excellent properties. Graphene is a single-layer, two-
dimensional carbonaceous material that has attracted much
attention because of its fascinating electronic, mechanical,
thermal and optical characteristics.20–22 Due to its remarkable
nature, graphene has been widely applied in various areas, such
as nanoelectronics, chemical and biochemical sensing, solar
cells, especially photocatalysis.23,24 As a result of high specic
surface area, excellent transparency, superior electron mobility,
and high chemical stability, graphene can be used as an ideal
high performance candidate for photocatalyst carrier or
promoter.25 Hence graphene based photocatalysts have been
considering great research interests for their potential in pho-
tocatalysis. For instance, Divya et al. synthesised TiO2/ZnO/
RGO/Ag ternary composite through microwave method which
showed enhanced activity in degradation of rhodamine B.26 In
another study, Biswas et al. prepared TiO2–graphene quantum
dot multifunctional material with superior photocatalytic and
biolm eradication properties.27 Moreover, fewmore studies are
also available on the synthesis of single metal cation doped
TiO2, graphene based composites but main focus was to
examine their performance in hydrogen evolution rather the
degradation of organic compounds, however the efficiency was
low.28,29

To the best of our knowledge, very limited studies have been
reported on the photocatalysis of composite materials consist-
ing of TiO2, graphene and single transition metal cation. Thus,
the integration of TiO2, graphene and dual transition metal into
This journal is © The Royal Society of Chemistry 2018
nanocomposites is expected to possess enhanced photocatalytic
properties compared to single cation doped and pure TiO2. In
the present study novel Sr2+/Ag–TiO2@rGO (SAT@rGO) ternary
hybrid photocatalyst was prepared via facile sol–gel and
hydrothermal methods. Sr2+/Ag–TiO2@rGO catalyst showed
enhanced performance in degradation of p-NP, disinfection of
E. coli and in hydrogen evolution activity compare to Ag–
TiO2@rGO (AT@rGO). We expected our work could give a new
train of thought on exploration of graphene-based nano-
composites for various environmental applications.
Materials and methods
Materials

Graphite powder, H2SO4, HNO3, KMnO4, HCl, isopropanol and
ethanol were obtained from Alibaba Chemicals. Titanium(IV)
isopropoxide, Tween 20, AgNO3, Sr(NO3)2 polyethylene glycol
(PEG, 300) were obtained from Sigma.
Preparation of SAT@rGO composite

TiO2 nanoparticles are prepared using the following method;
a mixture of 5 mL of titanium(IV) isopropoxide in 50 mL iso-
propanol was added drop wise to 200 mL of distilled water
maintained at pH 1.5 while the solution was continuously stir-
red. This TiO2 sol was dried at 100 �C for 24 h, and then calcined
at 450 �C for 4 h to obtain the nanoparticles. Ag/TiO2 (AT) and
Sr2+/Ag–TiO2 (SAT) nanoparticles were prepared by the above
method with few modications. For AT nanoparticles prepara-
tion, required amount of aqueous solutions of AgNO3, while for
SAT nanoparticles required amounts of aqueous solutions of
both AgNO3 and Sr(NO3)2 were added drop wise to the TiO2 sol
with continuous stirring for 45 min. A small aliquot of distilled
water, 0.05 M hydrazine hydrate and 5 mL of tween 20 were
added to all the above solutions with continuous stirring for
additional 30 min. The resultant sol was sonicated at 80 MHz
for 90 min and then dried at 100 �C in a hot air oven for 24 h to
get the dry gel. The gel was then calcinated at 450 �C to obtain
required nanoparticle powders.

Graphene oxide (GO) was prepared from the graphite powder
(ake size of <50 m) according to the modied Hummers
method.30 Further, preparation of SAT@rGO ternary composite
was carried out by a facile hydrothermal treatment which was
proposed to provide an intrinsic contact between TiO2 and rGO
better than UV photo-reduction and chemical reduction
methods.31 Thus hydrothermal method was employed in the
present study. Briey, 100 mg of GO aqueous solution (1 mg
mL�1) was exfoliated through sonication for 2 h till to get
a stable suspension. To this, 0.90 g of above prepared AT or SAT
aqueous suspension (10 mL) and 1 mL of PEG was added drop
wise under vigorous stirring until homogenous mixture was
obtained. Further, 30 mL of ethanol was added to the above
mixture and continued stirring for 2 h, and then transferred to
a 100 mL stainless steel Teon lined autoclave maintained at
180 �C for 12 h. The obtained powder was washed with water
and alcohol, and then dried at 80 �C for 6 h to obtain the nal
composite powder.
RSC Adv., 2018, 8, 31822–31829 | 31823
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Characterization of nanocomposite

Powder XRD crystallogram was recorded using X-ray BRUKER
D8 Advance X-ray diffractometer with Cu Ka source (l ¼ 1.5406
Å). JEOL JEM 2100 high resolution transmission electron
microscope (HRTEM) was used for imaging, SAED pattern and
energy dispersive X-ray pattern with an accelerating voltage of
200 KV at different magnication. Raman spectroscopy analysis
was carried out using Thermo Scientic DXR2. Diffuse reec-
tance spectra were recorded using JASCO V-670 UV-Vis spec-
trophotometer. The photoluminescence (PL) spectra were
obtained using HITACHI F-7000 uorescence spectrophotom-
eter. XPS data was acquired using Kratos Axis Ultra 165 spec-
trometer with amonochromated Al Ka X-ray source (ha¼ 1486.6
eV).
Photocatalytic degradation of p-NP

The photocatalytic performance of the synthesised composites
was investigated by visible light degradation of p-nitrophenol (p-
NP). A 250 W xenon lamp was used as a light source and the
light density was adjusted to 100 mW cm�2. In the degradation
experiment 20 mg of the photocatalysts were dispersed in
100 mL of 15 ppm p-NP solutions. The suspensions were then
stirred in the dark for 30 min to reach an adsorption/desorption
equilibrium. Subsequently the solutions were then irradiated
with visible-light while stirring (Fig. S3†). A small aliquot were
extracted out at regular intervals and centrifuged to remove the
catalyst. The collected p-NP solution was eventually analyzed by
using a high performance liquid chromatography (Shimadzu,
Japan) equipped with Eclipse XDBC18 (4.6 � 150 mm, 5 mm)
reverse phase column. The UV detector wavelength was 265 nm,
while the mobile phase consisted of methanol (50%) and
acetonitrile + acetic acid (50% + 1.6 mL L�1) fed at a ow rate of
1 mL min�1 for 20 minutes.
Bactericidal performance

A Gram negative E. coli bacteriumwas utilised for photocatalytic
disinfection tests at log phase comprising of 108 cfu mL�1

incubated in nutrient broth. The disinfection tests were carried
out with a 250 W Xe lamp with cut-off lter as visible light
source (Fig. S3†). During the disinfection tests SAT@rGO pho-
tocatalyst (5 mg) was stirred with bacterial suspension in saline
solution (10 mL, 0.9% NaCl at pH 7.0) and exposed to visible
light. Small volume (100 mL) from the test suspension samples
were taken at regular time intervals and spread on freshly
prepared agar plates, which were further incubated at 37 �C for
24 h. Standard plate count method was used to determine viable
number of cells as cfu mL�1. Furthermore, TEM analysis of
untreated and treated bacterial samples was carried out by
placing 10 mL of each cell dispersion on TEM grids and air-dried
before examination using the TEM (JEOL JEM-2100).
Fig. 1 X-ray diffraction pattern (a) and Raman spectra of as prepared
composites (inset in (b) shows D and G bands of rGO).
DNA analysis

The DNA of the bacterial samples was extracted with OMEGA
bacteria DNA Kit (D3350-01) from the bacterial suspension
solution at different time intervals. Electrophoresis analysis was
31824 | RSC Adv., 2018, 8, 31822–31829
performed to separate and visualize DNA fragment in a 0.8%
agarose gel at 130 V for 25 min. Genomic DNA was stained with
the gel stain.

Photocatalytic hydrogen evolution

The photocatalytic hydrogen evolution experiment was carried
out in a quartz reactor with a magnetic stirrer. Typically, 5 mg of
the photocatalysts were dispersed through magnetic stirring in
100 mL of water containing 10 mL triethanolamine (sacricial
agent). A 250 W xenon lamp (�100 mW cm�2) was utilized as
light source. Before irradiation the suspension was stirred in
dark for 1 h to obtain adsorption/desorption isotherm. Then the
solution was irradiated with visible light for 3 h, the hydrogen
product from the aqueous solution was analysed by an offline
gas chromatography (Shimadzu GC-2014) equipped with
a thermal conductivity detector (TCD) with a molecular sieve (5
Å) column, at 70 �C, using N2 as the carrier gas. Control and the
blank (without catalyst) experiments were carried out under
identical conditions for comparison.

Results and discussion
Characterization of nanocomposites

The crystalline phase of synthesised TiO2, TiO2@rGO, AT@rGO
and SAT@rGO ternary composites were analysed by X-ray
diffraction as shown in Fig. 1a. All the XRD patterns display
majorly the distinctive TiO2 diffraction peaks. In all the
samples, anatase phase was conrmed by the 2q peaks at 25.3�,
37.8�, 47.8�, 53.9�, 54.9�, 62.6�, 69.0�, 70.2� and 75.0� which can
This journal is © The Royal Society of Chemistry 2018
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be indexed to (101), (004), (200), (105), (211), (204), (116), (220)
and (215) crystal planes respectively. Furthermore, either
a typical diffraction peak of rGO and doped metal nanoparticles
(Ag and Sr) or a peak shi is noticed. These results could be
ascribed to that the main characteristic peak of rGO at around
24.5� could be shielded by the main anatase peak at 25.2�,
similar kind of results also reported in the literature which also
conrms the formation of rGO.32,33 The XRD pattern of the
prepared GO shown peaks at 10.8� and 42.2� corresponding to
(001) and (100) reections, while rGO exhibited its typical
diffraction peak at 24.8� corresponding to (002) plane respec-
tively (Fig. S1†). These results suggested that the addition of
dopant metals did not develop new crystal planes or changes in
preferential orientations of TiO2 due to lower amount and
relatively lower diffraction intensity of silver, strontium and
rGO.

The Raman spectra of the prepared TiO2 composites show
a strong Raman band at 144 cm�1, which is ascribed to the Eg

mode of anatase TiO2 (Fig. 1b). Other bands observed at
397 cm�1, 516 cm�1, and 638 cm�1 were associated with the B1g,
A1g, and Eg modes respectively. In AT and SAT composites, all
the Raman bands of the TiO2 were observed, while no Raman
active band from Ag and Sr was observed due lower doping
levels. Furthermore, the B1g, A1g, and Eg modes mode of TiO2

were observed to shi due to the interaction of the metal atoms
in TiO2 with the rGO layers. In addition, the AT@rGO and
SAT@rGO composites shown D and G bands (shown in inset) of
GO at 1347 cm�1 and 1604 cm�1 conrms the presence of rGO
in the prepared composites.

The morphology of the synthesized nanocomposite (SAT and
SAT@rGO) photocatalysts were characterized by TEM and
images are shown in Fig. 2. As shown in Fig. 2a the SAT nano-
particles shows spherical morphology with small agglomeration
in the range of 20–40 nm, while Fig. 2c indicates the SAT@rGO
composite in which the particles are also in the range of 20–
45 nm. HRTEM images (Fig. 2b and d) of the composites indi-
cated the TiO2 with lattice spacing of 0.35 nm corresponds to
Fig. 2 TEM images of as prepared SAT (a and b) and SAT@rGO (c and
d) composite.

This journal is © The Royal Society of Chemistry 2018
the (101) plane. From these results, it is evident that SAT
nanoparticles were nely embedded in thin layer of graphene
sheets. Therefore, a good contact and interaction between SAT
nanoparticles and graphene achieved by the proposed sol–gel
and hydrothermal process is believed to be favourable in
transferring the photogenerated electrons into SAT@rGO
composite system during photocatalytic degradation of p-NP
and for hydrogen evolution as well.

XPS analysis was carried out to ensure the chemical
composition and chemical state of the SAT@rGO composite.
The apparent XPS scans were obtained for C 1s, Ag 3d, Sr 3d, Ti
2p and O 1s levels (Fig. 3) to investigate the composition of the
synthesised composite. In the relevant high-resolution XPS
spectrum of C 1s core level the main peak was observed at
284.6 eV (C–C), which corresponds to the adscititious carbon
adsorbed on the surface of the composite, while the peak at
285.6 eV corresponds to C]C bonds. The relevant peak at
288.6 eV (C]O) indicates the presence of Ti–O–C bond at the
interface of the composite photocatalyst (Fig. 3b).29,33 Ag at 3d
core levels (Fig. 3c) shows that the Ag 3d5/2 and Ag 3d3/2 binding
energies at 368.0 eV and 374.1 eV were in good agreement with
the bulk metallic silver.34,35 The Sr 3d core level (Fig. 3d) peak
was observed at 133.7 eV 135.4 eV was in complete agreement
with the literature.36,37 The binding energies of Ti 2p (Fig. 3e),
the photoelectron peaks at 458.5 and 464.3 eV were represen-
tative of Ti 2p3/2 and Ti 2p1/2 core levels respectively.35,36 The O
1s peak at 531.5 eV is attributed to the signicant hydroxyl
groups on the surface of GO. Furthermore, the O 1s peak of
TiO2/graphene at around 530.1 eV may be assigned to O in Ti–
O–C bond38 (Fig. 3f). These results further conrm the strong
Fig. 3 XPS survey spectrum of SAT@rGO (a), high resolution XPS
spectra of C 1s of graphene oxide (b) Ag 3d (c), Sr 3d (d) Ti 2p (e) and O
1s (f).

RSC Adv., 2018, 8, 31822–31829 | 31825
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bondage between TiO2 and GO by the proposed hydrothermal
method.

UV-Vis absorption spectra of the prepared composites were
shown in Fig. S2(a).† From the results it indicates that the
absorption edge shows a red shi from 340 nm to 390 nm for
AT@rGO while it shows a maximum red shi from 340 nm to
400 nm in SAT@rGO. This shi is happened due to decrease in
band gap by introducing silver and strontium into TiO2 matrix.
Furthermore, from the gure it can be seen that the addition of
silver into TiO2 showed a abroad absorption band between
400 nm and 600 nm, which could be attributed to the SPR effect
of silver nanoparticles.28,39 The red shied spectrum shows
a possible evidence for good interaction between rGO, TiO2, Ag
and Sr species. Hence, the observed red shi behaviour clearly
justies the change in the light absorption characteristics,
exhibited by the co-doped TiO2@rGO materials, from UV to
visible light region. The inference plot of hn vs. (ahn)2 was
utilized to get optical energy band gap values (Eg) as shown in
Fig. S2(b).† It showed in the gure that the energy band gap
values were reduced to 2.87 eV for and SAT@rGO nanoparticles.
It was worth noticed that the doping of TiO2 with two transition
metals into its lattice and good interaction with graphene could
be accompanied with a decrease in the energy band gap and an
increase in the wavelength (red shi). These results indicated
that SAT@rGO nanoparticles have greater possibility to exhibit
a higher photo–catalytic activity in the visible region.

Visible light degradation of p-NP

The visible light photocatalytic performances of the synthesised
composites were evaluated by using p-NP as a representative
pollutant for the degradation. The UV-vis absorption spectra of
p-NP (Fig. 4a) solution at different time intervals with SAT@rGO
composite indicated that the absorption band of p-NP at 402 nm
was obviously decreased with increase in irradiation time and
disappeared aer 3 h. Fig. 4b shows the relative concentrations
of p-NP remaining in the solution as a function of the irradia-
tion time with different photocatalysts. The degradation reac-
tion kinetics of p-NP can be described by a Langmuir–
Hinshelwood model (eqn (1)) which illustrated that the reac-
tions took place at a solid–liquid interface. The degradation of
p-NP with visible-light irradiation revealed pseudo rst-order
kinetics with regression coefficients (R2) $0.90. The HPLC
Fig. 4 (a) UV-vis absorption spectra of p-NP at different time intervals
with SAT@rGO (b) kinetics of p-NP degradation with synthesised
graphene composites.

31826 | RSC Adv., 2018, 8, 31822–31829
analysis of p-NP at initial and aer 3 h of degradation further
conrms the competition of mineralisation (Fig. S4†). Among
the various tested photocatalysts, SAT@rGO composite exhibi-
ted the best performance with rate constant k ¼ 0.503 min�1

ln[Co/Ct] ¼ Kt (1)

The effectiveness of a catalyst also depends on its stability
aer prolonged use. Thus, the stability of the most effective
photocatalyst (SAT@rGO) was studied by performing recycle
tests up to four cycles. The activity of the photocatalyst under
visible light did not change signicantly and remained above
95% of its original activity (Fig. S5a†). Further to conrm the
phase changes in the crystal structure of the synthesised
nanorods. XRD spectra were obtained aer 4 successful cycles
of reuse, indicating that no signicant changes in the crystal
nature reveals that Sr/Ag–TiO2@rGO composite is an active and
stable visible-light driven photocatalyst (Fig. S5b†).
Bactericidal activity against E. coli

Pure TiO2, AT and SAT were tested in order to investigate the
effect of transition metal doping on the visible light bactericidal
activity. Experiments were carried out in light and dark in order
to understand the effect of visible light irradiation during
disinfection. From the Fig. 5 it shows that AT@rGO and
SAT@rGO nanoparticles have some minimal effect on bacterial
survival in the dark, this is due to the presence of Ag or Ag+ and
penetration of nanoparticles into the cell membrane, leading to
the cell death. AT@rGO nanoparticles showed 26% while
SAT@rGO showed 39% of inhibition in the dark aer 5 h of
incubation. Bare TiO2 and control samples in the presence of
visible light have not shown any effect on bacterial survival.
Furthermore, nearly 71% of inhibition was found in the case of
AT@rGO, while 96% of inhibition has been observed for
SAT@rGO nanoparticles aer 5 h of incubation.
Fig. 5 Percentage survival of E. coli with prepared nanoparticles as
a function of time.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 ESR signals of $OH (a) and O2c
� (b) at ambient temperature, (c)

fluorescence spectra of a TAOH, (d) spectra of NBT transformation
using SAT@rGO under visible light irradiation.

Fig. 6 Photographs of E. coli cells before (a) and after (b) irradiation;
TEM images of E. coli cells before (c) and after (d) irradiation.
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The enhanced bactericidal activity of both AT@rGO and
SAT@rGO composites under visible light irradiation could be
attributed to the synergistic effect of the nanoparticles. Further,
visible light irradiation induces photoexcitation of the catalyst
which leads to the production of reactive oxygen species (ROS)
$OH and O2c

� radicals. These radicals initially damage the
surfaces of the bacterial cells with an attack of ROS, before
breakage of the cell membranes occur at weak points. A rela-
tively high rate of bactericidal activity was found in the case of
SAT@rGO nanoparticles which could be due to the co-doping of
two metals leads to high photoexcitation and $OH and O2c

�

radicals production. Our results are in good agreement with
some previous reports.40,41

To further understand the morphological changes in the
bacterial membrane during photocatalytic disinfection process,
TEM analysis was carried out aer 5 h of irradiation by
SAT@rGO composite. In the control sample, the undamaged
cell wall membranes of E. coli bacteria indicating cells were
healthy (Fig. 6c). However aer 5 h of visible light irradiation in
the presence of the catalyst it shown complete damage in the
cell wall membrane (Fig. 6d). These results show that the cell
membrane ruptured during the photooxidation process by $OH
and O2c

� radicals. Further to identify that the bacterial inacti-
vation was a result of DNA damage, we carried out experiments
to examine the effects using SAT@rGO by gel electrophoresis
and showed in Fig. S6.† It indicates that the DNA extracted from
E. coli suspension did not undergo fragmentation during the
photocatalysis process, this results reveals that the disinfection
is mainly due to the membrane damage as expected in our
results of bacterial disinfection.

The ESR technique is used to further conrm the reaction
mechanism and detect the active species involved in the pho-
todegradation of p-NP and disinfection of E. coli over SAT@rGO
under visible light. The characteristic signals of DMPO-$OH and
DMPO-$O2

� species could be conrmed based on the standard
spectra of $OH (AN ¼ 14.8 G and AH ¼ 14.8 G; g ¼ 2.0032) and
$O2

� (AN ¼ 13.2 G and AH ¼ 11.2 G; g ¼ 20 032) simulated by
This journal is © The Royal Society of Chemistry 2018
Bruker WinEPR SimFonia programme (Fig. 7a and b).42–44 The
above results conrms that $OH, O2c

� and photogenerated
holes are the main active species during the photocatalytic
process.

Further experiments have been carried out to support the
mechanism and analyze that O2c

� and $OH radicals are the
main species for the effective disinfection of E. coli and p-NP
degradation over SAT@rGO composite. For quantication of
$OH radicals, the terephthalic acid photoluminescence probing
technique (TA-PL) was employed since TA could readily react
with $OH radicals to from a highly uorescent 2-hydroxyter-
ephthalic acid (TAOH) (Scheme S1†).45,46 The highest PL inten-
sity was observed over SAT@rGO composite as expected
(Fig. 7c). This should be attributed to the easy charge transfer,
which results in the improvement of holes on the VB of
SAT@rGO to produce more $OH, resulting in the highest PL
peak of SAT@rGO with respect to time. The quantication of
O2c

� production have been carried out thorough the trans-
formation of NBT (Scheme S2†) during the photocatalytic
reaction.47 Fig. 7d showed the spectra of the transformation
percentage of NBT at different time intervals. From the gure it
can be seen that SAT@rGO composite shown much higher
transformation percentage of NBT. Aer the photoexcitation of
the catalyst, most of electrons generated are remained in the
conduction band to react with O2 to generate more O2c

�. These
results demonstrated that due to smaller energy band gap the
photogenerated electrons in valance band can easily transfer to
the conduction band of SAT@rGO, resulting in more effective
charge separation and reducing the probability of recombina-
tion of electron–hole pairs, which nally leads to that more
photogenerated electrons can react with O2 to produce O2c

� and
take part in decomposition of p-NP and disinfection of E. coli.

Photocatalytic H2 production

The as-prepared graphene composites have also been evaluated
for photocatalytic water splitting hydrogen generation. From
Fig. 8, it shows that SAT@rGO composite shown as high as
RSC Adv., 2018, 8, 31822–31829 | 31827
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Fig. 8 (a) Hydrogen evolution as a function of time and (b) hydrogen
production rate of various composites under visible light irradiation.
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187.9 mmol g�1 aer 3 h of visible light irradiation with an
average production rate 0.643 mmol g�1 h�1 with triethanol-
amine as sacricial reagent. Whereas the hydrogen generation
rate of AT@rGO was only about 79.8 mmol g�1 aer 3 h with
0.310 mmol g�1 h�1, while no signicant generation of
hydrogen with pure TiO2 and TiO2@rGO composites under
visible light irradiation. The results demonstrate that the pho-
tocatalytic activity of TiO2 could be greatly improved by addition
of silver, strontium nanospecies and rGO. The enhanced visible
light photocatalytic performance in H2 production over the
SAT@rGO composite could also be attributed to the unique
microstructures and synergistic effect of two metals and excel-
lent electron transference capacity of rGO.
Photocatalytic reaction mechanism

The photocatalytic reaction mechanism of the prepared
SAT@rGO composite under visible light irradiation is illus-
trated in Fig. 9. The Ag Fermi energy level is lower to that of
conduction band of TiO2. The enhanced visible light activity
could to ascribe to the formation of hetero-junction electric
eld among the TiO2, silver and strontium atoms. Furthermore,
Fig. 9 Proposed photocatalytic degradation and disinfection mech-
anism over SAT@rGO composite.

31828 | RSC Adv., 2018, 8, 31822–31829
SPR photo induced energetic electrons of Ag and electron
transfer induced by doped Sr2+ present in the material will
diffuse through TiO2/rGO into the conduction band of TiO2 at
ultrafast speed. Further energized electrons in the conduction
band of TiO2 can be transferred to the rGO sheet since the
potential energy of graphene/rGO is lower than conduction
band of TiO2 and slightly higher than the potential of H+/H2.48

Thus, the enhanced photocatalytic activity of the SAT@rGO
composite could also be attributed to the synergistic effect of
dopant metals and improved visible light absorption due to SPR
effect of silver and formation of chemical bonding between TiO2

and rGO during hydrothermal process.
Conclusions

In conclusion, SAT@rGO nanocomposite was successfully
prepared by sol–gel, hydrothermal methods and photoreduc-
tion methods. In this ternary system, TiO2 nanoparticles were
doped with two metal atoms (Ag and Sr2+) in the lattice and
further this was overspread on the surface of graphene nano-
sheets uniformly. Visible light degradation of p-nitrophenol and
disinfection of E. coli experiments proved that surface plasmon
resonance (SPR) phenomenon and synergistic effect of dopant
metals had an effect on photoreaction enhancement. The
hydrogen evolution rate of SAT@rGO was much higher than
AT@rGO and TiO2@rGO. The enhanced photocatalytic perfor-
mance can be attributed to the presence of rGO, dopant metals
and SPR effect, with longer lifetime of photo-generated elec-
tron–hole pairs and faster interfacial charge transfer rate. This
work proposes that the visible light photo activity of the gra-
phene based ternary nanocomposites is superior to the binary
catalysts. We believe that this work could give new insights on
investigation of multifunctional graphene based nano-
composites for several environmental applications.
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