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• β-Ag2MoO4 with controlled morphol-
ogies were prepared by the micro-
wave-assisted solvothermal method.

• β-Ag2MoO4 obtained under controlled
pH exhibited the best Rhodamine-B
photodegradation.

• β-Ag2MoO4 synthetized in ethanol me-
dium highlight the potential application
for E. coli bacteria control.

• The β-Ag2MoO4 properties can be at-
tributed to the splitting of the elec-
tron–hole pairs in its complex cluster.
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This paper describes the beta silver molybdate (β-Ag2MoO4) samples with spinel-type cubic structures synthe-
sized with various morphologies, including round tips coral-like, elongated coral-like and truncated cube, by
themicrowave-assisted solvo-/hydrothermalmethod. The crystalmorphologies could be controlled by adjusting
the solvent, surfactant, and pH of the precursor solution. X-ray diffraction, field-emission scanning electron mi-
croscopy, Fourier-transform Raman spectroscopy, and diffuse reflectance spectroscopy in the ultraviolet-visible
(UV–Vis) region, were used to characterize the structures of the samples. The specific surface area was deter-
mined using the Brunauer–Emmett–Teller method. Furthermore, the photocatalytic/antibacterial properties of
the particles were dependent on the β-Ag2MoO4 crystal morphogy and were evaluated by Rhodamine B dye
photodegradation under UV–Vis light, and by determining theirminimum inhibitory and bactericidal concentra-
tions, using a broth microdilution assay for Escherichia coli bacteria.
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1. Introduction

The control of size andmorphology ofmolybdate compounds plays a
fundamental role in the improvement for organic pollutant degradation
in wastewater [1–4], and to antibacterial applications [5–7]. For this
purposes, traditionally, several synthesis methods, including co-precip-
itation [8], hydrothermal [9], solvothermal [10], sonochemical [11], and
sol-gel [12], have been used to produce these materials. By varying the
synthesis parameters, such as the pH, temperature, and precursors,
these materials can exhibit different morphologies [8,13]. Like this,
Singh et al. [13]., studied the influence of pH on flower-like Ag2Mo2O7
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assemble. Nagaraju et al. [14]., synthesized wire-like, nanorod, and
multi-pod forms of the Ag6Mo10O3 and Ag2Mo2O7. Qian et al. [15].,
obtained a cube-like Ag-Ag2MoO4 composite. Also, Ng et al. [16].
synthesized α-Ag2MoO4 spherical microcrystals under ambient condi-
tions using 3-bis(2-pyridyl)pyrazine doping. Thus, all these earlier stud-
ies have been proposed to improve the molybdates properties for a
specific application either by varying the methods or by some synthesis
parameters.

Among molybdate compounds, the beta silver molybdate (β-
Ag2MoO4) with cubic spinel structure [16], and the energy gap of
3.26–3.41 eV have received extensive attention as possible solutions
for semiconductor technology [17,18]. However, few studies have
been focused on the fine-tuning accelerated microwave-assisted
solvo-/hydrothermal synthesis which improves the synthesis time of
the β-Ag2MoO4 material. Therefore, the main motivation of this re-
searchwas to obtainin controlled β-Ag2MoO4morphologies with an ac-
tive and specific surface for improving their photocatalytic/antibacterial
performance. Furthermore, to the best of our knowledge, none previous
research has used β-Ag2MoO4 particles for the destruction of E. coli
bacteria.

An efficient photocatalyst shouldhaveawide-rangingphotoabsorption
and the electrons and holes photogenerated during the photocatalysis
process should have a low recombination rate. However, prompt re-
combination of the photoinduced electron–hole pairs limits the photo-
catalytic efficiency of the material [19]. On the other hand, while the
mechanism of bacterial activity has been significant advances, it is still
not fully understood. Earlier studies indicated that the reactive oxygen
species and hydrogen ions cause protein inactivation and consequent
bacteria apoptosis [20–22]. Hence, it is necessary to understand the
photodegradation/decontamination mechanisms of the β-Ag2MoO4-
based materials to become the process more efficient.

This paper describes the microwave-assisted solvo-/hydrothermal
synthesis and crystal growthmechanism of three new kinds of well-de-
signed β-Ag2MoO4 morphologies (round tips coral-like, elongated
coral-like and truncated cube) with photocatalytic and antibacterial ac-
tivity. Also, the antibacterial activity of these particles was evaluated by
determining their minimum inhibitory and bactericidal concentrations
(MIC andMBC), using a brothmicrodilution. This study provides the de-
velopment of the photocatalytic, and antibacterial mechanism of the β-
Ag2MoO4 crystals which can be attributed to the splitting of the elec-
tron–hole pairs in its cluster-like structure ([MoO4]O/[MoO4]d or
[AgO6]O/[AgO6]d ).

2. Materials and methods

2.1. Materials

Sodium molybdate dihydrate (Na2MoO4·2H2O, 99.5% purity),
molybdic acid (H2MoO4, 85% purity), silver nitrate (AgNO3, 99% purity),
absolute ethanol (C2H6O, Synth), and potassium hydroxide (KOH, 3 M)
were obtained from Sigma-Aldrich.

2.2. Poly(vinylpyrrolidone) (PVP)-assisted synthesis

Aggregates of β-Ag2MoO4 particles were synthesized by separately
dissolving 2 mmol of AgNO3 and 1 mmol of Na2MoO4·2H2O in two
tubes, respectively, which contained deionizedwater (50mL) [18]. Sub-
sequently, 1 g of poly(vinylpyrrolidone) (PVP) was placed into the tube
that contained Na2MoO4·2H2O, and the mixture was subjected to
ultrasonication for 15 min. The two solutions were then transferred to
a Teflon autoclave with a capacity of 100 mL, which was subsequently
sealed. The autoclave was placed into a microwave-assisted solvo-/hy-
drothermal system (2.45 GHz, maximum power of 850 W) [23],
whichwas held at 150 °C for 1 h and subsequently cooled to room tem-
perature. The resulting solution waswashed four times and centrifuged
twice with water and twice with absolute ethanol, over a period of
10min, and only these samples were also washed with acetone. The re-
sultant solution had a pH of 7.0. A violet-colored precipitate was obtain-
ed, which was dried in an oven for 12 h. Three samples were prepared
and analyzed to evaluate the reproducibility of themethod. The samples
prepared by this procedure were denoted as β-Ag2MoO4-PVP.

2.3. Ethanol-assisted synthesis

A similar procedure to that used above was used to prepare samples
that were denoted as β-Ag2MoO4-Ethanol; however, during this proce-
dure, the PVP was not added. To synthesize the Ag2MoO4 particles,
2 mmol of AgNO3 and 1 mmol of Na2MoO4·2H2O were separately dis-
solved in two plastic tubes, respectively, which contained 25 mL of
water and 25 mL of ethanol (50 mL in total) [18].

2.4. pH-controlled synthesis

Particles of Ag2MoO4 were synthesized by dissolving 2 mmol of
AgNO3 and 1mmol of H2MoO4. During this procedure, the acid was dis-
solved in 50mLof deionizedwater under stirring. The solutionwas sub-
sequently added to the AgNO3 that was dissolved in 50 mL of deionized
water [18]. Drops of 3 M KOH were added to this mixture under con-
stant stirring, resulting in a pH of 8.5. The mixture was subsequently
transferred to a polytetrafluoroethylene (PTFE) autoclave and held at
150 °C for 1 h. The samples were washed and dried using the same pro-
cedure as that described in Section 2.2. A violet precipitate was also ob-
served during this stage. The samples prepared by this procedure were
denoted as β-Ag2MoO4-pH.

2.5. Characterizations

The powders obtained were characterized by X-ray diffraction
(XRD) using a Rigaku diffractometer (Model D/Max-2500 PC); Cu Kα
radiation was used over a 2-theta range of 5–90°, under a rate of
0.02°/min. The size and surface morphology of the particles were ana-
lyzed using a field-emission scanning electron microscope (FE-SEM,
JEOL JSM 7500F). The morphology and dimensions of the samples
were examined using a field-emission-gun scanning electron micro-
scope (FE-SEM, SupraTM 35, Zeiss) operated at 2 kV. The samples
were dispersed in acetone, sonicated for 10 min, and finally deposited
onto a Si substrate. Using ASAP 2010 equipment (Micromeritics, USA),
the Brunauer–Emmett–Teller (BET) surface area was determined at
77 K via nitrogen adsorption–desorption isotherms. Nitrogen, carbon,
hydrogen content of materials was estimated by CHN Analyzer using
Perkin Elmer 2400 elemental analyzer. Fourier transform (FT)-Raman
spectra were obtained at room temperature using a Horiba Jobin-Yvon
micro-Raman spectrometer equippedwith amicroscope; the excitation
source was provided by a 514.5 nmwavelength argon laser beam. DRS/
UV–Vis spectrawere obtained at room temperature in the diffuse reflec-
tance mode using a Varian Cary 5G, and the Kubelka-Munk equation
was applied [24]. The band gaps of the solid materials were determined
according to the Tauc method [25].

2.6. Photocatalysis assays

To perform the photocatalysis experiments, 50 mL of a RhB solution
(10 mg L−1), with a pH of 6.0, was mixed with 50 mg of the
photocatalyst. The mixture, consisting of the dye and photocatalyst,
was irradiated in a dark box using a UV-lamp located at a distance of
20 cm from the mix. Six parallel mercury-vapor lamps (Philips, 15 W)
were used as the UV-C radiation source. Before the UV illumination,
the suspensions were stirred in an ultrasound bath (42 kHz, model
1510, Branson, USA) via sonication for 10 min. Every 30 min, a 1 mL al-
iquot of the suspension was removed from the photocatalytic system
and placed in a plastic tube, which was centrifuged at 7000 rpm for
10 min to separate the solid catalyst from the liquid phase. Finally, the



Fig. 1.XRD patterns of the (a) β-Ag2MoO4 standard card no. 76-1747, (b) β-Ag2MoO4-pH,
(c) β-Ag2MoO4-PVP, and (d) β-Ag2MoO4-Ethanol.

Fig. 2. FE-SEM images of the (a) β-Ag2MoO4-pH, (b) β-Ag2MoO4-PVP and (c) β-Ag2MoO4-
Ethanol.
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kinetic of the dye photodegradation was monitored in a commercial
quartz cuvette via UV–Vis spectroscopy (JASCO V-660) at 554 nm. Sub-
sequently, this procedure was performed for each synthesized β-
Ag2MoO4 sample.

2.7. Antimicrobial assays

A standard strain of Escherichia coli (E. coli) (ATCC 8739)was used to
evaluate the antibacterial effects of the various samples obtained in this
work. Overnight, the E. coli cultures were grown in 10 mL of Mueller-
Hinton broth (MHB) at 37 °C for 16 h. Following incubation, the E. coli
bacteria were centrifuged at 4000 rpm for 5 min, washed twice using
phosphate-buffered saline (PBS, pH 7.2), and then resuspended in the
MHB. The antibacterial properties of the β-Ag2MoO4 particles were
evaluated by determining theMIC andMBC using a brothmicrodilution
assay, as described by the Clinical and Laboratory Standards Institute
(CLSI, document M7-A7, 2006), with some modifications [26,27].

The MIC and MBC values were determined by incubating E. coli that
were exposed to serial 2-fold dilution in the MHB with the particles
(from 1000 μg/mL to 0.48 μg/mL) in a 96-well microtiter plate at 37 °C
for 24 h. The MIC value was determined as the lowest concentration
at which there was no visible growth. To determine the MBC value, an
aliquot was removed from each well, 10 fold-diluted (10−1 to 10−8)
and inoculated (25 μL), in duplicate, on Mueller-Hinton agar (MHA).
The positive control sample consisted of inoculated MHB without the
particles, while uninoculated MHB was used as the negative control
sample. Following incubation at 37 °C for 48 h, the colony-forming
units per milliliter (CFU/mL) were then calculated and log 10 trans-
formed. The presence of β-Ag2MoO4 particles was enough to inhibit
bacterial growth, and it was not used the UV irradiation lamp.

The MBC value was defined as the lowest concentration of particles
at which there was no bacterial growth. To investigate the possible ef-
fect of the particles on the biofilm formation, the nanoparticle solution
with the lowest MIC and MBC values were evaluated, using FE-SEM,
concerning the E. coli biofilm formation. To achieve this, E. coli cells
were spectrophotometrically standardized in MHB at 1 × 107 CFU/mL.
Initially, aliquots (1000 μL) of this standardized suspensionwere placed
in the wells of 24-well microtiter plates and maintained at 37 °C for
90 min within an orbital shaker. This step was performed to allow the
E. coli cells to adhere to the base of the 24-well plate initially; this is
known as the adhesion phase. Subsequently, the non-adhered cells
were removed by washingwith 1000 μL of PBS twice. The experimental
wells were then filled with 1000 μL of fresh MHB, containing β-
Ag2MoO4-Ethanol solution at a concentration of 1000 μg/mL, while the
control wells were filled with 1000 μL of MHB without the cell suspen-
sion. Subsequently, the plates were incubated at 37 °C for 24 h using an
orbital shaker at 75 rpm. Following the formation of the biofilm, the
wells were washed with 1000 μL of PBS to remove the non-adhered
cells. They were then fixed with 2.5% glutaraldehyde in PBS for 24 h,
dehydrated in increasing concentrations of ethanol (70, 85, and 90%)
for 5 min, respectively, and observed using FE-SEM.

3. Results and discussion

3.1. XRD analysis

The XRD patterns indicate the crystalline structure of the β-
Ag2MoO4 powders obtained by the microwave-assisted solvo-/hydro-
thermal method. The indexed peaks in Fig. 1 refer to the cubic phase
of the β-Ag2MoO4 crystals with lattice constants of a= b = c = 9.6 Å
and a space group of Fd-3m, according to Joint Committee on Powder
Diffraction Standards (JCPDS) card no. 76-1747. There were no peaks
observed that related to a secondary phase, indicating the formation
of a pure phase. The sharp and well-defined peaks suggest that the
powders had a high degree of crystallization and/or structural ordering
at long-range. When the H2MoO4 precursor was used under acidic
conditions, the formation of the β-Ag2MoO4 phase was not observed.
However, under basic conditions, the cubic phase was observed (Fig.
1). The appearing of that phase could be because themolybdic acid pre-
dominantly exists in an undissociated form under an acidic pH.



Fig. 4. UV–Vis absorbance spectra of β-Ag2MoO4 crystals. (a) β-Ag2MoO4-pH (b) β-
Ag2MoO4-Ethanol and (c) β-Ag2MoO4-PVP.
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However, the molybdenum oxide dissociates when the pH is increased
and becomes solubilized in strong bases, forming the molybdates [28].

3.2. FE-SEM analysis

The β-Ag2MoO4-pH structure (Fig. 2a) present round tips coral-like
morphology. Also, the particles are slightly rounded with the greatest
width of 4 μm. The final structure form it can be attributed to crystal
growth in the aqueous medium and pH adjusted to 8.5. The image of
the Fig. 2b shows β-Ag2MoO4-PVP structures with truncated cubic
form. Like this, the PVP influenced the final morphology of the geomet-
ric structure. The truncated cubes are well-formed and truncated [29],
and have edge size of approximately 4 μm. Besides, the truncated
cubes microcrystals exhibit homogeneous size. On the other hand, the
β-Ag2MoO4-Ethanol structure (Fig. 2c) indicates that the ethanol medi-
um inhibits the particles growth, resulting in their more elongated
shape, and each particle has a width and length of approximately
1 μm and 5 μm, respectively. Finally, the structures of Fig. 2a and Fig.
2c show similarmorphologies, indicating that the solvent has less influ-
ence on the final shape of the particles compared to the effect of PVP
polymer as shown in Fig. 2b.

3.3. FT-Raman analysis

Fig. 3 shows the Raman spectra of all β-Ag2MoO4 samples. The β-
Ag2MoO4-Ethanol and β-Ag2MoO4-PVP materials showed two bands
centered at 1340 and 1570 cm−1, which are known as D-band and G-
band, respectively, which indicates the presence of carbonaceous resi-
dues [30]. The G-band is credited to the stretching mode of carbon sp2

bonds of well-ordered graphite, while the D-band is attributed to the
carbon atoms vibrations with dangling bonds in disordered carbona-
ceous species [31]. G-band ismore intense thanD-band, denoting a pre-
ponderance of ordered carbon. To confirm this hypothesis, the amount
of carbon onto β-Ag2MoO4-pH, β-Ag2MoO4-PVP, and β-Ag2MoO4-Etha-
nol was determined by CHN elemental analysis (Table 2), resulting in
0.06, 0.23, and 0.91%, respectively. Thus, the detected carbon exists at
thematerial surface as a result of the synthesis process and is not corre-
lated to the β-Ag2MoO4 structure.

3.4. DRS/UV–visible spectroscopy

The optical properties of all sampleswere evaluated using diffuse re-
flectance UV–vis spectroscopy (DRS/UV–Vis) and are shown in Fig. 4.
This analysis provides information about the band gaps and electronic
Fig. 3. FT-Raman spectra of the (a) β-Ag2MoO4-pH, (b) β-Ag2MoO4-PVP and (c) β-
Ag2MoO4-Ethanol sample in the range of 1200 to 1700 cm−1.
transition states of the semiconductors. The light absorbed by the solid
material and the motion of the electrons and holes stimulated by light
are crucial features that direct a photocatalytic response, which is rele-
vant to the electronic structure of the active material [32,33]. The opti-
cally obtained band gaps were approximately 3.4, 3.2, and 3.4 eV for
the β-Ag2MoO4-EtOH, β-Ag2MoO4-pH, and β-Ag2MoO4-PVP, respec-
tively. It was determined that the optical properties of the materials
be modified through the use of the various precursors during the syn-
thesis of the Ag2MoO4. The Ag2MoO4-pH exhibited an absorption
threshold of 380 nm, which was greater than those of the Ag2MoO4-
ETOH and Ag2MoO4-PVP, namely 366 and 364 nm, respectively. The re-
duction of the absorption band of the samples can be attributed to the
presence of carbon owed to the organic precursor on the surface of
the particles, as shown in the Raman spectroscopy results (Fig. 3).

3.5. BET analysis

The surface areas of the β-Ag2MoO4-Ethanol, β-Ag2MoO4-pH, andβ-
Ag2MoO4-PVP samples were determined using the BET method. The
largest surface area among the prepared samples was determined for
theβ-Ag2MoO4-Ethanol, 1.03m2/g. The large size of the particles, deter-
mined by the FE-SEM analysis, justifies this low value. A smaller crystal-
lite size results in a larger specific surface area [34]. Thus, the large
particle sizes of the β-Ag2MoO4-pH and β-Ag2MoO4-PVP samples can
be ascribed to their reduced surface areas, 0.63 and 0.09 m2/g, respec-
tively. The presence of carbon on the surface of the β-Ag2MoO4-PVP
sample renders it difficult to performBET analysis because it significant-
ly reduces the surface area [35]. However, the electron–hole (e−/h+)
recombination of the samples can be influenced by the various types
of defects generated on the surface of the crystals; this probably acceler-
ates the recombination time of the samples [36]. This explains why the
β-Ag2MoO4-Ethanol sample has a larger surface area and the inferior
photocatalytic result compared with those of the other samples.

3.6. Growth mechanism of structures

Based on the FE-SEM microscopy results, the growth mechanism
suggested for the three kinds of structures synthesized by the micro-
wave-assisted solvo-/hydrothermal method is schematized in Scheme
1. The formation of the structures goes through a particular hydro/
solvothermal dissolution-recrystallization process, similar to other
studies [37–40]. However, during the microwave-assisted crystals
growth, the precursor ions coalesce fast and homogeneously [41–43],
generating the first nanoparticle aggregates. Furthermore, the high di-
electric constant of water favors crystal growth via Ostwald ripening



Scheme 1. An illustration of a growth model for the formation of β-Ag2MoO4 structures.
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in solution up to its final crystal form. The adjustment of pH to 8.5, in-
duces precipitation of structures with the morphology of the round
tips coral-like.

Moreover, the use of the capping polymer as PVP in an aqueousme-
dium culminates in the formation of the β-Ag2MoO4 truncated cubes.
According to Sun et al. [44]., silver nanostructures also grow by Ostwald
ripening, and {100} faces are covered with PVP, resulting in anisotropic
growth by {111} faces. Therefore, similarly, the crystal habit appearing
in β-Ag2MoO4 crystals is a result of using the driver polymer which fa-
vors the growth of the edges corresponding to the vertex of a truncated
Fig. 5. Absorption spectra of RhB in the pre
cube, and therefore, the final shape of the crystal is a cube facetted by
the plans that grew more slowly.

Finally, also the third morphology shown resembles the form of
coral. However, with a smaller width dimension and more elongated
compared with the structure obtained in an aqueous medium. In this
last morphology, growth process occurred a mixture of water with eth-
anol. This reaction medium resulted in a decrease in the final particle
sizes of β-Ag2MoO4 influenced by the lower dielectric constant of etha-
nol. Also, the particle growth via Ostwald ripening also occurs because
water and ethanol are susceptible to microwave radiation and cause
sence of β-Ag2MoO4 crystals samples.



Table 1
Rate constant, k, for photocatalysis under UV radiation.

Samples k′ ×10−3 (min−1) R2

β-Ag2MoO4-pH 3.06 0.9883
β-Ag2MoO4-PVP 1.59 0.9468
β-Ag2MoO4-EtOH 1.08 0.9847
TiO2 anatase 2.48 0.9716
Without catalyst 0.45 0.8586
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the rapid and homogeneous heating of the reaction medium, accelerat-
ing the dissolution and recrystallization of the precipitates.

3.7. Photocatalytic degradation

The photocatalytic activity of the samples was assessed by the pho-
tocatalytic decolorization of the RhB under UV irradiation. The maxi-
mum absorption bands of the spectra of the RhB solution were
monitored during the photocatalytic reaction process; β-Ag2MoO4-
ETOH, β-Ag2MoO4-pH, and β-Ag2MoO4-PVP were used under various
irradiation periods. The degradation rates (Cn/C0) and first-order rate
constants (k) of the RhB dye, with and without the catalyst, are also il-
lustrated. Fig. 6a–b shows the photolysis of the RhB under UV irradia-
tion. The control experiment showed that without a photocatalyst, the
RhB hardly decomposed during photolysis over a period of 270 min.
For the monitoring, the photodegradation mechanism is necessary to
measure the dye degradationwithout the presence of the photocatalyst.
In this case, the dye degradation occurs because of absorption of pho-
tons by photolysis [45]. Thus, the photolysis is always reported in
photocatalysis control experiments under ultraviolet or visible light
[46–48].

Fig. 5 indicates that the RhB dye exhibits one band with maximum
absorption at 554 nm. However, Fig. 5(b–d) illustrates a significant de-
crease in the height of themaximum absorption spectra of the RhB dur-
ing the photodegradation process. The prepared Ag2MoO4-ETOH,
Ag2MoO4-pH, and Ag2MoO4-PVP exhibited moderate activity under
UV irradiation; the RhB degraded by 24, 58, and 39% at 240min, respec-
tively. When the active β-Ag2MoO4 surface is covered with carbon, the
diffusive transport of the RhB molecules can hamper the entry of light
and also the diffusion of reactive molecules to the active site of the cat-
alyst [49]. Hence, the presence of residual carbon on the surfaces of the
crystal grains affects the photocatalytic activity compared with that of
Ag2MoO4-pH.

Fig. 6(a–b) shows linear plots of the standard kinetic data curves ob-
tained for the RhB dye photodegradation that was achieved with the
various samples. The discoloration reaction follows first-order kinetics
and can be described by the relationship d[C]/dt = k[C], where [C] is
Fig. 6. Photocatalysis degradation profiles of RhB with β-Ag2MoO4crystals (a). First-order
kinetics of the samples (b).
the RhB concentration, and k indicates the overall photodegradation
rate constant and activity. By plotting ln(C/Co) as a function of time
through linear regression, where C0 is the initial concentration of RhB
and C is the concentration at time t, we obtained the constant k
(min−1) for each sample (Table 1), from the inclines of the simulated
straight lines. Table 1 shows the rate constant, k, for the photocatalysis
under UV–vis light radiation. However, to obtain a more appropriate
comparison to the well-known and widely applied standards, the
synthesized materials were compared with commercial TiO2 anatase
(Aldrich, 99.7%) activity, as shown in Fig. 6, and under the same exper-
imental conditions. The commercial TiO2 in the anatase phase was ex-
tensively studied, and it is frequently used as a similar standard for
many authors [50–52].

Also, the photocatalytic activity of β-Ag2MoO4 is strongly influenced
by the presence of carbon, thereby to check the difference the photocat-
alytic activity between the β-Ag2MoO4-Ethanol and Ag2MoO4-PVP CHN
(carbon, hydrogen, nitrogen) analysis (Table 2) was performed to de-
termine the amount of carbon present in each material. Like this, as ex-
pected, the β-Ag2MoO4-Ethanol showed a greater amount of carbon in
its structure, followed by β-Ag2MoO4-PVP and β-Ag2MoO4-pH.
3.8. Antibacterial study

The antibacterial effect of the β-Ag2MoO4 particles on the E. coliwas
evaluated using standard assays, by determining theMIC and MBC. The
MIC and MBC values obtained for the particles against a planktonic cul-
ture of E. coli are presented in Table 3. The results indicate that the three
types of β-Ag2MoO4 particles were able to inhibit the visual growth of
the E. coli (MIC values) and kill the bacteria (MBC values). Therefore,
the β-Ag2MoO4 particles exhibited bacteriostatic and bactericide effects
on the E. coli cells (Table 3). However, these effects varied depending on
the concentrations and types of particles, as demonstrated in Fig. 7a–c.

Additionally, the FE-SEM images demonstrate that the β-Ag2MoO4-
Ethanol particles also exhibit an anti-biofilm effect, as shown in Fig. 8.
In the image of the control group (Fig. 8a), it is possible to observe a
well-formed E. coli biofilm, produced by the cohesion of a vast number
of cells. Furthermore, the biofilm that was exposed to the β-Ag2MoO4-
Table 3
MIC and MBC values of particles.

Samples Antibacterial concentrations

MIC (μg/mL) MBC (μg/mL)

β-Ag2MoO4-pH 31.25 125
β-Ag2MoO4-PVP 3.9 250
β-Ag2MoO4-EtOH 3.9 31.25

Table 2
Elemental analysis of the β-Ag2MoO4-pH β-Ag2MoO4-PVP, and β-Ag2MoO4-Ethanol.

Samples Carbon (%) Hydrogen (%) Nitrogen (%)

β-Ag2MoO4-pH 0.06 0.08 0.05
β-Ag2MoO4-PVP 0.23 0.06 0.09
β-Ag2MoO4-Ethanol 0.91 0.07 0.12



Fig. 8. FE-SEM images of E. coli biofilms grown in the presence of the β-Ag2MoO4-Ethanol
solution: (a) 1000 μg/mL, and (b) 0 μg/mL (control). N: β-Ag2MoO4-Ethanol particles.

Fig. 7. Mean values of log10 (CFU/mL) of planktonic cultures of E. coli exposed to (a) β-
Ag2MoO4-pH, (b) β-Ag2MoO4-PVP, and (c) β-Ag2MoO4-Ethanol. Errors bars: standard
deviation.

79C.A. Oliveira et al. / Materials and Design 115 (2017) 73–81
Ethanol particles exhibits an altered architecture with sparse mono-
layers of cells (Fig. 8b). Under natural conditions, the microorganisms
commonly exist as biofilms that are attached to the surface of microbial
communities, which are surrounded by an extracellular polymeric ma-
trix. Under these circumstances, the microorganisms exhibit different
characteristics to those of planktonic cells, including increased resis-
tance to host defense mechanisms as well as to antimicrobial agents
[53]. Thus, the anti-biofilm properties of the β-Ag2MoO4-Ethanol parti-
cles observed in this study highlight the potential use of these particles
for biomedical applications.

3.9. Photodegradation and antibacterial mechanisms

The photocatalytic and antibacterial performance of the β-Ag2MoO4

sample can be attributed to its cluster-like structure and is also support-
ed by the variation in the distributions and densities of extrinsic and in-
trinsic structural defects within the structures of the surface and bulk
materials (Scheme 2). To achieve splitting of the electron–hole pairs
in the solid material, the electrons or holes should migrate via cluster-
to-cluster charge transfer (CCCT) from the [MoO4]O/[MoO4]d or
[AgO6]O/[AgO6]d. The complex clusters could be rearranged to increase
the photocatalytic or antibacterial efficiency. Therefore, the effect of
surface defects on the photocatalytic performance andmicrobial cell in-
activation should be considered concerning the [MoO4]O, [AgO6]O,
[MoO4]d, and [AgO6]d clusters, where o = order and d = disorder. The
first effects are inherent to the Ag2MoO4 structure and result from the
existence of an asymmetric distorted [MoO4]d and [AgO6]d bulk/surface
composition, or ordered [MoO4]O and [AgO6]O bulk/surface composi-
tion. There are interactions between complexes defects of crystals
Ag2MoO4 and the [AgO6] clusters that may change the effectiveness
and mechanism of antibacterial activity. In the study described here,
the most important process occurs in the bulk-surface interface and in-
volves the formation of superoxide ion (O2′), OOH* radicals and hydro-
gen ions (H•) through of electron-hole transfers process, which causes
protein inactivation and consequently cell death [20,22]. In addition, re-
cent studies have demonstrated that Ag-based compounds showbroad-
spectrum activity and low propensity for inducing microbial resistance
[54–56].

The well-ordered complex clusters primarily function as electron
drains, easing the charge splits within the semiconductor material.
Thus, these polarons can be discharged to acceptors (O2), and (H2O),
which moderately lowers the reduction potential at the interface.
Thereby, the influence of the surface of the material on the photocata-
lytic and antibacterial activity can be described by the reactions of the
clusters:

MoO4½ �xo þ MoO4½ �xd→ MoO4½ �0o þ MoO4½ �∙d

AgO6½ �xo þ AgO6½ �xd→ AgO6½ �0o þ AgO6½ �∙d

Polaron electron–hole pairs are created at the bulk–surface interface.
The charge carriers near the surface, where the charge migrates be-
tween the imperfect or ordered surface and the adsorbed molecular
O2, create several types of charged species, including the superoxide
ion (O2′). The reactions between the [MoO4] or [AgO6], and themolecu-
lar O2 produce the following types of clusters:

MoO4½ �0o þ O2→ MoO4½ �xo þ O0
2



Scheme 2. Proposed RhB photodegradation and microbial cell inactivation mechanisms based on the semiconductor band gap structure and electron–hole pair cluster-to-cluster
transference in β-Ag2MoO4.
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AgO6½ �0o þ O2→ AgO6½ �xo þ O0
2

The water molecules interact with the disordered β-Ag2MoO4 clus-
ters and are split into active hydroxyl radicals (OH*) and ionic hydrogen,
corresponding with the reactions:

MoO4½ �od þH2O→ MoO4½ �xd þ OH� þH∙

AgO6½ �od þH2O→ AgO6½ �xd þ OH� þH∙

The initial products of the partial oxidation reaction between the
water molecules and complex clusters ([MoO4]d• or [AgO6]d• ) result in
the production of hydroxyl radicals (OH*). These radicals present high
oxidation potential and result in themineralization of dyes or microbial
cell inactivation [20,57]. The generated superoxide species (O2′) react
with H• ions and produce hydrogen peroxide radicals (O2H*):

O
0
2 þH∙→O2H

�

The OH* and O2H2* radical species also result in the oxidation of or-
ganic compounds, such as dyes, and help to destroy the cells of micro-
organisms [21,57]. Thus, it is a challenge to correlate the surface/bulk
defects with the photocatalytic or antibacterial activity. It is important
to ensure that the defects above occur in most disordered/distorted β-
Ag2MoO4, with the exclusion of perfect single crystals.

4. Conclusions

Here, an efficient microwave-assisted solvo-/hydrothermal synthet-
ic method was used to design β-Ag2MoO4 with controlled morphol-
ogies, offering a simple method for the production of various
structures, where amore challenging synthesis routewas previously re-
quired. We have prepared multifunctional β-Ag2MoO4 morphologies
and demonstrated photocatalytic and antibacterial activity. Among the
samples, the β-Ag2MoO4-pH sample exhibited the best photocatalytic
results. However, the β-Ag2MoO4-EtOH sample presented superior an-
tibacterial activity. It is important to note that the chemical environ-
ment strongly influences the growth and morphology of the crystals.
By altering the parameters, such as the surfactants and solvents used,
the microcrystals can be synthesized with various forms and/or mor-
phologies by modifying the surface energies of the faces of the crystals.
Therefore, to develop functional materials, it is important to control
their morphology and structure.
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