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Keywords: Hydroxyapatite/o-silver vanadate (HA/a-AgVO3) composites for fungi growth inhibition and photocatalytic
Composites discoloration of organic compounds were synthesized by chemical precipitation. The structural and morpho-
Hydroxyapatite logical characterization of the 7.5 and 22.5 wt% HA/a-AgVOs3 composites revealed HA nanorods with hexagonal
IA’lfc\:t(;iatalysis crystalline structure successfully deposited on a-AgVO3 microrods with monoclinic structure. Under UV light

illumination, the 22.5 wt% HA/a-AgVOs3 sample exhibited the highest photocatalytic activity (85%) within 60
min on the discoloration of methylene blue. A mechanism for this property is herein presented, where the main
responsible for the potentialized photoactivity was the charge accumulation at the a-AgVOs band structure.
Moreover, HA/a-AgVO3 composites exhibited fungistatic activity against Fusarium guttiforme and Colletotrichum
horii, evidencing successful preparation of multifunctional materials.

Antifungal activity

1. Introduction activities and biological control [1,2]. Among them, silver (meta)van-
adates (a- and B-AgVOs3 phases) possesses narrow band gap energies and

Silver vanadate semiconductors, such as AgVOs, Ag3VO4, and easy preparation of well crystallized phases, where -AgVO3; material
Ag4V207 have attracted interest for environment-friendly applications was proposed for bacterial disinfection and photocatalytic degradation
in wastewater treatment due to their outstanding photocatalytic of organic pollutants [3]. To further increase the $-AgVOs3 photocatalytic
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performance, heterostructures with other semiconductors were pre-
pared, such as g-C3Ny4, BiVOy4, and AgsPOj4, rendering an improved sta-
bility, light absorption, or increasing its efficiency in charge carrier
generation while avoiding their rapid recombination during photo-
catalysis [4].

Although less explored, a-AgVO3 phase also shows potential for
photocatalysis [5] and biological control [6]. Luo et al. reported that
combining «-AgVOs; with palygorskite lead to enhanced photo-
degradation activity and microorganisms inactivation [7]. However,
little is known about the construction of other heterostructures con-
taining a-AgVOs3 for such purposes. Hydroxyapatite (Ca;o(PO4)s(OH)o,
HA) efficiently adsorbs organic compounds and allows the accumulation
of charge in distinct photocatalysts, including TiO, Fe3O4, and g-C3Ny4
[8,9]. These properties lead to further improvement in the overall effi-
ciency of the composites, even in small concentrations of HA.

In this study, chemically precipitated a-AgVO3 composites contain-
ing low concentrations of HA (7.5 and 22.5 wt%) nanoparticles were
prepared and characterized. Their photocatalytic activities were inves-
tigated through the discoloration of methylene blue (MB). Additionally,
their fungistatic properties against Fusarium and Colletotrichum species
were evaluated.

2. Experimental section
2.1. Synthesis

Pure a-AgVO3 and HA samples were synthesized via chemical pre-
cipitation [10]. To synthesize the HA/a-AgVOs composites, 7.5 or
22.5% of HA nanoparticles by weight and 1.107! mol of NH4VOs;
(99.0%, Sigma-Aldrich) were mixed in 30 mL of distilled water. Then,
another solution containing 1.107! mol of AgNO3 (99.8%, Cennabras)
dissolved in 30 mL of distilled water was added. The resulting pre-
cipitates were washed several times with water and ethanol, and were
dried at 60 °C for 24 h.

2.2. Characterization

Phases of the products were investigated by X-ray diffraction (XRD)
in a Shimadzu XRD-6000 diffractometer. Diffuse reflectance infrared
Fourier transform spectroscopy was performed using a Jasco FT/IR-
6200 spectrophotometer. X-ray photoelectron spectroscopy (XPS) ana-
lyses were performed on a Scienta Omicron ESCA + spectrometer.
UV-Vis spectroscopy was performed using a UV 2600 (Shimadzu)
spectrophotometer. The morphological features were examined by field-
emission scanning electron microscopy (FE-SEM) with a Carl Zeiss Supra
35-VP microscope.

2.3. Photocatalytic activity

The photocatalytic activity was evaluated via photodiscoloration of
MB dye. In each experiment, 50 mg of the photocatalyst was dispersed in
MB aqueous solution (50 mL, 1.10~> mol L™Y) and equilibrated in the
dark. The photocatalytic test was conducted under illumination of six
UV lamps (G15T8, 15 W). The MB concentrations were determined in a
UV-Vis Jasco V-660 spectrometer (A = 664 nm). Photoluminescence
(PL) spectra were recorded to study the photomechanism associated to
our composite samples. Spectra were collected at room temperature
using a Monospec 27 Monochromator Jarrel (TermalJarrel Ash) coupled
to an R955 photomultiplier (Hamamatsu Photonics). The measurements
were performed with a krypton ion laser (Innova Coherente 200 K; A =
350 nm) as the excitation source with the incident laser beam at a
maximum power of 14 mW.

2.4. Antifungal assay

The biological probes were conducted based on a recent approach to
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identify new potential antifungal agents [11]. For the tests, we used
Fusarium guttiforme and Colletotrichum horii obtained from the microbial
collection of Biological Institute of Sao Paulo State. Fungal axenic cul-
tures were maintained according to Castellani method. Briefly, an
inoculum of 0.5 cm in radius from each fungus was transferred from the
stock to the center of a Petri dish containing sterile potato dextrose agar
(PDA) medium (Acumedia). The dishes were incubated at 25 °C, in
biochemical oxygen demand (BOD), with photoperiods of 12 h for 7
days. Two successive transfers were made from those dishes, and each
dish was incubated under the same conditions to ensure homogeneous
growth of the fungus.

An initial screening was conducted by the agar diffusion assay. An
agar plate was inoculated with 1 pL of a standardized liquid culture from
the fungus in PDA medium and 2 pL of the sample dispersed in sterilized
distilled water (50 pg pL™1). Fungus was applied 0.5 cm from the plate
edge, while solution was inoculated 0.5 cm from the inoculum (1.0 cm
from the plate edge). The analyzed samples were tested on the same
plate. Petri dishes were incubated in BOD for 3 days, at 25 °C, with 12 h
photoperiods. The experiments were conducted in triplicate.

For the agar compound incorporation assay, each experiment was
performed with a water dispersion of the sample (0.5 pg pL ') in ster-
ilized PDA Petri dishes. A 0.5 cm radius mycelium disk was transferred
from the plate containing the 7-day-old fungus to the plate with the
material incorporated. The plates were incubated in BOD for 4 days at
25 °C with 12 h photoperiods. Control experiments were performed
using only PDA medium. All assays were performed in triplicate. Data
were calculated and processed as mean + standard deviation. Compar-
ison analysis between groups was conducted by student’s t-test.

3. Results and discussion
3.1. Powders characterization

Fig. 1(a) shows XRD patterns for a-AgVOs, HA, and HA/a-AgVOs3
powders. For the pure samples, all peaks can be indexed to the mono-
clinic a-AgVOs structure with space group Cy/c (PDF#89-4396) and to
the hexagonal HA structure with space group P63/m (PDF#09-0432).
The XRD patterns for 7.5 and 22.5 wt% HA/a-AgVOs samples were
similar to that of a-AgVOs3, with a (002) small peak of HA structure
detected for the 22.5 wt% HA/a-AgVOs sample. Fig. 1(b) shows the
infrared vibrational spectra in the 1200-500 cm ! region (Fig. S1 for the
entire spectra). Typical bands were observed in our pure samples,
including the (8§)V-O (633 cm’l), (W)V=0 (654, 894, 930 and 967
cm’l), w)V-0 (775 cm’l), and (v)Ag-O-V (856 cm’l) vibrational
modes of a-AgVOs3 [10], and the (v2)(473 em™), (4)(564 and 604
em™), (1)(633 em™Y), (11)(963 em™1), and (v3)(1033, 1065, and 1096
em ') modes of HA [12]. In 7.5 and 22.5 wt% HA/a-AgVOs composites,
the presence of bands associated with both a-AgVO3 and HA materials
were observed, with an increase in intensity of HA modes as the con-
centration of this phase increases. These results confirm that a composite
containing both phases in distinct proportions has been synthesized.

Fig. 1(c) illustrates results obtained by XPS characterization. The Ca
and P main elements from HA structure and Ag and V from the a-AgVOs3
structure are observed simultaneously in HA/a-AgVOs, with peaks
associated to HA presenting higher intensity in 22.5 wt% than 7.5 wt%
HA/a-AgVOs sample. The XPS spectra of Ca shows peaks at 350.6 and
347 eV related to the binding energies of Ca®* 2p;/ and Ca®t 2ps/»
doublet, respectively, and the spectra for P 2p region shows a peak at
133.3 eV associated to P> of HA. The peaks related to Ag 3ds,» and Ag
3d3,, doublet are observed at 373.6 and 367.6 eV for Ag" of a-AgVO3
structure, and at 374.8 and 368.8 eV for Ag® formed during the char-
acterization [10]. The peaks at 524.4 and 516.7 eV correspond to the
binding energies of V 2p; 2 and V 2p3,» doublet, respectively, related to
Vot [13]. The optical absorption (section S1) of all samples is presented
in Fig. 1(d), showing bandgap energy (Eg) of 2.99 and 5.45 eV for pure
a-AgVOs3 and HA, respectively, and of 2.86 and 2.68 eV for 7.5 and 22.5
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Fig. 1. (a) XRD patterns, (b) FTIR spectra, (c) XPS spectra, and (d) UV-VIS spectra.
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Fig. 2. FE-SEM images: (a) a-AgVOs, (b) HA, (c) 7.5 wt% HA/a-AgVOs, and (d) 22.5 wt% HA/a-AgVOs.
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wt% HA/a-AgVOs, respectively.

The particle shapes for a-AgVOs3 (Fig. 2(a)) and HA (Fig. 2(b))
samples, determined through FE-SEM characterization, were micro- and
nanorods, respectively, with sizes of 0.7 pm in width and 10.0 pm in
length for a-AgVOs, and 0.09 pm in width and 0.45 pm in length for HA.
Fig. 2(c and d) show the results obtained for 7.5 and 22.5 wt% HA/
a-AgVOs, respectively, where the presence of HA nanorods partially
covering the a-AgVOs microrods is observed.

3.2. Photocatalytic activity

Fig. 3(a) shows the temporal UV-vis absorption of MB probed with
22.5 wt% HA/a-AgVO3 composite from O to 60 min (Fig. S2 for the other
samples) under UV light, evidencing a significant decrease of the
absorbance peak at 664 nm with time. Fig. 3(b) shows the discoloration
efficiency of MB in contact with the prepared materials. The discolor-
ation using HA (10%) is inferior to a-AgVOs (43%) over 60 min. How-
ever, by combining both materials, the resulting photocatalytic activity
is significantly enhanced, reaching 65% and 85% of discoloration for 7.5
and 22.5 wt% HA/a-AgVOj3 samples, respectively. Fig. 3(c) shows that
MB discoloration by all samples follows a pseudo-first-order kinetics.
The reaction rates were 1.6 x 10’3, 9.5 x 10’3, 1.76 x 10’2, and 2.99 x
1072 min~! for HA, a-AgVOs, 7.5 and 22.5 wt% HA/a-AgVO3 samples,
respectively.

To evaluate possible causes of the higher photocatalytic activity for
the composite materials, a PL analysis was conducted. The obtained
results are illustrated in Fig. 3(d). The spectra of pure materials are
composed by asymmetric broad band emissions centered at A = 470 nm
for HA, and at A = 726 nm for a-AgVO3 with a small shoulder at A = 460
nm (inset in Fig. 3(d)). These emissions are typically associated to pro-
cesses of radiative recombination of electron—hole (e —h%) pairs
encompassing countless defective energy levels localized in their
respective forbidden zones [6,14].

The intense emission band at 470 nm observed for pure HA is greatly
suppressed in the composite materials. It can be concluded that, in these

()
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samples, radiative recombination pathways for the photoexcited e —h™
pairs at HA band structure are avoided. On the other hand, the emission
profiles of the 7.5 and 22.5 wt% HA/a-AgVO3 samples resemble the
a-AgVOs profile (Fig. 3(d)). However, there is a progressive increase in
the relative intensity of the band centered at 460 nm as well as a slight
increment and shift of the emission from 726 to 696 nm in comparison to
pure a-AgVOs. A possible reason for such behaviors is that the HA acts as
a charge carrier donor for a-AgVOj3 through interfacial charge carrier
transfer to a-AgVOj3 band structure [10]. Then, the accumulated charge
at a-AgVOs can radiatively recombine, as observed by the increased
emission intensity of the 7.5 and 22.5 wt% HA/a-AgVOs3 samples in
comparison to pure a-AgVOs, indicating the successfully formation of a
heterostructure. The photoexcited e —h™ pairs accumulated at a-AgVO3
band structures can also enhance the discoloration of MB dye, as
observed by the photocatalytic experiments, since a higher content of
electrons and holes are able to react with the adsorbed molecules.

Fig. 3(e) shows a photomechanism proposed for HA/a-AgVO3 based
on a straddling type of heterostructure [10]. HA possess high concen-
trations of intragap defective levels, allowing significant generation of
e —h™ pairs under UV irradiation and subsequent annihilation as pho-
toluminescence [14,15]. However, according to the formation of
straddling type of heterojunction, the differences in conduction band
(CB) and valence band (VB) potentials of HA and a-AgVO3 provoke an
interfacial charge carriers transfer to achieve the band alignment.
Hereupon, the higher CB potential of a-AgVO3 compared to CB potential
of HA leads to a migration of the electrons from CBga to CBy.Agvo3-
Besides, the higher VB potential of HA compared to VB potential of
a-AgVO3 leads to a migration of electrons from VBq.agvo3 to VBya. This
latter electron transfer is understood as a migration of holes from VBya
to VBy.agvos3 since the hole mobility arises from the electron mobility.
Therefore, as the HA act as a photogenerated charge carrier (e~ and h')
donor for a-AgVOs, the recombination rate of e —h™ pairs in HA de-
creases, and there is a boost on the photocatalytic activity of a-AgVOs.

In order to elucidate the improvement in the photodiscoloration
mechanism for the heterostructured samples, photocatalytic
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Fig. 3. (a) UV-Vis absorption of MB in solution containing 22.5 wt% HA/a-AgVO3 composite, (b) discoloration efficiency, (c) first-order plot, (d) photoluminescence

properties (Aexe = 350 nm), and (e) photocatalytic mechanism.
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experiments with reactive species scavengers were performed (Section
S1 and Fig. S3). A majority action of holes for the direct photocatalytic
discoloration of MB dye in comparison to their indirect action by *OH
production and the indirect action of electrons by 0% production was
observed. Since the electron transfer from CBya to CBy.agvo3 is depen-
dent of electron mobility in HA and the hole transfer from VBya to VB,
agvos is dependent of electron mobility in a-AgVOs, a difference in
electron mobility is expected due to the different structural and elec-
tronic properties of both materials. In this sense, a possible mechanism
for the observed photocatalytic results is a higher electron mobility of
a-AgVO3 compared to HA, resulting in a higher proportion of holes than
electrons that migrate to a-AgVOs. Once a fraction of photogenerated
charge carriers transferred to oa-AgVOs radiatively recombine, as
observed by PL results, another fraction with a lower proportion of
electrons than holes can reach the particle surface to react with adsorbed
species. Therefore, the additional h' at the VB(q.agvo3) boosts the con-
version of MB into H,0, CO, and colorless organic compounds (COC),
acting as the main responsible for the potentialized photocatalytic
discoloration of the HA/a-AgVO3 composite materials (Fig. 3(e)), with
03 formed by the extra e” at CB(s.agvo3) and *OH displaying lower
contributions.

3.3. Antifungal assay

The agar diffusion assay (Fig. S4) evidences high fungistatic property
for HA/a-AgVOs composites. This behavior was corroborated by the
agar incorporation assay, as shown in Fig. 4(a and b) for 22.5 wt% HA/
a-AgVO3 sample and Figs. S5 and S6 for other samples. The average
mycelium growth areas in the absence (A) and in the presence (P) of the
studied samples were calculated, and the obtained results are disposed
in Table 1. The strongest inhibition effect was observed for a-AgVO3 7.5
and 22.5 wt% HA/a-AgVO3 samples (P < 0.05) for both fungi analyzed.

When compared to the control groups, pure HA sample exhibited
only a moderate growth inhibition against C. horii. On the other hand,
pure a-AgVOs demonstrated a significant fungistatic activity against

(a) 22.5wt% HA/a-AgVO,

.|
1.8 cm? 2.3 cm? IH:cim2

6.9 cm? 7.5 cm?

Control

6.6 cm?

Fusarium guttiforme
22.5 wt% HA/a-AgVO,

d X ol

(b)

1.5 cm? 1.5 cm? 1.4 cm?
9.6 cm? 14.5 cm? 11_3:[11]2
Control

Colletrocrichum horii

Fig. 4. Fungistatic activity of 22.5 wt% HA/a-AgVO3; composite by the agar
incorporation assay. Colony visual images for: (a) Fusarium guttiforme, and (b)
Colletotrichum horii.
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Table 1
Average mycelium growth areas of Fusarium sp. and Colletotrichum sp. in the
absence (A) and in the presence (P) of the studied samples.

Treatments Mycelium growth areas (cm?)

HA a-AgVO3 7.5 wt% 22.5 wt%
Fusarium sp. growth
A 7.0 £0.13 7.0 £0.13 7.0 £0.13 7.0 £0.13
P 14.3 + 3.50 2.7 £ 0.04* 2.3 £ 0.07* 2.0 £+ 0.08*
Colletotrichum sp. growth
A 11.8 £0.72 11.8 + 0.72 11.8 +0.72 11.8 + 0.72
P 6.3 + 0.38* 1.6 + 0.05* 1.7 + 0.02* 1.5 + 0.02*

* Significant difference between A and P treatments (P values < 0.05).

both tested groups. This behavior could be associated to the high ca-
pacity of a-AgVOs3 in generating reactive species in solution, including
h*, 0%, and *OH, which is in accordance with the literature [6,16].
These species can lead to the damage of cells and various cellular
components through oxidative stress [17]. Although a progressive lower
content of a-AgVOs is present in 7.5 and 22.5 wt% HA/a-AgVOs com-
posites, these samples exhibited comparable results to pure a-AgVO3 for
both species studied. Hence, we can conclude that the fungistatic
property of the overall composites departs mainly from the high ca-
pacity of a-AgVOs in generating radicals. The most relevant results were
obtained for 22.5 wt% HA/a-AgVO3 composite — besides its promisor
fungistatic activity, this optimized sample also possesses the highest
photocatalytic activity. In conclusion, these results confirm the suc-
cessfully preparation of multifunctional HA/a-AgVOs composites
exhibiting both photocatalytic and fungistatic properties.

4. Conclusions

Composites of HA/a-AgVOj3 containing distinct concentrations of HA
nanoparticles (7.5 and 22.5 wt%) were successfully prepared by chem-
ical precipitation. The photocatalytic activity probed via MB dye
discoloration was superior for both composites in comparison to their
pure counterparts, reaching 65% and 85% of discoloration over 60 min
under UV illumination for 7.5 and 22.5 wt% HA/a-AgVOs samples,
respectively. As indicated by photoluminescence analysis, HA acts as a
photogenerated charge carrier (e~ and h*) donor for a-AgVOs. This
transfer of charge carriers boosts the photocatalytic activity of HA/
a-AgVO3 composites, mainly by the direct action of holes accumulated
at a-AgVOs valence band which react with the adsorbed dye molecules.

The fungistatic ability of our samples was evaluated by the agar
diffusion and incorporation assays. Both HA/a-AgVOs; composites
exhibited high inhibitory effect on the growth of Fusarium and Colleto-
trichum species, as determined by the calculated average mycelium
growth areas. The fungistatic activity of the studied materials possibly
departs from their high capacities to generate reactive species in solu-
tion. Hence, despite the superior antifungal ability herein reported, HA/
a-AgVO3 composites also demonstrated high photocatalytic activity.
These composites are promising materials for environmental remedia-
tion in removing organic contaminants and fungi growth inhibition of
Fusarium and Colletotrichum species.
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