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ABSTRACT: Defect-related luminescent materials have attracted
interest because of their excellent optical properties and are
considered as a less expensive and nontoxic alternative to commonly
used lanthanide-based optical systems. These materials are
fundamentally and technologically important for the next generation
of full-color tunable light-emitting diodes as well as in the biomedical
field. In this study, we report the preparation of α-silver vanadate (α-
AgVO3, AV) decorated by hydroxyapatite (Ca10(PO4)6(OH)2, HA)
with intense photoluminescence (PL) emissions at various HA/AV
molar ratios (1:1−1:1/32) by a simple route based on chemical
precipitation. The well-defined diffraction peaks observed by X-ray
diffraction were all indexed to the monoclinic AV and hexagonal HA
phases. Analysis of the results obtained by Fourier transform infrared
spectroscopy reveals the presence of short-range structural order as
deduced by the characteristic vibrational modes assigned to AV and HA systems. Characterization by scanning and transmission
electron microscopies confirms the presence of AV and HA micro- and nanorods, respectively. UV−vis spectroscopy renders
band gap energies of 5.80 eV for HA and in the range 2.59−2.65 eV for pure AV and HA/AV samples. The PL data reveal the
presence of broad-band emission profiles, typical of defect-related optical centers in materials. Depending on the molar ratio, the
emission can be completely tunable from the blue to red spectral regions; in addition, pure white color emission was obtained.
On the basis of these results, we propose an order−disorder model induced by structural and interface defects to explain the PL
emissions in the HA/AV system. Moreover, our results show that HA/AV composites have superior bactericidal activity against
Staphylococcus aureus (methicillin-resistant and methicillin-susceptible) and can be used as a novel multifunctional material.

■ INTRODUCTION

Today, energy used for lighting corresponds to 20% of global
energy consumption.1 Thus, developing new efficient tech-
nologies for lighting is a matter of worldwide urgency. Among
the devices available, solid-state lighting (SSL) sources based
on semiconductors, including light-emitting diodes (LEDs)
and white-light LEDs (WLEDs), have been extensively applied
for general illumination as well as in many other fields, e.g.,
automotive lighting, automobile devices, display backlighting,
communication devices/networks, and medical applica-
tions.2−4 This is due to the many advantages related to these
systems when compared with conventional light sources, such
as high efficiency, low power consumption, high reliability,
long lifetime, and environment friendliness.5 However, a
current challenge is the design of highly efficient optical
materials without the need for activator ions comprised of
lanthanides such as Eu2+, Eu3+, Ce3+, Yb3+, and Tb3+, because
of the high cost and environmental impact associated with
their extraction and purification processes.6

White-light materials can be generated by various methods,
including the accommodation of single or multiple lanthanides
in a host lattice with low optical activity, by co-doping ion pairs
based on an energy transfer mechanism, and self-activated
luminescent materials activated by structural, surface, and
interface defects.7,8 This latter mechanism is quite interesting
since intense, stable, and tunable emissions can be achieved
without the necessity of dopants. Moreover, a great variety of
emission colors can be obtained with these systems since the
luminescence response of distinct materials or in the same
material depends upon the concentration and nature of defects,
which can be controlled by the experimental conditions
employed for their preparation and processing.9−13

Hydroxyapatite, (Ca10(PO4)6(OH)2, HA) is a biomaterial
with superior biocompatibility and bioactivity due to its
similarities with the mineral phase of bones and teeth
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(bioapatite) and is considered ideal for biomedical ap-
proaches.14 One of the most important structural features of
HA for a wide range of applications is its unique ability to
accept lattice distortions. Synthetic and natural HA crystallizes
in almost all cases in the hexagonal P63/m space group
symmetry, which is stabilized by foreign ion inclusion and
vacancy formation, and the defect-free monoclinic P21/b phase
rarely occurs.15 Hence, HA can stabilize half of all the elements
of the periodic table in each of its crystalline sites as well as
defects, vacancies, and byproducts of synthesis reactions, in
almost any valence state and with large differences in ionic
radii, without breaking its crystal symmetry.16 Recently, various
studies demonstrated that it is possible to take advantage of
this peculiarity of synthetic HA nanoparticles obtained by low-
temperature pathways for the stabilization of efficient blue (λem
= 395−420 nm) defective luminescent centers.17−19 Our
research group is engaged in the study of intrinsic photo-
luminescence (PL) emissions of HA and how to control the
color of the emission from blue to yellow (λem = 440−610 nm)
by varying the synthesis and heat treatment conditions.20,21

Hence, the intense and broad-band emissions generated by HA
nanoparticles can be successfully used in optical devices and
biomedical approaches without the necessity of activator
dopants such as lanthanide elements.22−26

On the other hand, silver vanadate (AgVO3, AV) has
attracted interest for biomedical and electrochromic devices,
bactericidal agents, and other applications.27,28 However, the
optical properties of these materials have not been greatly
studied in the literature.29,30 There are four distinct crystalline
phases for this material: α-AgVO3, β-AgVO3, δ-AgVO3, and γ-
AgVO3.

31,32 In a recent study, our research group studied the
α- and β-AV polymorphs as photoluminescent materials33 and
the electronic structure, morphology, optical features, and
bactericidal activity of α-AV.30 This latter study points out that
α-AV presents structural and surface defects which lead to an
intense broad-band emission in the red region of the
electromagnetic spectrum, where these emissions are derived
from multiphoton processes between defect energy levels.
The combination of two or more materials is of wide

scientific research interest because this can combine the
properties of single materials and generally present unique
properties by synergistic effects.34 Our research group
demonstrated that the combination of inorganic materials
with intense defect-related luminescence is a promising
strategy to obtain tunable emission colors.35,36 In particular,
among the distinct strategies for tuning the spectral range of
PL emissions of HA and AV materials separately (generally
blue for HA and red for AV), we can list the synthesis and heat
treatment conditions, incorporation of lattice impurities, and
order−disorder effects. However, to the best of the authors’
knowledge, there are no reports in the literature of their
combination to improve the overall PL properties of AV
decorated by HA.
Herein, the objectives of the present study are 3-fold. First,

we report the facile synthesis of α-AV samples decorated by
HA (HA/AV); second, we investigate in detail how the molar
ratio between HA and AV controls the structural ordering at
long and short range, morphological features, and the tunable
PL emissions from intense blue to red emission colors as well
as white-light emission; finally, we demonstrate the enhanced
bactericidal activity of HA/AV samples.

■ EXPERIMENTAL SECTION
Synthesis of HA Nanorods. HA nanoparticles were synthesized

by chemical precipitation in accordance with our previous studies.20,21

Briefly, 10 mmol of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O;
99.0%, Sigma-Aldrich; CAS Reg. No. 13477-34-4) were dissolved in
50 mL of Milli-Q water. In another flask, 6 mmol of diammonium
phosphate ((NH4)2HPO4; 98.0%, Strem Chemicals; CAS Reg. No.
7783-28-0) was dissolved in 100 mL of Milli-Q water. The pH values
of the two solutions were adjusted to 9.5−10.0 with NH4OH, and the
solutions were heated to 90 °C and subsequently mixed, by dripping
the entire phosphate precursor solution onto the calcium precursor
solution by flow peristaltic pumping at 7.00 mL/min. After
precipitation the solution was maintained at 90 °C with stirring for
2 h and the pH of the supernatant was maintained in the range 9.5−
10.0 with ammonia. Then, the precipitate formed was centrifuged and
washed several times with Milli-Q water and ethanol and was dried at
80 °C in the oven for 24 h.

Synthesis of Pure AV Microrods. The AV powder was
synthesized as adapted from a previous publication.30 Initially 0.2
mmol of ammonium metavanadate (NH4VO3; 99.0%, Sigma-Aldrich;
CAS Reg. No. 7803-55-6) was dissolved in 5.86 mL of distilled water
by magnetic stirring and heated to complete solubilization. Then 0.2
mmol of silver nitrate (AgNO3; 99.8%, Cennabras; CAS Reg. No.
7761-88-8) was solubilized in 5.86 mL of distilled water until the
solution became clear. Both solutions were cooled to approximately
10 °C and mixed with immediate release of the silver precursor onto
the vanadate precursor, and instant formation of AV preciptate
(orange supernatant and yellowish precipitate). The mixture was
rapidly centrifuged, and the precipitate was washed several times with
distilled water and finally dried at 70 °C in the oven for 24 h.

Precipitation of HA-Decorated AV Samples. The HA/AV
samples were prepared by a chemical precipitation of AV microrods in
a solution containing dispersed HA nanoparticles. For this pathway,
200 μmol of NH4VO3 was dissolved in 5.86 mL of distilled water by
magnetic stirring and heated to complete solubilization. In this
solution, 200 μmol of the HA sample obtained as described above in
Synthesis of HA Nanorods was dispersed by ultrasonic shaking
performed for 15 min. In another flask, 200 μmol of AgNO3 was
dissolved in 5.86 mL of distilled water until the solution became clear.
Then both solutions were cooled to approximately 10 °C.
Subsequently, the solutions were quickly mixed by adding the silver
precursor into the vanadate precursor containing the HA nano-
particles in an ultrasound bath. This procedure yielded yellowish
suspended particles which were allowed to settle. The resulting
precipitate was washed several times with distilled water and finally
dried at 70 °C in the oven for 24 h. The sample obtained is referred to
as the HA/AV 1 sample.

Preparation of the other HA/AV samples followed an experimental
procedure similar to that for the HA/AV 1 sample. The only
difference was the amount of HA nanorods dispersed in vanadate
precursor solution. In these cases, 100, 50, 25, 12, and 6 μmol of the
HA sample were dispersed, leading to the HA/AV 2, HA/AV 3, HA/
AV 4, HA/AV 5, and HA/AV 6 samples, respectively. Table 1 lists the
main experimental parameters used for each HA/AV sample studied.

Characterization. The obtained samples were characterized by X-
ray diffraction (XRD) using a Rigaku-DMax/2500PC (Japan)
diffractometer with Cu Kα radiation (λ = 1.5406 Å) in the 2θ
range 10°−60° with a scanning speed of 0.2°/min. The peaks of the
samples were indexed according to standards of the Joint Committee
of Powder Diffraction Standards (JCPDS). Fourier transform infrared
spectroscopy (FTIR) was performed at room temperature using a
Jasco FT/IR-6200 (Japan) spectrophotometer operated in absorbance
mode. The spectra have a resolution of 4 cm−1 and 32 accumulations
per measurement in the range of 400−4000 cm−1. These measure-
ments were performed on 12 mm diameter pellets which were
composed of 1% by weight of each sample mixed with 99% by weight
of KBr (99%, Sigma-Aldrich). UV−vis spectroscopic measurements
were performed by Cary 5G spectrometer (Varian, USA) in diffuse
reflection mode. Standard samples for the reflectance measurements
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were SRS-80-010 and SRS-02-010 for white and black Labsphere
standards,37 respectively. The morphological characteristics of the
obtained materials were examined using a scanning electron
microscope (SEM) Inspect F50 (FEI, The Netherlands) adjusted to
an acceleration voltage of 5 or 20 kV with a working distance of 3
mm. The samples were prepared by dispersing the powders in water
and then depositing them on metal Si plates. Transmission electron
microscopy (TEM) and high-resolution TEM (HR-TEM) were
performed using a FEI Tecnai F20 (Netherlands) microscope
operating at 200 kV. High-angle annular dark-field (HAADF) image
and elemental mapping by energy-dispersive X-ray spectroscopy
(EDS) were recorded in the scanning TEM (STEM) mode.
Photoluminescence Emissions and Bactericidal Properties.

PL spectra were collected using a Monospec 27 Monochromator
Jarrel (TermalJarrel Ash, USA) coupled to an R955 photomultiplier
(Hamamatsu Photonics, Japan). The measurements were performed
at room temperature with a krypton ion laser (Innova Coherente 200
K; λ = 350 nm) as the excitation source with a maximum output
power of 500 mW. All deconvolutions were made using the software
PeakFit (version 4.05), with the Voigt Area G/L function.
Bactericidal activity was investigated against Gram-positive

bacterium, methicillin-resistant (MRSA) and susceptible Staph-
ylococcus aureus (S. aureus) (MSSA). The antimicrobial activity of
the microcrystals was evaluated by measurement of the minimum
inhibitory and bactericidal concentrations (MICs and MBCs) for
planktonic cells of the two reference strains from the American Type
Culture Collection MRSA ATCC 33591 and MSSA ATCC 25923.
The tests were performed according to the Clinical and Laboratory
Standards Institute broth microdilution method (document M7-A7,
2006).

The standard strain of S. aureus was streaked onto Mueller−Hinton
agar plates (Acumedia Manufacturers Inc., Baltimore, MD, USA) and
incubated at 37 °C for 24−48 h. One loopful of fresh cells of each
microorganism grown on the agar plates was transferred to tryptic soy
broth (TSB; Acumedia Manufacturers, Inc. Baltimore, MD, USA).
After the cells were incubated overnight in an orbital shaker (75 rpm)
at 37 °C, the cells were harvested and washed two times with a
phosphate-buffered saline (PBS; pH 7.2) solution and centrifuged at
5.000g for 5 min. Washed fungal cells were resuspended in the TSB,
and the suspensions were spectrophotometrically standardized to a
final concentration of 107 CFU/mL by adjusting the optical density of
the suspensions.

The MICs and MBCs were determined by incubating the
microorganisms on 96-well microtiter plates for 24 h at 37 °C,
exposed to 2-fold serial dilutions of each of the microcrystal solutions
(from 1000 to 0.061 μg/mL) in specific culture media. Positive
controls were inoculated with microbial suspension but no micro-
crystals, while un-inoculated culture medium was used as the negative
control. The MICs were defined as the lowest concentrations of each
solution required for the complete inhibition of growth (no visible
growth by visual inspection).

To determine the MBCs, aliquots from 10-fold serial dilutions
(from 10−1 to 10−8) of each well were removed and inoculated (25
μL) on Mueller−Hinton agar in duplicate. After the cells were
incubated for 24−48 h at 37 °C, the colony-forming units per
milliliter (CFU/mL) were calculated and log-transformed. The MBCs
were defined as the lowest concentrations of each of the microcrystal
solutions that resulted in no bacterial growth on plates. The assays
were performed in triplicate on three separate occasions.

Reactive Oxygen Species Detection. The production of
reactive oxygen species (ROS) was evaluated along the photo-
degradation process using specific scavenger agents. Ascorbic acid
(AA; Alfa Aesar) and tert-butyl alcohol (TBA; Alfa Aesar) were
respectively used as the superoxide radical (O2

•−) and hydroxyl
radical (OH•) scavengers. In addition, ammonium oxalate (AO; Alfa
Aesar) was used as the hole scavenger (h•). The experimental
procedure was performed using 0.625 mmol of the sequestrant and 50
mg of the probed samples (HA, AV, and HA/AV 6), which were
added in 50 mL of aqueous solutions (0.0163 mmol/L) of rhodamine
B (RhB; 95%, Sigma-Aldrich). The samples were dispersed for 30 min
in an ultrasound bath. Subsequently, the resulting suspensions were
exposed to irradiation provided by six UV lamps (Light Source Inc.
G15/T8 15W, USA) with vigorous stirring in a photocatalytic system
maintained at 20 °C using a thermostatic bath. Aliquots of the
solutions were collected after 1 h of exposure. Then, solids from the
aliquots were separated by centrifugation. Variations in the absorption

Table 1. Principal Experimental Parameters and the
Samples Prepared in the Present Study by Chemical
Precipitationa

sample label HA (μmol) AV (μmol) HA/AV (molar ratio)

HA/AV 1 200 200 1:1
HA/AV 2 100 200 1/2:1
HA/AV 3 50 200 1/4:1
HA/AV 4 25 200 1/8:1
HA/AV 5 12 200 1/16:1
HA/AV 6 6 200 1/32:1

aHA, hydroxyapatite; AV, α-silver vanadate. Components used in
experimental samples.

Figure 1. XRD patterns of pure HA and AV samples and HA-decorated AV samples. Schematic representations of the unit cells of AV and HA
structures and coordination clusters for each element in these crystallographic arrangements are provided for clarity purposes.
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band maximum of RhB at λ = 553 nm were monitored by using a V-
660 UV−vis spectrophotometer (Jasco, Japan).

■ RESULTS AND DISCUSSION
XRD Analysis. The crystalline phases as well the long-range

structural order of all studied samples were characterized by
XRD, and Figure 1 shows the diffraction patterns obtained.
The peaks of the pure HA sample can all be perfectly indexed
to its hexagonal phase with space group P63/m, in good
agreement with the results reported in PDF No. 09-0432. This
phase is built by tetrahedral [PO4] clusters arranged in a
hexagonal compact packaging (ABABA) and has its crystal
lattice modified by the Ca species inserted in the larger cavities
of this arrangement. The 10 Ca species contained in the HA
structure are arranged in two distinct sites. As also illustrated
by Figure 1, the Ca(1) site results in clusters of [CaO9], in
which the Ca cation is surrounded by nine O anions belonging
to the PO4 tetrahedra, and thus forms the columns in the
ternary axes of the structure. The Ca(2) site results in clusters
of [CaO7H], in which the Ca cation is surrounded by six O
anions that make up the [PO4] groups and one OH group, and
thus forms the hexagonal channels of the structure.21,38

On the other hand, the peaks present in the AV sample can
all be associated with the crystallization of the monoclinic AV
structure with space group C2/c, in agreement with PDF No.
89-4396. The AV has its crystalline network formed by [VO4]
clusters in which the Ag cations are inserted into the cavities
between the [VO4] clusters. Ag cations are coordinated with
six oxygen anions to form octahedral [AgO6] clusters, but there
are two types of octahedral [AgO6] units with highly distorted
geometries, resulting in two types of O−Ag−O bonding angles
(Figure 1).30 Peaks of a deleterious phase were not observed in
either case, confirming the success of the synthetic route in
obtaining single-phased HA and AV materials. Moreover, the
sharp and well-defined peaks indicate significant long-range
structural order (crystallinity) in these samples. However, it is
important to emphasize that both structures are not free of
lattice distortions in O−Ca−O, O−P−O, O−Ag−O, and O−
V−O bond angles and Ca−O, P−O, Ag−O, and V−O bond
lengths of the corresponding clusters. The presence of defects
such as ionic/interstitial vacancies and the presence of
impurities (H2O, CO3

2−, and NH4
+) are typically observed

in syntheses at low temperature in aqueous solution.30,39

The XRD profiles of the HA-decorated AV samples are
essentially the superimposition of the patterns for the two
individual components. Thus, the precipitation of AV into a
solution containing HA nanoparticles does not induce the
crystallization of other vanadium- or phosphate-based phases.
The main difference between each decorated sample is the
relative intensity of HA and AV peaks; i.e., the intensity of the
main HA peaks decreases at the same time as a decrease in the
concentration of this phase (from HA/AV 1 to HA/AV 6
samples). At 30−35° the principal peaks of the two materials
overlap (highlighted in dashed blue rectangles in Figure 1),
and the major contribution for the observed profile in this
region gradually transitions from HA peaks (HA/AV 1) to AV
peaks (HA/AV 6). Peaks of HA which do not overlap with AV
are marked with blue lines.
FTIR Analysis. The short-range order of the prepared

samples was evaluated by vibrational spectroscopy. Figure 2
shows (a) the region from 3000 to 4000 cm−1, (b) the region
from 1300 to 1800 cm−1, and (c) the region from 400 to 1300
cm−1. These magnifications are displayed for better inter-

pretation of the principal vibrational modes deriving from the
AV and HA structures which occur in these three regions. For
the entire FTIR spectra, see Figure S1 in the Supporting
Information (SI). As the figure shows, in pure AV and HA
samples only the typical bands reported in the literature for
each individual material were observed. All observed modes of
the AV and HA samples are summarized in Tables 2 and 3.

Specifically, typical bands from HA chemically precipitated
in an aqueous system can be identified, including the [PO4]
bands at 473 cm−1 (ν2), 564 and 604 cm

−1 (v4), 963 cm
−1 (v1),

and 1033, 1065, and 1096 cm−1 (v3).
40 Moreover, vibrational

modes related to H2O molecules occur at 1637 cm−1 and in

Figure 2. FTIR spectroscopy of the samples. Expanded regions in the
following ranges: (a) 3000−4000, (b) 1300−1800, and (c) 400−1300
cm−1.

Table 2. References of the Vibrational Modes from FTIR of
HA

vibrational
mode

Fowler et al.40

(cm−1)
Markovic et al.41

(cm−1)
this experiment

(cm−1)

ν2(PO4) 465/474 473 473
ν4 PO4 561/575/601 565/603 564/604
νL(OH) 630 669 633
ν2(CO3) 872/874/880 873/885
ν1(PO4) 962 960 963
ν3(PO4) 1040/1092 1000−1150 1033/1065/1096
ν3(CO3) 1418−1506 1415−1460
H2O 1635/3000−3650 1637/3000−3600
νs(OH) 3572 3570 3573

Table 3. References of the Vibrational Modes from FTIR of
the Experimental AV According to the Literature

vibrational
mode

Sivakumar et
al.44 (cm−1)

Andronache
et al.45 (cm−1)

Holtz et
al.46

(cm−1)

this
experiment
(cm−1)

ν1(V−O−V) 511 508
δ(V−O) 633 633
ν(VO) 677 654
polymeric
vanadates

940−770 775

ν(V−O) and
ν(Ag−O−V)

849 856

ν(VO) 895 894
ν(VO) 915 930
ν(VO) 964 967
H2O 1639/3432 1620/3500
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the range 3000−3700 cm−1. The stretching mode (νS) from
the structural OH group of HA appears at 3573 cm−1 as a
shoulder of the H2O broad band, and the band at 633 cm−1

arises from the librational (νL) mode of the structural OH
group.39,40 Moreover, weak bands associated with structural
CO3

2− are also observed in the HA sample in the range 1415−
1460 cm−1 and at 873 cm−1 (very weak, not shown).41 CO3

2−

can substitute for PO4
3− (B-type substitution) or for OH− (A-

type substitution) groups and, in this case, an AB-type
substitution of carbonates at the HA sample can be detected.
This substitution changes the properties of HA significantly,
and in order to enable its occurrence, other charge
compensation mechanisms are necessary, leading to extra
vacancies (such as Ca and OH vacancies) and inclusion of
impurities from the reaction medium (such as NH4

+); these
mechanisms cause deformations of the HA crystalline
lattice.42,43 This substitution process in an AB-type config-
uration in the HA structure is well-known in the synthetic
procedure of HA obtained by chemical precipitation at
aqueous solution.41 On the other hand, in the pure AV
sample, bands related to the VO4 group, including ν(V−O−V)
(508 cm−1), δ(V−O) (633 cm−1), and ν(VO) (654, 894,
930, and 967 cm−1) vibrational modes were observed, as well
as bands at 775 cm−1 for polymeric vanadate groups, and 856
cm−1 for ν(V−O) and ν(Ag−O−V) stretching modes.44−46

The bands at 1620 and 3500 cm−1 are associated with
physisorbed water.44 The vibrational modes were also
confirmed in Raman spectroscopy for the pure samples
(Figure S2). However, in the HA/AV decorated samples, the
intensities of the Raman modes of the HA (Table S1) are
masked by the high intensities of the modes from AV (Table
S2), as also illustrated in Figure S2.

As in the case of XRD analysis, FTIR spectroscopy also
proved to be a suitable technique to evaluate the decorated
samples. The bands observed for HA-decorated AV samples
correspond to the principal modes identified for the individual
crystalline structures. No significant shifts in relation to the
pure materials were sensed. The principal changes are related
to the intensity of the AV and HA modes in proportion to their
molar ratio, principally in the modes arising from phosphate,
hydroxyl, and vanadate vibrations (Figure 2b). Thus, the quasi-
linear and gradual decrease in intensity of HA bands from HA/
AV 1 to HA/AV 6 samples confirms the successful obtention
of AV samples decorated with distinct amounts of HA.
Furthermore, the bandwidths can give information about the
organization of the species comprising the structure of complex
oxides and, specifically, the HA and AV samples.21,30,47 In the
present study, the AV, HA, and HA-decorated AV samples
exhibit relatively well-defined FTIR bands, associated with the
presence of short-range structural order.

FE-SEM and TEM Analyses. The morphological aspects of
all prepared samples were first characterized by FE-SEM, and
panels a−h of Figure 3 show the obtained micrographs. The
pure HA and AV samples are composed of particles of similar
shapes with a rod-like aspect (Figure 3a,b). The principal
differences between them are their particle sizes. For a better
interpretation, we measured the dimensions of 100 particles
using distinct FE-SEM images collected from HA and AV pure
samples. The pure HA sample is composed mainly of nanorods
0.09 μm in width and 0.45 μm in length. On the other hand,
the particles of the pure AV sample are mainly microrods 0.7
μm in width and 10.0 μm in length. These results are
consistent with previous literature reports of pure HA and AV
particles precipitated in similar conditions.21,30

Figure 3. Morphological characterization of prepared samples obtained by FE-SEM technique. Micrographs for pure samples with their respective
particle size estimations: (a) HA nanorods and (b) AV microrods. Micrographs for HA-decorated AV samples: (c) HA/AV 1, (d) HA/AV 2, (e)
HA/AV 3, (f) HA/AV 4, (g) HA/AV 5, and (h) HA/AV 6.
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Panels c−h of Figure 3 show the obtained micrographs for
HA/AV samples. Essentially, the particle shapes of both HA
and AV materials do not change significantly during the
precipitation of AV into the aqueous solutions containing HA
nanoparticles. As expected, the principal difference is the ratio
of HA nanorods to AV microrods as the concentration of HA
particles changes in the initial solution (from HA/AV 1 to
HA/AV 6). Hence, in the three first samples with a high
concentration of HA nanoparticles (HA/AV 1, HA/AV 2, and
HA/AV 3), the HA concentrations used are enough to allow
an almost homogeneous covering of the AV surface. In these
cases, there is a slight excess of HA nanoparticles which are not
in contact with AV surfaces and form some HA agglomerates.
On the other hand, at lower concentrations of HA (samples
HA/AV 4, HA/AV 5, and HA/AV 6), the HA nanorods
partially cover the AV microrod surfaces; i.e., almost all HA
nanoparticles are deposited on the surface of AV, but the
concentration is not sufficient for complete coverage, and some
AV surfaces are exposed.
Figure 4 shows the TEM characterization of the HA/AV 3

sample. In Figure 4a, an AV microrod covered by several HA
nanorods can be seen. Two regions in this sample (labeled as
regions b and c, yellow circles) were analyzed by HR-TEM
images. Figure 4b shows the HR-TEM micrograph of region b
associated with an interface between HA and AV particles. The
fast fourier transform (FFT) of this region (inset) revealed the
presence of reflections corresponding to (300) and (310)
families of planes of hexagonal HA and monoclinic AV,

respectively, in accordance with PDF No. 04-432 and PDF No.
89-4396, corroborating with XRD results. Figure 4c illustrates
a region comprised of HA nanorods; the FFT of this region
(inset) also revealed spots associated with the (100) and (101)
family of planes of hexagonal HA structure. Moreover, some
irregular spherical nanocrystals could be observed in this
image. These particles arise due to instability of the AV
structure when exposed to electron beam irradiation, hence
creating some Ag0 nanocrystals during TEM character-
ization.29,30

In order to obtain more information about the composition
and distribution of HA and AV on decorated samples, a STEM
characterization was performed. For this analysis, micrographs
were also recorded for the HA/AV 3 sample. In the dark-field
(DF) and bright-field (BF) micrographs illustrated in Figure
4d,e, respectively, a single microrod of AV enveloped by
numerous HA nanorods is observed. An elementary
composition of the sample was conducted by EDS mapping
of a specific region as represented by the red dashed square in
Figure 4d and the magnified view in Figure 4f. In general, three
main distribution profiles are observed for the elements
studied. First, Ag and V elements (Figure 4g,h, respectively),
which have overlapped profiles, coincide well with the main
microrods observed in the BF and DF images, confirming that
they consist of AV material. Second, mapping the O element
(Figure 4i) gives the distribution of this element in each of the
particles. Third, Ca and P elements (Figure 4j,k, respectively)
also give overlapped profiles, suggesting the presence of HA

Figure 4. TEM characterization of HA-decorated AV. (a) Low magnification TEM micrograph showing the two regions studied by HR-TEM
(regions b and c, yellow circles), (b) HR-TEM of region b and its FFT analysis (inset), and (c) HR-TEM of region c and its FFT analysis (inset).
(d) Dark-field and (e) bright-field micrographs obtained in STEM mode. The red dotted square shows the specific region where elemental analysis
by EDS mapping was conducted. (f) Magnified view of the EDS region and (g−k) the elemental distributions for Ag, V, O, Ca, and P, respectively.
All analyses were performed in the HA/AV 3 sample.
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nanoparticles. Moreover, their distribution is more diffuse than
that of Ag and V elements and mainly appears around the
microrods; i.e., they do not coincide with the regions
comprised of the main microrods. Instead, an empty black
region is observed where the main AV microrods are located
when Ca and P mapping is performed. These results confirm
that a successful synthesis of HA-decorated AV samples has
been obtained.
UV−Vis Spectroscopy. In this study the optical band gap,

Eg, of pure and decorated samples was estimated by
extrapolating the linear portion of the UV−vis curves using
the Kubelka−Munk function:48
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where F(R∞) is the absolute reflectance of the sample, k is the
molar absorption coefficient, and s is the scattering coefficient.
The absorption coefficient of semiconductor oxides, α, and Eg
are calculated by eq 2:49

α ν ν= −h C h E( )n
1 g (2)

where α is the linear absorption coefficient of the material, hν
is the photon energy, C1 is a proportionality constant, Eg is the
optical band gap, and n is a constant associated with the
different electronic transitions (n = 0.5 for direct allowed, n = 2
for indirect allowed, n = 1.5 for direct forbidden, and n = 3 for
indirect forbidden). The combination of eq 1 and eq 2 gives
the modified Kubelka−Munk equation:

ν ν[ ] = −∞F R h C h E( ) ( )n1/
2 g (3)

where ν[ ]∞F R h( ) n1/ vs hν was plotted to determine the Eg

values of all powders. In accordance with previous studies,
both HA and AV materials possess indirect allowed
transitions.50 Thus, for all the Eg estimations, we used n = 2.
Panels a−c of Figure 5 show UV−vis spectra for all studied

samples. For pure HA and AV samples, Eg was found to be
5.80 and 2.65 eV, respectively, values which are consistent with
the literature.21,30 For decorated samples, the profiles are
similar to those of the pure AV sample, since HA structures
poorly absorb visible light. Therefore, the energy of Eg is
mainly dictated by the absorption of [VO4] and [AgO6]
clusters from the AV structure. A slight variation in Eg is
observed in these samples, with values in the range 2.59−2.64
eV. This behavior is caused by the appearance and
reorganization of intermediate levels in the forbidden zone
(defective energy states) provoked by changes in structural
order.51 It should also be mentioned that although the band
gaps of decorated samples are similar to those of pure AV
samples, the HA energy levels are still present in decorated
samples and play a crucial role in their overall electronic
structure and charge distribution, as further demonstrated by
the PL measurements.
Photoluminescence Emissions. Figure 6 illustrates the

PL spectra recorded for the HA, AV, and HA/AV samples
when excited at λexc = 350 nm at room temperature. An
analysis of the results shows that the PL spectra of all samples
are composed of broad-band emissions covering the visible
electromagnetic spectrum in the range 350−850 nm. This kind
of emission profile is typical of multilevel and multiphonon
processes, where several paths involving the participation of
multiple energy states within the band gap are possible during

Figure 5. UV−vis spectra of pure and decorated samples at distinct
molar ratios: (a) pure AV, (b) pure HA, and (c) HA-decorated AV
samples.

Figure 6. Tunable behavior with a red shift of the PL emissions
depending on the distinct molar ratios utilized for the preparation of
HA/AV samples (λexc = 350 nm).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b00249
Inorg. Chem. 2019, 58, 5900−5913

5906

http://dx.doi.org/10.1021/acs.inorgchem.9b00249


the relaxation of both HA and AV materials. The pure HA
sample presents a blue emission centered at ∼470 nm, which is
consistent with the literature for HA obtained at low
temperatures without any further treatment (e.g., heat
treatments).19,21 On the other hand, the pure α-AV sample
presents two principal emission bands centered at ∼460 and
∼695 nm with the latter band predominant in the spectrum;
this result is also consistent with the literature for this
structure.30 In a first observation, the spectra of HA/AV
samples are mainly the result of superimposition of the
individual HA and AV spectra, in which two maxima of
intensity in the blue region (∼470 nm) and another in the red
region (∼695 nm) are observed. The principal differences
between the spectra are the relative intensities between these
emission bands; i.e., a decrease in HA concentration is
accompanied by a maximum displacement causing a red shift
of the emission profiles (from HA/AV 1 to HA/AV 6 sample).
This finding demonstrates success in obtaining tunable
emission profiles in the HA-decorated AV system. From
these results, we propose an order−disorder model induced by
structural, surface, and interface defects to explain the PL
emissions in the HA/AV system encompassing both the
mixing of HA emission and AV emission as well as charge
transfer mechanisms.
Figure 7 shows the Commission Internationale de l’Éclairage

(CIE) chromaticity diagram for all prepared samples, and

Table 4 lists their corresponding x and y coordinates. Under
UV excitation, the prepared samples show strong emissions,
and the digital images in this figure illustrate the powders in
the moment of their excitation at 350 nm. The HA and AV
samples exhibit the typical bluish-white and red colors for
these materials, respectively.17,30 In HA-decorated samples, as
the amount of HA decreases from HA/AV 1 to HA/AV 3, the
color approximates more the central region of the CIE diagram
(white region). Specifically, HA/AV 2 and HA/AV 3 samples
possess CIE coordinates close to the reference values for white

color (x = 0.33 and y = 0.33). Hence, the emissions from HA
are centered in the blue region, while the broad band of
emission centered in the red region (∼695 nm) of the AV
structure includes emissions across much of the visible
spectrum in these samples, leading to a balanced emission
color with a higher white character. In samples HA/AV 4 to
HA/AV 6 the decrease in the HA concentration leads to a
predominant emission in the red region of the visible
spectrum, which is reflected in CIE coordinates corresponding
to orange and reddish emissions.
The PL emissions in the present samples are related to the

participation of several energy states which are derived from
bulk, surface, and interface defects of both materials. The
emission spectra were deconvoluted in order to further
elucidate the emission centers and to qualitatively determine
the contribution of each visible light component. Figure 8
illustrates the results obtained from these deconvolutions. All
profiles are well-described by the Voigt area function, and the
maximum of each component remained in the same position in
all samples.
The PL spectrum of pure HA in Figure 8a was deconvoluted

into three components in the blue (450 nm, 2.75 eV), green
(508 nm, 2.44 eV), and yellow (575 nm, 2.15 eV) regions.
These emission centers have lower energies than the Eg of HA
(5.80 eV). Moreover, since the excitation source used in this
study also possesses lower energy than the Eg (350 nm, 3.54
eV), the defective energy levels in the forbidden zone of HA
electronic structure are expected to be the main states which
contribute for all the emission components observed. HA
consists of a wide Eg semiconductor with significant structural
flexibility (stabilization of ionic substitutions, vacancies ,and
structural defects).15 This characteristic may result in various
energy states, leading to a complex electronic structure for the
HA sample.
In recent years, various studies have been reported on

controlling these states and manipulating them by changing the
synthesis and processing conditions. Aronov et al.52

determined in a pioneering study that electron/hole bulk
and surface localized states in the band gap region are present
in HA nanoceramics. Zhang et al.17 proposed that the intense
blue emission under UV light excitation of HA nano- and
microcrystals might result from CO2

•− radical impurities in the
crystal lattice. Also, other carbon impurities seem to have a
crucial role in the organization of energy levels of HA and
electron−hole (e′−h•) radiative recombination, such as
structural CO3

2−, as proposed by Kumar and Girija19 and
more recently by Gonzalez et al.,53 and carbon dots, as
proposed by Jiang et al.54 Furthermore, Bystrova et al.55

demonstrated in a theoretical and experimental study that OH
vacancies and H internodes lead to new defective energy levels

Figure 7. CIE chromaticity diagram for HA, AV, and HA/AV samples
obtained at distinct molar ratios (the numbers in the graph refer to
HA/AV samples from HA/AV 1 to HA/AV 6). The digital images
illustrate the emitted colors during excitation of the samples at 350
nm.

Table 4. CIE Chromaticity Coordinates of All Prepared
Samples

sample x coordinate y coordinate

HA 0.24 0.33
HA/AV 1 0.27 0.33
HA/AV 2 0.30 0.32
HA/AV 3 0.35 0.31
HA/AV 4 0.45 0.26
HA/AV 5 0.49 0.28
HA/AV 6 0.53 0.29
AV 0.61 0.29
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in the forbidden zone and can change the PL emissions of HA.
Deshmukh et al.24 reinforced the presumption of energy levels
on the surface of HA particles and proposed that surface free
electrons, which are confined in an asymmetric potential due
to the elongated structure of HA, are optically active.
Our group studied several materials according to the broad-

band model, which relates the PL emissions in semiconductors
with order−disorder effects originated by the symmetry break
of clusters as constituent building blocks of the material. These
effects take place due to distortions of bulk and surface
structure due to the presence of ionic vacancies, incorporation
of impurities, and atomic displacements (deviations from ideal
values of bond lengths, bond angles, and local coordination of
the metals).51,56 This loss of symmetry leads to the
spontaneous formation of donor and acceptor levels within
the band gap. Consequently, polarization of the lattice
generates a broad-band PL profile in materials and involves
radiative and nonradiative recombination of e′−h• pairs. These
energy levels within the forbidden zone can be classified as
deep- or shallow-level defect states.57 The shallow levels are
more energetic, and they are responsible for violet and blue PL
emissions which occur near the edge of the conduction band
(CB) and/or valence band (VB). The deep levels are
responsible for green, yellow, orange, and red PL emissions,
and they are located near the middle of the forbidden zone.
In the case of HA, our research group,21 by using a broad-

band model, proposed that the PL emissions and organization
of energy states within the band gap of HA are related to loss
of symmetry in the [CaO9] and [CaO7H] clusters as well as
distortions in [PO4] clusters. More broadly, this phenomenon
takes place mainly by the presence of any kind of species that
can decrease structural order by changing the charge
distribution and symmetry of these clusters, such as Ca
vacancies (ionic and interstitial), OH vacancies, protonation of
the [PO4] clusters, and incorporation or further liberation
(heat treatment) of impurities originating from the reactive
medium (CO3

2−, H2O, NH4
+, and HA···H+).20 All of these

effects provoke the generation of additional energy states into
the forbidden zone associated with the Ca and P distorted
clusters, including those states dominated by Ca 3p, 3d, and 4s

orbitals as well as by P 3s and 3p and O 2s and 2p
orbitals.50,58,59 In the present study, the PL spectra of HA are
composed of blue, green, and yellow components, indicating
the contribution of both deep and shallow defective levels in
the PL emissions. We believe that the PL emissions for pure
HA (Figure 6 and Figure 8a) arise from the perturbation of
[CaO9], [CaO7H], and [PO4] clusters at the bulk level and
surface as an effect of the accommodation of CO3

2−

substituting PO4 or Ca, the presence of structural H2O, and
Ca or OH vacancies, as observed by FTIR (see Figure 2).
However, we cannot discard the possibility that a CO3

2−

impurity by itself can also contribute to the overall electronic
structure of HA with additional defective energy levels to
produce active PL emissions.
On the other hand, the PL spectrum of pure AV in Figure 8h

presents two main broad bands and each band was
deconvoluted into three components: blue (450 nm, 2.75
eV), green (508 nm, 2.44 eV), and yellow (575 nm, 2.15 eV)
regions for the band centered at 460 nm, and red (650, 698,
and 760 nm with corresponding energies of 1.91, 1.78, and
1.63 eV, respectively). The energy of the first component at
blue is lower than the energy of the excitation source (3.54 eV)
but close to the Eg value (2.64 eV), indicating that some band-
to-band radiative relaxation seems to takes place in this sample.
On the other hand, the other emission centers have lower
energy than both Eg and the excitation source, which indicates
an important contribution of defective energy levels in the
forbidden zone for these PL centers of AV material. Since the
AV emission spectrum is principally made up of components in
the red area, it can be concluded that there is a dominant
contribution of deep energy levels for the PL profile. In a
recent study, De Oliveira et al.30 demonstrated, according to
the broad-band model, that the shallow defect levels originate
from distortions and broken symmetry of the tetrahedral
[VO4] and octahedral [AgO6] clusters and are responsible for
the components of the high-energy emission band at 470 nm.
On the other hand, the deep defect levels arise from oxygen
vacancies leading to the three components in the red region of
the electromagnetic spectrum.

Figure 8. Deconvoluted PL spectra of HA, AV, and HA/AV samples excited at 350 nm: (a) pure HA, (b) HA/AV 1, (c) HA/AV 2, (d) HA/AV 3,
(e) HA/AV 4, (f) HA/AV 5, (g) HA/AV 6, and (h) pure AV.
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From the present results, we confirm that structural defects
in HA and AV are responsible for the appearance of
intermediate levels between the VB and CB, which favor PL
emission at room temperature. Moreover, the synthesis of
materials by soft pathways such as aqueous precipitation is
known to promote general long- and short-range distortions in
atomic organization (see Figure 1 and Figure 2) at the bulk
level and broken bonds, stacking faults, twin boundaries, and
other defects at their surfaces due to the nucleation and growth
steps during the crystallization process.60 We expect that these
defects also contribute to their observed PL emissions.
Spectra of the HA-decorated AV samples show two emission

bands, and six components were also needed to describe the
PL profiles (three for each broad-band emission), as shown in
Figure 8b−g. As expected, the area % contribution of each
individual component for the PL profile follows the molar ratio
between HA and AV materials; i.e., a lower concentration of
HA in the HA/AV samples leads to a higher percentage of area
for red components. This behavior illustrates the tunable
characteristic of the emission profiles of HA/AV samples.
Moreover, the most equal contributions between blue, green,
yellow, and the three red components are observed in the HA/
AV 3 sample, which, in turn, is reflected in a higher white
character for its PL emission profile, as illustrated in Figure 8.
Interestingly, at a certain point, by decreasing the amount of

HA, a decrease in the intensity of the main broad band
centered at 470 nm is observed, accompanied by a relative
decrease in the contribution of yellow and green components
(deep levels) in comparison with the blue component (shallow
levels) (see Figure 8). Hence, a valley which was not observed
in the HA/AV 1 to HA/AV 3 samples is now clearly observed
in the HA/AV 4 to HA/AV 6 samples. These changes in
contribution from the components imply a red shift that
directly affects the CIE chromaticity coordinates and emission
colors of the samples (see Figure 7). Thus, it is observed that
the intensities of the two main broad bands dictate the total
emission color of the studied system, and the intensities of the
green and yellow components play a crucial role in the
transition between samples with white color emissions (HA/
AV 1 to HA/AV 3) and samples with reddish color emissions
(HA/AV 4 to HA/AV 6).
As in the HA and AV pure samples, the main states which

dictate the profiles are associated with structural and electronic
distortions of [CaO9], [CaO7H], and [PO4] clusters in HA
and [AgO6] and [VO4] in AV structures. However, in HA-
decorated samples, an increase is also expected in the number
of defects at the interface of the HA and AV particles. These

phenomena can be directly related to the relative contributions
of each individual component. Specifically, the surface contact
between HA and AV particles increases with diminishing HA
concentration. In the first three samples (HA/AV 1 to HA/AV
3), many HA nanoparticles are in contact with AV microrods,
but some form HA agglomerates (see Figure 3). In the other
samples (HA/AV 4 to HA/AV 6), practically all the HA
particles are in contact with AV, forming interfaces more
efficiently. Recently, our research group21 proposed that the
green and yellow components in HA spectra originate from
surface and interface defects. This finding explains the present
results, since a high density of interface defects could enhance
nonradiative relaxation processes and partially suppress the
green and yellow emissions in the HA/AV 4 to HA/AV 6
samples.
In the case of HA-decorated AV samples, charge transfer

processes between the clusters from the distinct structures are
also expected to take place. Hence, in order to obtain further
information on the electronic structure of the studied samples,
the energies associated with the edges of both CB and VB for
HA and AV materials were estimated by Mulliken’s theory of
electronegativity:61−63

= − −E X E E
1
2CB C g (4)

= +E E EVB CB g (5)

where X is the electronegativity of the semiconductor, which is
the geometric mean of the electronegativity of the constituent
atoms, EC is the energy of free electrons of the hydrogen scale
(4.50 eV); Eg is the band gap of the semiconductor; ECB is the
conduction band potential, and EVB is the valence band
potential. The electronegativity values of the AV and HA
systems are 5.86 and 5.89, respectively, allowing us to
determine the edge energies in accordance with the band
potential calculation. Hence, the EVB of AV and HA have been
determined to be 2.69 and 4.29 eV, while their ECB are
estimated as 0.04 and −1.51 eV, respectively. On the basis of
the obtained results and the pertinent literature,21,30,50,58,59 we
propose a model for the band structures of the decorated
samples, as shown in Figure 9. In the case of pure AV and HA
materials (Figure 9a,b, respectively), the forbidden zones
exhibit several empty and occupied levels originated by defects
(bulk, surface, and interface). Once the excitation radiation
reaches the samples, electrons are promoted from low-energy
defective states near the VB to high-energy defective states
near the CB by absorbing photons (hv). There, combination

Figure 9. Proposed mechanism for PL emissions of (a) AV, (b) HA, and (c) decorated samples.
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between the resultant e′−h• pairs involves pathways composed
of radiative and nonradiative mechanisms which allow the
generation of several photons (hv′ and hv″) with energies
lower than the excitation photons, leading to a broad-band PL
emission.
For the HA-decorated AV samples, the radiative recombi-

nation of e′−h• pairs related to each structure separately can
also take place. However, the CB edge of HA is more negative
(−1.54 eV) than that of AV, whereas the VB edge of HA is
much more positive (+1.60 eV) than that of AV. Hence, due to
the alignment of their bands, it is also expected that other
mechanisms also can produce PL emissions, in which charge
transfer processes between the two materials occur because of
the formation of contact interfaces. Figure 9c shows the model
for HA-decorated AV samples. In this model, both the CB and
VB edges of AV are located within the band gap of HA. This
type of interface in heterostructures is commonly used for
lasers and LEDs, and the band gap is classified as a straddling
gap. The organization of bands is known to be advantageous
for the charge accumulation in the material with narrower Eg
(in our case, AV) and thus enhancing the e′−h• recombination
process.64 In this mechanism, the PL process takes place by the
following steps: after exposure to light, the electrons excited to
defective energy levels near the CB of HA nanorods are
transferred to trapping levels at the AV structure, and in the
following step an energetic decay process to levels near the VB
of AV occurs with the liberation of photons (hν′), resulting in
the PL emissions observed for decorated materials. The higher
relative intensity of the band at 470 nm in relation to the band
at 695 nm of the HA/AV 4 to HA/AV 6 samples in
comparison to that of the pure AV sample could be related to
the electrons absorbed from HA and transferred to AV by the
formation of interfaces, which intensifies the radiative
recombination in the blue/green region of AV. As afore-
mentioned, the interface regions could also lead to the
formation of defects which can partially trap charges for the
nonradiative recombination process, reflecting in the new
valley at green and yellow components in these samples.
In summary, the sum of these processes occurring between

defect levels can be optimized for the preparation of materials
with white-light emission. The three first samples (HA/AV 1
to HA/AV 3) do not form appropriate interfaces in which PL
spectra are dominated by an equilibrium between radiative
recombination in each material separately and charge transfer
from HA to AV. On the other hand, samples HA/AV 4 to HA/
AV 6 are capable of forming interfaces in which the charge
transfer processes take place more efficiently. Considering
these situations, we can discuss the possible mechanisms
responsible for PL in our materials by a model based on the
Kröger−Vink notation to clarify their influence on the
polarization of HA/AV materials, as demonstrated by eqs
6−11:

[ ] + [ ] → [ ′ ] + [ ″ ] + [ ]•2 V O 3 PO V O V O 3 POx
d
x

Ca 9 4 Ca 9 Ca 9 4
(6)

[ ] + [ ] → [ ′ ] + [ ]•V O H PO V O H POx
d
x

Ca 7 4 Ca 7 4 (7)

[ ] + [ ] → [ ]′ + [ ]•CaO PO CaO POx
d
x

d9 O 4 9 O 4 (8)

[ ] + [ ] → [ ]′ + [ ]•CaO H PO CaO H POx
d
x

d7 O 4 7 O 4 (9)

[ ] + [ ]

→ [ ]′ + [ ] + [ ]• ••

3 AgO 2 AgO V

3 AgO AgO V AgO V

x x
6 5 O

6 5 O 5 O (10)

[ ] + [ ]

→ [ ]′ + [ ] + [ ]• ••

6 AgO 2 AgO (V )

6 AgO AgO (V ) AgO (V )

x x
6 4 O 2

6 4 O 2 4 O 2 (11)

where eqs 6 and 7 represent the contribution of Ca vacancies
in HA structure polarization, eqs 8 and 9 represent the
contributions of structural defects (variations of bond lengths
and angles by impurities and structural order−disorder), and
eqs 10 and 11 represent the polarization caused by oxygen
vacancies in the AV structure. In HA and HA/AV 1 samples,
there is a predominance of structural defects from HA for PL
emissions and the clusters from eqs 6 and 7 do not undergo
charge exchange with clusters from eqs 8 and 9. At equilibrium
(samples HA/AV 2 and HA/AV 3) there is a formation of e′−
h• pairs with trapping occurring in clusters from eqs 6 to 9 in
HA as well as clusters from eqs 10 and 11 of AV. Charge
exchange between them and the shallow defects from order−
disorder effects in AV are also feasible. Finally, at low
concentrations of HA, there exists a predominance of oxygen
defects from AV from eqs 10 and 11 for PL emissions.
Hence, the changes observed in the intensity and shape of

the PL emissions in decorated materials could be associated
with the variations of molar ratios between HA and AV, which
directly affect the contribution of each mechanism (radiative
recombination between each material or charge transfer, and
interface defects) for the final emission profile. The most
common strategy to obtain white-light emission is the mixing
of three monochromatic sources (red, green, and blue)
departing from electronic transitions of lanthanide elements.2

In this study, we propose a strategy to produce white-light
emission by broad-band emissions from defective energy levels
of complex semiconductors without the necessity of dopants.
We show here that the HA/AV 2 and HA/AV 3 samples
exhibit balanced contributions over the entire visible range of
the electromagnetic spectrum with components well-distrib-
uted in the blue, green, yellow, and red regions, generating
white emissions. Another important fact is the format of the
continuous emission profile corresponding to the HA/AV 3
sample, which is similar to the daylight spectrum.65 Hence, by
avoiding the discontinuity of the emission profile in this
sample, some benefits arise for possible applications of HA/AV
systems, such as an accurate emulation of natural daylight color
or incandescent light on digital screens.66 The method
proposed here, by combining two semiconductors, exhibits
intense self-activated PL emissions and opens the door for
obtaining tunable emissions and white light from materials.

Bactericidal Activity of the HA/AV System. In this
study, in order to also demonstrate the potential of the HA/AV
system as a novel bactericidal material, the antimicrobial
activity of pure HA and AV samples, as well as two
representative HA/AV decorated compounds (HA/AV 1 and
HA/AV 6) were tested against two standard strains of S.
aureus, one resistant (MRSA) and one susceptible to
methicillin (MSSA). The most important difference between
MRSA and MSSA cells is sensitivity to β-lactam antibiotics.
MRSA strains are resistant to all antibiotics of this type and are
prone to resistance to other antibiotics more easily than
MSSA.67 Concern about fighting against super-resistant
bacteria drives the need to develop new materials. Table 5
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summarizes the CFU/mL of the MRSA and MSSA bacteria
after a 24 h treatment with pure and decorated materials.
Samples with a higher proportion of AV in the HA/AV system
caused an overall higher bactericidal activity for decorated
samples.
It is known that AV exhibits high bactericidal activity,

including against resistant bacteria.30 It can be seen that HA
without AV showed no bactericidal activity. This observation is
in accordance with the literature, since Ag incorporation in the
HA lattice or surface is necessary to induce bactericidal activity
in HA material for reduction of implant-related infections.68

The decoration of HA with other Ag-based materials, such as
Ag3PO4 and Ag nanoparticles,69,70 is also a strategy reported
elsewhere. HA-decorated AV samples have an improved ability
to inhibit both MRSA and MSSA bacteria, and no significant
differences were observed between their activities. The AV
structure when associated with HA gives the overall system the
ability to release ROS when in contact with the bacteria. These
reactive species are responsible for damage to the membranes
of microorganisms, leading to their elimination.30,71

In order to evaluate the ROS production of the materials,
probes along the photocatalytic activity were performed with
the addition of appropriate scavengers for the reactive species
(see Figure S3 in the Supporting Information). We selected
HA, AV, and HA/AV 6 as the representative samples for the
probes. In pure HA, O2

•− radical is the major species generated
since there is a decrease in RhB photodegradation with the
addition of AA, followed by OH• (TBA) and, less importantly,
h• (AO); for pure AV, the three O2

•−, OH•, and h• species are
similarly sensed. On the other hand, in the decorated sample
(HA/AV 6), there is a principal influence of O2

•− on RhB
photodegradation, indicating that this is the major species
present, followed by h•. Also, a high suppression of OH•

generation is observed for the HA/AV 6 sample.
In summary, based on the above results, the O2

•− species
can be considered as the key ROS for the bactericidal activity
of the HA/AV 6 sample. The high suppression of OH• radicals
in comparison with those of the pure HA and AV samples is
probably because of synergetic effects by their association. This
synergetic effect is also evidenced by the increase in the
photodegradation capacity of the HA/AV 6 sample to RhB
(94%) in comparison to thos of pure samples (35% and 29%
for HA and AV samples, respectively). Hence, the association
between HA and AV materials shows the potential to obtain
systems with promising optical and antibacterial properties.

■ CONCLUSIONS
In this work, AV microrods were decorated with nanorods of
HA by chemical precipitation. These composites were
synthesized at different HA/AV molar ratios, allowing the
emission of a wide range of colors between the blue of HA and
the red of AV, obeying a trend observed in the CIE
chromaticity diagram, including two samples with bluish

white-light emissions. It was demonstrated that bulk, surface,
and interface defects, as well as charge transfer mechanisms
between HA and AV materials, play crucial roles in their
optical properties. This strategy to tune photoluminescence
emissions is extremely powerful for obtaining LEDs of different
colors and also creates the possibility of tuning photo-
luminescence emissions to any desired application. Another
interesting fact caused by the combination of these two
materials is the simple and efficient production of samples with
improved bactericidal properties, for potential applications
where biocompatible systems are needed. In this way, we have
in hand a multifunctional material with promising optical and
biomedical applications.
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