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Abstract: The application of hydroxyapatite (HAp)/multi-walled carbon nanotube composites in the
medical area as coatings in prosthetics has been widely used because the carbon nanotubes reinforce
the mechanical properties of hydroxyapatite. Despite that, their photoluminescent properties have
not been studied, nor has the effect of different amounts of multi-walled carbon nanotubes on
this property or what happened with their response with time. This work demonstrated that the
photoluminescent response of HAp and HAp/multi-walled carbon nanotubes functionalized with
oxygen groups (OMWCNT) composites was stabilized over time. The evaluated parameters were:
three different amounts of OMWCNT (15, 25, and 35 mg) and two different thermal treatment
temperatures (250 and 400 °C); all the samples were measured twice, after preparation and over
a year after. The results indicated that over time the photoluminescent response is stabilized due
to the passivation of surface defects, independently of the amount of OMWCNT used and the
thermal treatment. In the end, the photoluminescent properties of these composites will extend their
utilization in the medical area or open the door to new applications.

Keywords: hydroxyapatite; multi-walled carbon nanotubes; photoluminescence; stabilization;
composites

1. Introduction

Hydroxyapatite (HAp) and HAp/multi-walled carbon nanotube (MWCNT) compos-
ites are gaining interest due to their medical applications. HAp has been used in bone
regeneration and drug delivery [1-6], and in the composites, their osteoblast cell response
has been evaluated to use them as coatings [6,7]. This is because HAp is compatible with
human bones and other tissues of the body [6]. Another of these medical applications
for HAp is its use as a bioimaging agent. It has been modified with a series of ions that
partially replace Ca?*, such as Fe3* [8] and Mn2* [9], or the rare earths Tb%*, La’*, Er3*,
Dy**, Eu®*, and Gd®* [10,11]. Photoluminescent properties with medical applications are
not often achieved because the used metals are toxic and have an aggregation-caused
quenching (ACQ) effect on conventional fluorophores, which precludes their use [12-15].
To overcome these limitations, it is crucial to use non-toxic materials and eliminate the
ACQ effect, as these properties are important for efficient light emission in this field. Some
examples of the application of the photoluminescent properties of HAp are the experiments
conducted by Yang et al. [16] and Chen et al. [17]. Yang et al. monitored the reduction in the
intensity of photoluminescent mesoporous silica/apatite composites as a bioindicator of the
release of captopril in simulated body fluid [16]. Chen et al. showed that Eu®*/Gd**-HAp
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nanorods can be used to obtain photoluminescence and computed tomography images [17].
In this way, carbon nanotubes (CNT) are promising materials because they have excel-
lent biocompatibility, a large surface area, and structural, optical, thermal, electrical, and
mechanical properties [7,18,19]. Moreover, previous studies have demonstrated the lumi-
nescent properties of single-walled carbon nanotubes (SWCNT) and MWCNT when they
are dispersed [20,21].

Another recent application for HAp has been in the creation of a pc-LED, where Zhang
et al. [22] found a highly intense blue photoluminescent response due to the incorporation
of B into Ce®>* doped-hydroxyapatite; at the same time, they assigned it to the reduction
of OH™ vibrations in the HAp lattice. Given that the vibrations of the OH™ groups can
decrease the photoluminescent efficiency or quench the emission at all [23]. Consequently,
the generation of OH ™ vacancies in HAp is a good way to improve its photoluminescent
properties. The enhancement of the photoluminescence due to defects (self-active photolu-
minescence) in the HAp has been investigated by Machado et al. [24]. They studied the
effect of thermal treatment on the photoluminescent properties of HAp. As the tempera-
ture increases, the photoluminescent properties of HAp shift from the blue-green region
(200-350 °C) to the yellow-orange region (400-550 °C) and then return to the blue-green
region (600-800 °C). This was attributed mainly to OH~ and H* vacancies, as well as
surface, interface, and bulk defects due to the different thermal treatment temperatures.
In this new use of HAp, CNT can be useful because they have been employed to make
organic light-emitting diodes [25]. However, as reported by Fournet et al. [26], an adequate
amount of CNT has to be found before the luminescent response decays because of the
increased conduction of the material.

Until now, the shift in the maximum emission value of HAp has been reached with
rare earth elements, transition metals, defects in the HAp structure, and currently with the
help of functionalized oxygen groups MWCNT (OMWCNT) [27]. The background given by
Zhang et al. [22], Machado et al. [24], and Figueroa-Rosales et al. [27] shows the opportunity
to study the impact of defects and the amount of OMWCNT in the photoluminescent
properties of HAp. On the other hand, the stabilization of the photoluminescent properties
of HAp or HAp/MWCNT composites over time has not been reported.

In this work, it was exhibited that the photoluminescent response of HAp and
HAp/OMWCNT composites was stabilized with time. HAp powders containing dif-
ferent amounts of OMWCNT (15, 25, and 35 mg) were incorporated and then thermally
treated at 250 and 400 °C. Samples were measured after preparation and around one year
later to study the stabilization of the photoluminescence emission.

2. Materials and Methods

Calcium nitrate tetrahydrate (Ca(NO3);-4H,0, 100% Fermont), di-ammonium hydro-
gen phosphate ([NH4],HPOy4, 99.3% Fermont), Trizma base (C4H11NO3, >99.9% Sigma-
Aldrich, St. Louis, MO, USA), and ammonium hydroxide (NH4OH, 28-30% Meyer, Mexico
City, Mexico) were used as HAp precursors. Hexadecyltrimethylammonium (CTAB, 99%
Sigma-Aldrich, St. Louis, MO, USA) was used as a surfactant.

2.1. Hydroxyapatite Synthesis

A solution of 0.1 M Trizma base was used to prepare the solutions of di-ammonium
hydrogen phosphate and calcium nitrate. A solution of 0.37 M di-ammonium hydrogen
phosphate ([NH4],HPO,) was stirred at room temperature. Then, a 0.85 M solution of
calcium nitrate tetrahydrate (Ca(NOs3);-4H,0) was slowly dropped into the phosphate
solution. A solution of 0.2 M CTAB was added to the solution with constant stirring. The
pH of the solution was adjusted to 10 &= 1 with ammonium hydroxide (NH4OH). After the
precipitation, the mixture was sonicated in the Ultrasonic Processor (Sonics and Materials
Inc., Newton, CT, USA) for 30 min at 70% amplitude and pulses of 2 s in active and inactive
modes. The material was thoroughly washed with distilled water first, then with distilled
water/ethanol (1:1) to remove the residual salts from the synthesis, aged for 24 h, and dried
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at 100 °C for 5 h in a Sev model MF3 muffle. Finally, the sample was ground in an agate
mortar and then subjected to a thermal treatment at 250 °C and 400 °C for 3 h (Sev model
MEF?3) to obtain the HAp powder. Samples were called HAp250 and HAp400 for the two
different thermal treatments, as can be seen in Figure 1.

Co-precipitation
Ca(NO3)2 » 4H20(aq) i
CTAB Ultrasonic g Drying Thermal
At Washin treatment
+ ragg ation g 24h 100 °C for 5h 250 °C and 400 °C
- for3h
[NH412HPO4(aq) /\

Samples

HAp250

HAp precursor HAp400

Figure 1. Chart flow of the synthesis of HAp250 and HAp400.

2.2. Hydroxyapatite/OMWCNT Composites Preparation

OMWCNT was used to prepare the composite samples. They were synthesized
according to the CASTLE methodology [28].

In different flasks, 15, 25, and 35 mg (1.5, 2.5, and 3.5%) of nanotubes were dispersed
in a 5% v/v Triton X100 solution for 1 h at 65 £ 5 °C with constant stirring. Then, the three
flasks were shaken in an ultrasonic bath (Cole-Parmer model 08895-04) for 1 h at the same
temperature. After that, 1 g of HAp precursors (without thermal treatment) was added to
each dispersion, and the samples were subjected to the same process as OMWCNT. After
18 h of resting, each sample was washed by microfiltration with distilled water and ethanol
separately and then thermally treated at 250 °C and 400 °C for 3 h, respectively. The final
samples were designated HAp250 or HAp400 along with the amount of OMWCNT used
in them; for example, a composite with 15 mg of OMWCNT and thermal treatment at
250 °C is named HAp250-15, and so on. Figure 2 shows the composite preparations and
how they were named.

OMWONT Magnetic OMWCNT Magnetic
: ) and Dispersion and Thermal
Dispersion 4 Washi treatment
ashin
L ultrasound i, ultrasound g 250 °C and 400 °C
o 0 b
Triton X100 agitation agitation for3h
1h ea. Precursor 1hea.
Composites

HAp250-15, 25 and 35
HAp400-15, 25 and 35

Figure 2. Diagram of the composite preparation at 250 and 400 °C and three different amounts of
OMWCNT (15, 25, and 35 mg).

2.3. Characterization

To identify the crystalline structure of the materials, X-ray powder diffraction (XRD)
patterns were collected on a Bruker diffractometer (Discovery D8) operating at 40 kV
and 40 mA in horizontal configuration 620, the geometry of parallel beam with a Gobel
mirror, and a point type scintillation detector. The measurements were carried out with the
following settings: from 5-80° at A = 1.5406 A for 4 h, with a 0.02° step and a counting time
of 3.84 s. The crystallite size was calculated by the modified Scherrer equation (Monshi—

Scherrer Method) as follows: Lnf = Ln(KL—)‘) + Ln( L) [29]. It was graphed Lnf vs.

cos 0

. KA . . . .
Ln( Cols 9) and by the operation e T" = w, the crystallite size was obtained in
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each sample. The morphology of HAp and OMWCNT was determined using a high
vacuum Hitachi (SU8230) scanning electron microscope, with a resolution of 50,000 x and
100,000x at 1.0 kV electron acceleration voltage. The samples were fixed in a copper
sample holder with carbon tape and covered with a thin gold film to make them conductive
before testing. Additionally, HAp250 was measured with a resolution of 100,000x and
200,000 at 30.0 kV electron acceleration voltage in Scanning Transmission (STEM) and
Bright Field Scanning Transmission Electron Microscopy (BE-STEM), respectively. The
sample was dispersed in ethanol, and then a drop was dried in a grid holder. The FTIR
spectroscopy measurements were performed on a Nicolet 6700 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) equipped with an ATR (Attenuated Total Reflectance)
accessory Smart iTR (Thermo Scientific) with a diamond crystal, in the spectral interval of
4000-650 cm~! with a spectral resolution of 4 cm~!. To analyze the excitonic states in
the HAp and its composites, photoluminescent (PL) experiments were conducted on a
homemade spectrofluorometer with two different detectors. The first one was a Si PIN
detector and the second one was a photomultiplier tube from Hamamatsu (R636-10); the last
was used to measure the composites at 400 °C on the second measurement, due to the low
signal from them. The materials were excited with a He-Cd laser at 325 nm and analyzed
at 350-800 nm. To evaluate the samples, a small amount of powder was compressed in a
disc shape at 1 ton/cm? using a hydraulic press (SpectroPress, Chemplex, Industries, Inc.,
Palm City, FL, USA).

3. Results and Discussion
3.1. X-ray Diffraction

Figure 3a-h shows the X-ray diffraction patterns of all the samples; even when the
composites had different amounts of OMWCNT, the patterns did not display any peak
related to it because their peaks overlapped with the ones for HAp at (002), (100), and
(004) reflections. According to Arul & Vijayalakshmi [30], the peaks of OMWCNT become
evident with 4% of them in the sample; in this case, the maximum concentration used was
3.5%. Thus, all the prepared samples were identified as hydroxyapatite with a hexagonal
crystalline structure, which was determined using the 00-009-0432 card PDF+-4 database
ICDD [31]. Other calcium phosphates, such as « or 3 tricalcium phosphate, were not
located in the patterns because the synthesis method did not favor their formation and
the thermal treatment temperatures used were below the ones at which these phases
crystallize (above 700 °C) [32]. These X-ray patterns exhibited broad peaks that, according
to Londofio-Restrepo et al. [33], are related to the simultaneous elastic and inelastic X-ray
scattering due to the HAp nanocrystalline size. This was correlated when calculating the
crystallite size using the Monshi—Scherrer method [29] on the peaks at (002), (112), (202),
(212), (310), and (221). The effect of thermal treatment on HAp250 and HAp400 did not
significantly affect the crystallite size. Nevertheless, the addition of OMWCNT in the
composites increased, decreased, and increased again the crystallite size while the amount
of OMWCNT increased, as can be seen in Table 1. Though comparing the crystallite size
of the three amounts of OMWCNT at the two different thermal treatment temperatures,
the crystallite size of the samples at 400 °C was slightly smaller than the ones at 250 °C.
According to our previous work [27], the addition of OMWCNT increased the crystallite
size; however, their aggregation in the composites occurred during the coprecipitation
process, and the exposure time to thermal treatment was longer (6 h) than now (3 h). In this
work, the OMWCNT were added after the HAp powders were obtained. This means that
the OMWCNT did not improve the crystallinity of the HAp because it had already been
synthesized. Nevertheless, their presence influenced the impact of the thermal treatment
even when the behavior was increased, decreased, and increased again. It is worth noting
that just the minimum amount of OMWCNT helped to increase the crystallite size. The
other two amounts of them reduced this value because they messed up with the growth of
HAp by means of the thermal treatment, in both batches.
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Figure 3. X-ray diffraction patterns of (a) HAp250, (b) HAp250-15, (c) HAp250-25, (d) HAp250-35,
(e) HAp400, (f) HAp400-15, (g) HAp400-25, and (h) HAp400-35.

Table 1. Crystallite size of all the prepared samples calculated by Monshi-Scherrer method.

Sample 't =0.89x0.15405 Crystallite Size (nm)

HAp250 e™2705%9 =332 x 1073 412
HAp250-15 e 28745 =277 x 1073 494
HAp250-25 e™242563 — 4,40 x 1073 31.1
HAp250-35 e 7200272 = 347 x 1073 39.5

HAp400 e™505%608 — 349 x 103 39.2
HAp400-15 e™28206 =2 96 x 1073 46.2
HAp400-25 e™242989 — 438 x 1073 313
HAp400-35 e 726509 =349 x 1073 39.2

3.2. SEM Analysis

The morphology of the samples and the presence of OMWCNT on the composites
are shown in Figure 4a-h. All the samples are formed of irregular aggregates of HAp.
However, as can be seen in Figure 5a,b, those aggregates are constructed of cylindrical
particles, like bars, with dimensions around 38 nm. This way of growing was attributed
to the presence of CTAB during the synthesis process due to the fact that this reactive
forms a tetrahedral cation that interacts with the tetrahedral group of PO,3~ ions [34].
In the case of the composites, the HAp aggregates can be on the OMWCNT or around
them. Using the software Image] 1.54d, the thickness of the OMWCNT was measured in
Figure 4, and for all the composites, the thickness of them was variable. Finding values from
14-100 nm means that the OMWCNT have suffered some kind of damage because their
size is not uniform.
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Figure 4. Scanning Electron Microscopy (SEM) images of (a) HAp250 and (b) HAp400 at 100,000 x;
(c) HAp250-15, (d) HAp400-15, (e) HAp250-25, (f) HAp400-25, (g) HAp250-35, and (h) HAp400-35
taken at 50,000 x .
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Figure 5. Micrographs of HAp250 in (a) Scanning Transmission Electron Microscopy (STEM) and

(b) Bright Field Scanning Transmission Electron Microscopy (BF-STEM) modes.
3.3. FTIR Analysis

Figure 6a,b show four spectra of the samples on the first and second measurements;
as was expected, every sample presented the characteristic vibrational states of HAp with
slight differences (Table 2). Additionally, in the second measurement, vibrations corre-
sponding to P-OH, O-H, and CO, were found. The bands shown between 24002250 cm 1
were related to CO, present in the atmosphere when the measurement took place [35], but
it was not adsorbed at all in the samples. On the other hand, the characteristic vibrational
states of OMWCNT were not found because, as reported by Arul & Vijayalakshmi [30], the

bands belonging to them appear above 4% of OMWCNT in the composite.

(b)

— HAp250 —— HAp250

——— HAp250-15 —— HAp250-1

| W

H,0 v,CO%

v,PO}

vsPO}

vsPO}

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ™) Wavenumber (cm ™)

% Transmittance

Figure 6. Fourier Transform Infrared (FTIR) spectra of HAp250, HAp250-15, HAp400, and HAp400-15

(a) at the first and (b) second measure.

To analyze the changes in the samples, the FWHM of some vibrational states was
calculated. It was found that the FWHM at 3570 cm~! belonging to the OH stretching
increased since the first measurement from 5-6 cm~! (FWHM at the first measure) to
15-19 cm~! (FWHM at the second measure), and it was greater for the batch at 400 °C
than the one at 250 °C. This means that some of the dangling bonds on the surface of
the samples had been neutralized over time and became bulk states. Since the samples
were not stored in a controlled environment or a vacuum, the entrapment of CO, from the
atmosphere occurred on the surface of every sample, stabilizing the superficial charges on



Photonics 2023, 10, 919

8 of 16

them by the following reaction, 20H™ + CO, — CO%f + H,0, from which the 3740 cm ™!
band belonging to adsorbed water was generated. Then, those water molecules interact
with the hydroxyl and phosphate ions on the surface of HAp. The weak bands between
3680-3640 cm ! belonging to P-OH groups supported this neutralization theory. Since it
has been reported by Bertinetti et al. [36], the P-OH groups may constitute surface acidic
phosphate ions, HPO,2~, in order to compensate for the overall charge balance in calcium-
deficient HAp. Although the presence of the band belonging to HPO,?~ ions was not
observed in the FTIR spectra of any sample, as this phenomenon just happens on the
surface of the materials. Another band that resulted from the vibration of the P-OH bond is
the one between 2750-2650 cm ! relative in the literature to O-D vibrations because of the
adsorption/desorption of H and D on the surface [36]. However, in the present work, no
reactive containing D was used; in that case, the band corresponds to O-H vibrations.

Table 2. Characteristic vibrational states present in all the samples at the first and second
measurements.

Band Position (cm—1)

Assignment Ref.
First Measurement  Second Measurement

- 3740 Adsorbed water [36]
-—- 3680-3640 P-OH vibration [36,37]
3566 3566 O—H stretching [37,38]

- 2750-2650 O-H vibration [36]

- 2400-2250 CO, free [35]
1650 + 10 1660 - 10 Adsorbed water ar}d unstable CO, [37,38]

specie

1454 1457 CO;2~ replacing PO,>~ [37,38]
1413 1414 CO;2~ replacing OH™~ [37,38]
1094 1094 v3 PO, [37,38]
1021 1021 v3 PO43~ [37,38]
962 961 v1 PO~ [37,38]
877 875 CO32~ substitutions type A and B [37,38]

The next deconvoluted band was the one around 1650 cm~! belonging to physisorbed
water and an unstable CO, species. Over time, the FWHM of every sample decreased and
was shifted to higher wavenumbers, meaning that some CO, was desorbed and it created
H,0 (3740 cm~! band) and CO32~ [36,37]. As an example, this region was deconvoluted for
sample HAp250-15 at the first and second measurements, and it is presented in Figure 7a.

The correlated results came from the band referring to CO32~ ion replacements; this
band was deconvoluted to three sub-bands at the first measurement and four bands at
the second measurement, except for HAp250, which was deconvoluted to four bands
at both measurements. The first two bands were assigned in Table 2, the third one at
~1496 cm~! was referred to as CO32~ replacing OH ™~ (A site), and finally, the fourth one at
1549 + 6 cm~! was related to CO3%~ replacing PO,>~ (B site) [37]. The FWHM of the first
band increased for the composites, which means that more CO;2"~ ions are in OH ™ sites.
In other words, the number of OH™ ion vacancies increased. For HAp250 and HAp400,
it slightly decreased. On the contrary, the FWHM of the second band did not change for
the composites, but it increased for HAp250 and HAp400, which means that more CO32~
ions are in PO,3~ sites. The third band diminished for all the samples. Finally, the band
at 1549 + 6 cm~! appeared for all the samples and decreased for HAp250; this band was
assigned to substitution type B and to surface CO32~. All these alterations can be explained
by the fact that HAp is able to absorb CO; from the atmosphere, which was detected
at the first measurement around 1650 cm~!. By the reaction mentioned above, it reacts
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with surface OH ™ ions, and CO52~ ions take their site [37], 20H™ 4+ CO, — CO%f + H,0,
which is according to the aforementioned for band one where the A-type substitutions
were enhanced. It also explained the creation of the fourth band in the samples where not
all the CO;32" ions have been incorporated in the lattice, as can be seen in the comparison
of Figure 7a for HAp250-15 at the first and second measurements.

Absorbance (a. u.)

(a)

— - —-HAp250-15First
— HAp250-15Second
Acumulative

(b) 1021

—-—-HAp250First
— HAp250Second
Acumulative

Absorbance (a. u.)

T
1700

Wavenumber (cm™)

T T T T T T
1600 1500 1400 1150 1100 1050 1000 950

Wavenumber (cm ™)

Figure 7. Deconvolution of the CO32~ and PO43~ bands for samples (a) HAp250-15 and (b) HAp250,
respectively, at the first and second measurements.

The band belonging to the v3 PO,>~ vibrational state was deconvoluted into three
sub-bands [39]. Figure 7b shows the deconvolution of this band for HAp250 at the first and
second measurements. The middle band at ~1059 cm ™! is not listed in Table 2. The FWHM
of the band at 1021 cm~! did not change over time, but the other two did; one diminished
and the other increased for all the samples. In other words, the surface dangling bonds of
the PO43~ group became bulk states. The FWHM at ~961 cm ™! belonging to the symmetric
stretching vibration of the PO4®~ group increased for all the samples too.

At last, the band at 875 cm~! was deconvoluted into two sub-bands at 872 and
878 cm~!. According to the literature, the ratio of the intensities of the bands at 880 and
872 cm~! gives the ratio of the A-type-to-B-type carbonated apatite [38]. In the case of
HAp250, the ratio was maintained (Figure 8a), and for HAp400, this ratio increased, as can
be seen in Figure 8b. In the other samples, the ratio slightly decreased from the original
value, which means that the amount of CO32~ ions in PO,3~ sites increased. All these
changes are reflected in their photoluminescent properties.

3.4. Photoluminescence Analysis

Figure 9a—d presents the photoluminescence spectra of HAp250 and HAp400 in the
first and second measurements. The first measurement of HAp250 (Figure 9a) showed a
maximum emission band at 490 nm and the second one at 503 nm (Figure 9¢); in addition
to this change, the intensity of the emission increased around three times since the original
measurement, being that HAp is not photoluminescent for itself [40]. The cause of this
phenomenon is defects in the HAp lattice, created during the synthesis process and after it
because of the entrapment of CO, from the atmosphere due to the samples were not stored
in a vacuum. In Table 3, the defects related to every deconvoluted band shown in Figure 9
are listed. For both spectra, HAp250’s first and second measurements are attributed to
oxygen vacancies from OH™ and PO,43~ ions and OH~ and Ca?* ion vacancies [41,42]. Even
when the defects are the same for both measurements, the shift and the increase in intensity
can be explained by the FTIR results. Where the B-type substitution of CO32~ was favored,
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Absorbance (a. u.)

in other words, there was an increment in the PO,3~ ion vacancies. This is in accordance
with the increment in the intensity of the band at 551 nm in the photoluminescent spectra of
Figure 9c. On the other hand, the increased intensity of the first two bands can be related to
the presence of H. It has been reported that the energy linked to the presence of interstitial
H appears in the forbidden zone near the valence band [43]. Even when there was not
directly a band for this contribution, the FTIR results showed the presence of H in the
samples, which suggests that the said band is overlapped because of the great intensity of
the 434 nm and 491 nm bands.
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Figure 8. Deconvolution of the band at 875 cm™! for samples (a) HAp250 and (b) HAp400, respec-
tively, at the first and second measurements.

Table 3. Assignation of the deconvoluted bands of Figure 9 for HAp250 and HAp400, at the first and
second measures.

Measure Sample Band Wavelength (nm) Associate to Ref.

Oxygen vacancies from OH™ ion

1 435 and OH ™ ion vacancies [41,42]

HAp250 2 483 OH~ and Ca?" ion vacancies [41,42]

First 3 551 Oxygen vacancies from PO4®~ ion [41,42]
HAp400 3 562 Oxygen vacancies from PO4>~ ion [41,42]

I 653 OH™ ion vacancies [41,42]

: o OOl g

HAp250 2 491 OH~ and Ca?" ion vacancies [41,42]

3 551 Oxygen vacancies from PO4%~ ion [41,42]

: W Ovmuemeimoti
HAp400 2 494 OH~ and Ca?* ion vacancies [41,42]

545 Oxygen vacancies from PO,%~ ion [41,42]

« 615 Oxygen vacancies from PO4®~ ion [41,42]

For the sample HAp400, the first measurement displayed a maximum emission band
at 574 nm (Figure 9b) and the second one at 520 nm (Figure 9d). As with HAp250, HAp400
presented an increment in intensity, in this case about two times greater than the original
measurement. At the first measurement, the photoluminescent emission was attributed
to oxygen vacancies from PO,%~ ions and OH ™ ion vacancies [41,42]. In contrast, at the
second measurement, the emission of the sample was referred to as oxygen vacancies from
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OH™~ and PO43~ ions and OH~ and Ca?* ion vacancies [41,42]. These modifications can be
explained by the FTIR results too, where the substitution A-type was favored at the second
measurement of the sample (Figure 8b), and then the bands at 440 and 494 nm appeared.

2.0 8
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Figure 9. Photoluminescence spectra of HAp250 and HAp400 (a,b) at first and (c,d) at the second
measures.

Both results at the first measurement are in agreement with those of Machado et al. [24],
who investigated the effect of thermal treatment on the photoluminescent properties
of HAp at 200-800 °C. However, the final results of the HAp25a and HAp400, which
both reached the same photoluminescent emission range after some time have not been
reported. Nevertheless, it proves that HAp exposed to ambient conditions attained stable
photoluminescent emission over time in the blue-green region.

Comparing the results of each sample in the original and the second measurement, the
intensities differed by a factor of four between HAp250 Figure 9a,c. In the case of HAp400,
Figure 9b,d the gap was about two times. Following the work of Machado et al. [24], they
attributed the photoluminescence response to surface, interface, and bulk defects due to
the increase in heat treatment temperature and, at the same time, to the improvement of
the crystallinity. In this work, according to the results of FTIR analysis, the surface defects
in HAp250 and HAp400 became part of the bulk states present in each sample with time.
In other words, what Machado et al. [24] achieved with thermal treatment was obtained
here and stabilized over time. Due to this phenomenon, the maximum emission of HAp400
shifted to the blue-green region, and in both samples (HAp250 and HAp400), the intensity
increased, indicating that the defects responsible for the photoluminescence of the sample
are located within the lattice and not at the surface. For HAp, several computational studies
were performed to understand how different types of defects in the HAp lattice produce
energy labels within the forbidden band gap [41,43,44]. As can be seen in Table 3, the
defects responsible for photoluminescence in HAp250 and HAp400 one year after reaching
equilibrium were the same defects as in HAp250 one year earlier. This means that the most
stable defects in hydroxyapatite are oxygen vacancies of OH~ and PO,>~ ions and OH~
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and Ca?* ion vacancies [41,42], which are formed at low thermal treatment temperatures.
According to Machado et al. [24], the range is from 80-300 °C.

With the addition of carbon nanotubes, the maximum emission of HAp changed, as
shown in Figure 10a-d. The first differences in Figure 10a,b are the decreasing intensity
and the shift of the maximum emission band to higher wavelengths, with the amount of
OMWCNT increasing. This shift happened due to the maximum emission of OMWCNT
being at 610 nm [45], and the combination of both emissions (HAp and OMWCNT) gave an
intermedium response in the composites. HAp400-35 was the exception in terms of redshift,
but it was in the same yellow-orange interval as its batch. The decreased intensity in the
samples can be explained because of the agglomeration [20] and the adsorption/desorption
of CO; on the surface of the OMWCNT, which leads to the unzipping of their external
sheets [46]. In the second measurement, the composites still showed lower intensity than
their reference HAp (Figure 10c,d), but the measurements at 400 °C had almost disappeared
because, in their case, a Hamamatsu photomultiplier tube (R636-10) was used to obtain
the spectra. These results are attributed to the unzipping of the OMWCNT [46] because
of the adsorption/desorption of CO, that was explained in the FTIR section and to the
increased OH™ vibrations. In addition, different thicknesses of the OMWCNT can be
seen in Figure 4d,fh. For this reason, the measurements at 400 °C will not be discussed
further. Focusing attention on the composites at 250 °C at the second measurement, the
maximum emission from each sample reached equilibrium around 518 nm. The varying
amounts of OMWCNTs helped to maintain the red shift on the composites, with an average
displacement of 16 nm from the initial measurement.

8
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Figure 10. Photoluminescent spectra of all the samples (a,b) at the first and (c,d) at the second
measures.

Similar to HAp250, the predominant defects responsible for the blue photolumines-
cence of the 250 °C composites are oxygen vacancies from OH~ and PO,*>~ ions and
OH~ and Ca?* ion vacancies [41,42]. Figure 11a,b shows the deconvolution of composite
HAp250-15 in the first and second measurements, respectively. And Table 4 shows the
assignment of each deconvoluted curve for the three composites. As can be seen from the
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FTIR results, the surface defects contributed to the initial photoluminescent response of
the sample, but over time these defects became part of the bulk states. The comparison
between the first and second measures of HAp250-15 proved that the number of oxygen
vacancies from OH~ and PO,>~ ion increased, which is related to the entrapment of CO,
from the atmosphere [37]. The contribution of OMWCNT at the second measurement was
outshined by the oxygen vacancies from OH~ and PO,>~ ions. In our previous work, the
contribution of OMWCNT was not outshined because there was an interaction between
them through a C=0O bond [27]. Here, according to the FTIR results, there is no strong
interaction between the HAp and OMWCNT because of the preparation of the composites
by themselves.
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Figure 11. Deconvoluted photoluminescent spectra of HAp250-15 (a) at the first and (b) second
measures.

Table 4. Assignation of the deconvoluted bands for the 250 °C composites at the first and second

measures.
Measure Sample Band Wavelength (nm) Associate with Ref.
Oxygen vacancies from OH™ ion o
! 3£l and OH™ ion vacancies [41,42]
HAp250-15 2 499 + 2 Oxygen Vacan2c+1es from‘OH’ ion [41,42]
First HApP250-25 and Ca”* vacancies
HAp250-35 3 551 +4 Oxygen vacancies from PO4®~ ion [41,42]
i 615 + 8 Exciton fron} garbon naqotubes, or [41,42,47]
OHT™ ion vacancies
1 440 Oxygen vacancies from QH’ ion [41,42]
and OH™ ion vacancies
HAp250-15
Second HAPp250-25 Oxygen vacancies from OH™ ion
99 41,42
HAp250-35 2 4 and Ca?* vacancies [41,42]
3 561 Oxygen vacancies from PO4®~ ion [41,42]

4. Conclusions

By the co-precipitation method coupled to ultrasonic irradiation, HAp was obtained
in the hexagonal phase at 250 and 400 °C without traces of other phases. The morphology
of HAp was cylindrical participles, like bars of ~38 nm in length. In the beginning, the
application of different thermal treatments to HAp and HAp/OMWCNT composites results
in a red shift in the maximum emission of the samples. However, over time, the defects
responsible for these shifts were affected by the adsorption/desorption of CO,, and their
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photoluminescent properties reached an equilibrium point with a blue shift of 54 and
16 nm for the sample HAp400 and the 250 °C composites, respectively. In the case of the
sample HAp250, there was a red shift of 13 nm. Even with the addition of different amounts
of OMWCNT, the maximum emission of the composites reaches a stabilization value at
250 °C because the OMWCNT are affected by the adsorption/desorption of CO,. By
deconvolution of the photoluminescence curves, it was found that the defects responsible
for the stabilized photoluminescent response in the samples are oxygen vacancies from
OH~ and PO,3~ ions and OH~ and Ca?* ion vacancies. This was according to the FTIR
results, where the vibrations of OH™ ions were weak and the substitution of CO32~ for
PO~ and OH™ ions increased, leading to a higher concentration of vacancies in the
samples and to a higher intensity of the photoluminescence response.

Finally, this work has shown that the fabrication of HAp and its composites at
250 °C with small amounts of OMWCNT is suitable to shift and maintain the photo-
luminescent properties, instead of wasting resources on fabrication at higher temperatures
or concentrations of OMWCNT. In this case, the red shift of the photoluminescence emis-
sion was achieved without using transition or lanthanide ions. However, this study did not
investigate the effect of different amounts of OMWCNT on the mechanical properties of
the final composite, which are very important for medical applications. Nevertheless, since
different amounts of OMWCNT were investigated, the following studies will be conducted
in this way. In this case, as the results show, the OMWCNT amount can be higher, and the
maximum emission of the sample over time will remain practically the same. In this way,
the most suitable composite for each application can be chosen and further investigated.
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