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a b s t r a c t 

In this work, we study the generation of visible and near-infrared (NIR) luminescence associated with 

the formation of point defects in hydroxyapatite (HAp) nanobelts. Three different HAp samples were syn- 

thesized by a modified hydrothermal method at growth times of 24, 30, and 36 h. Transmission electron 

microscopy measurements revealed the presence of stacking faults in the nanobelts grown during shorter 

times. X-ray diffraction and Raman spectroscopy measurements confirmed the high crystalline quality of 

the samples, showing a hexagonal calcium deficient (Ca-D) HAp phase, supported by the Ca/P ratio of 1.2 

and 1.3 revealed by X-ray photoelectron spectroscopy and energy dispersive spectroscopy measurements, 

respectively. Electron paramagnetic resonance, photoluminescence, and cathodoluminescence measure- 

ments demonstrated the presence of hydroxyl ion vacancies (V OH 
−), calcium vacancies (V Ca ), and oxygen 

vacancies (V O ) in HAp nanobelts generates a strong luminescence in the visible and NIR ranges. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Hydroxyapatite (HAp), with chemical formula Ca 10 (PO 4 ) 6 (OH) 2 , 

s a biomaterial with a structure similar to the mineral compo- 

ent found in bones and teeth [1] . Thus, this biocompatible, bioac- 

ive, and osteoconductive material has been used for a variety of 

iomedical applications, including bone replacement [2] , drug and 

ene delivery agent [ 3 , 4 ], bioactive coating on metallic implants 

 5 , 6 ], and dental materials [7] . HAp crystallizes in a monoclinic

tructure (P2 1 /b) when chemically synthesized at low tempera- 

ures ( ≤ 100 °C). However, the presence of structural defects, ei- 

her because of the synthesis process or the incorporation of car- 

onate ions from the atmosphere, leads to the formation of vacan- 

ies within the lattice, with calcium and oxygen being the most 

ommon. Because of its high structural flexibility, HAp allows these 

ypes of deformations [8] . As a result, it is able to crystallize in a

exagonal structure (P6 3 /m) at temperatures as low as 100 °C [9–

1] , which would regularly only occur at high temperatures (200- 

00 °C) [12] . 
∗ Corresponding author. 

E-mail address: zaldivar@cnyn.unam.mx (M. Herrera). 

e

ttps://doi.org/10.1016/j.apmt.2020.100822 
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The formation of vacancy defects produces alterations in the 

lectronic configuration of HAp [13] and, as a consequence, lu- 

inescent properties can arise. Pure or stoichiometric HAp shows 

o luminescence. Therefore, it is doped with rare-earth ions to 

ecome a contrast agent for magnetic resonance [ 14 , 15 ], X-ray 

 16 , 17 ], and near-infrared reflection imaging [ 14 , 16 ]. However, the

ons used as luminescent centers are expensive to produce and not 

nvironmentally friendly [ 11 , 18 ], limiting the application of these 

aterials in the biomedical area. 

Since it has been reported that defective, or non-stoichiometric 

Ap, exhibits strong intrinsic photoluminescence (PL) in the visi- 

le spectral range [ 11–13 , 19 , 20 ], the use of this HAp as a contrast

gent, without dopants, represents a nontoxic, eco-friendly alter- 

ative. Furthermore, the near-infrared luminescence of this mate- 

ial remains unexplored. In this work, we report the defect-related 

athodoluminescence in the visible and near-infrared range of HAp 

anobelts, as well as the photoluminescence emission spectra in 

he visible range for comparison with the cathodoluminescence 

pectra. Moreover, we confirm the presence of vacancy defects by 

lectron paramagnetic resonance measurements. 

https://doi.org/10.1016/j.apmt.2020.100822
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:zaldivar@cnyn.unam.mx
https://doi.org/10.1016/j.apmt.2020.100822
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Table 1 

Reaction conditions and atomic compositions of HAp samples obtained by hydrothermal syn- 

thesis. 

Sample Temperature Time Elemental composition ∗ (at. %) Ca/P atomic ratio 

Ca P O 

S1 100 °C 24 h 16.63 12.43 70.93 1.34 

S2 30 h 17.62 13.26 69.12 1.33 

S3 36 h 15.24 11.61 73.14 1.31 

∗Measured by energy dispersive spectroscopy (EDS). 
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Fig. 1. XRD patterns of the different synthesized HAp samples. 
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. Experimental 

HAp powders were synthesized using a modified hydrothermal 

ethod. Calcium nitrate tetrahydrate [Ca(NO 3 ) 2 •4H 2 O 99 %, Alfa 

esar, A16645] and di-ammonium phosphate [(NH 4 ) 2 HPO 4 98 %, 

lfa Aesar, 11597] were used as precursors. Deionized water so- 

utions (0.1 M) of Ca(NO 3 ) 2 •4H 2 O (Ca solution) and (NH 4 ) 2 HPO 4 

P solution) were prepared by maintaining a Ca/P volume ratio of 

.67. First, the Ca solution was heated under magnetic stirring at a 

emperature of 100 °C. Then, the P solution was added drop by drop 

nto the heated Ca solution. The resultant solution was maintained 

t 100 °C under magnetic stirring and reaction time was varied be- 

ween 24, 30, and 36 h, to obtain three different sam ples labeled 

amples S1, S2, and S3, respectively ( Table 1 ). After the reaction 

as finished, the solution was cooled to room temperature. Sub- 

equently, the sediment was filtered and washed with deionized 

ater until the aqueous waste reached a pH of 7. Finally, the prod- 

ct was dried at 50 °C for one hour under an atmospheric pressure 

o obtain the final HAp powder. 

The crystalline structure of the HAp powders was identified 

y X-ray diffraction (XRD, Philips, X’pert MPD) with monochro- 

atic CuK α radiation ( λ = 1.5405 Å) and a step size of 0.02 °
n a 2 θ range between 20 ° and 70 °. The vibrational modes of 

Ap were analyzed by Raman spectroscopy (Horiba Jobin-Yvon, 

abRam HR800 micro-Raman system), exciting the samples with 

 633 nm He-Ne laser. The elemental composition and Ca/P ra- 

io were determined by energy dispersive spectroscopy (EDS, Ox- 

ord Instruments, X-Max spectrometer) with a detector size of 20 

m 

2 , attached to a JEOL JIB-4500 SEM. The elemental quantifica- 

ion of samples was calculated by Inca Software (Oxford Instru- 

ents) using a standard-based sequence. All measurements were 

btained by operating the SEM at 15 keV, electron beam current of 

.1 × 10 −8 A, and scanning a sample area of about 1.1 × 10 4 μm 

2 .

o support EDS results, X-ray photoelectron spectroscopy spectra 

XPS, SPECS system) were obtained using a PHOIBOS WAL ana- 

yzer and an aluminum anode, and subsequently analyzed with the 

asaXPS software. The morphology of the samples was observed by 

eld emission scanning electron microscopy (FE-SEM, JEOL, JSM- 

800F), and also by transmission electron microscopy (TEM, JEOL, 

EM-2010) operated at 15 kV and 200 kV, respectively. The micro- 

aman system mentioned above was used to obtain the photolu- 

inescence (PL) spectra of the samples in the range between 300 

nd 1100 nm using a 325 nm He-Cd laser. Cathodoluminescence 

CL) spectra in the visible range (20 0-90 0 nm) were obtained using 

 Gatan MonoCL4 system in the JEOL JIB-4500 SEM. The CL spec- 

ra in the near-infrared range (80 0-250 0 nm) were obtained using 

 nitrogen-cooled Oriel 74100 IR monochromator and a Photocool 

eries PC176 system equipped with a R5509-73 photomultiplier, 

oth adapted to a Hitachi S2500 SEM. The paramagnetic species 

resent in the HAp samples were identified by electronic param- 

gnetic resonance (EPR) using a JEOL, JES-TE300 system, acquiring 

pectra with an absorption frequency of 9.4 GHz at ambient (298 

) and liquid nitrogen (77 K) temperatures, varying the microwave 

ower from 1 to 20 mW. The EPR spectra obtained for the HAp 
m

2 
owders were simulated and fitted using the EasySpin MATLAB 

oolbox (supplementary information) [21] . 

. Results and discussion 

Table 1 shows the reaction conditions and atomic composi- 

ions of the synthesized HAp samples. The XRD patterns ( Fig. 1 ) 

xhibit high crystallinity and peaks that correspond to the HAp 

6 3 /m hexagonal phase, according to PDF card #09-0432. Since 

he Ca/P ratios displayed in Table 1 are below 1.67, it is inferred 

hat calcium-deficient HAp (Ca-D HAp) phase is also present in 

he samples. However, it is difficult to identify unequivocally due 

o the similarities in the diffraction patterns of both phases. Also, 

mall peaks corresponding to the monenite phase (DCP, CaHPO 4 ) 

ppear in sample S2 (30 h), attributed to the participation of this 

hase in the formation process of HAp and other apatites [ 1 , 3 ]. 

Fig. 2 illustrates the Raman spectra obtained for the HAp pow- 

ers, composed only of signals corresponding to vibrational modes 

f the hydroxyapatite structure. The PO 4 
3 − vibration frequency at 

62 cm 

−1 ( ν1 ) corresponds to the symmetric stretching of P–O 

onds [22] . The bands at 430 cm 

−1 ( ν2 ), and 590 cm 

−1 ( ν4 ) are at-

ributed to the O–P–O symmetric and asymmetric bending modes, 

espectively, while the band found at 1043 cm 

−1 ( ν3 ) corresponds 

o the P–O asymmetric stretching mode [ 9 , 23 , 24 ]. Furthermore, a

mall peak at 322 cm 

−1 is present, attributed to Ca 2 + ion trans- 

ational modes [25] . Fig. 2 also shows that the signals are consis- 

ent, both in intensity and wavenumber, throughout all the Raman 

pectra of the S1-S3 samples, indicating that the morphology of 

he HAp nanobelts in the different samples is homogeneous. 

The chemical state of the elements in the samples was deter- 

ined by XPS. Fig. 3 shows the survey spectrum for sample S1 (24 
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Fig. 2. Raman spectra of the different studied samples revealing four vibrational 

modes associated with the HAp structure. 

Fig. 3. Survey XPS spectrum for sample S1 (24 h). 
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Table 2 

XPS quantitative analysis of the different HAp samples. 

Sample Time Elemental composition (at. %) Ca/P atomic ratio 

O 1s Ca 2p P 2p 

S1 24 h 57.82 23.48 18.70 1.25 

S2 30 h 57.86 23.69 18.44 1.28 

S3 36 h 57.26 24.12 18.62 1.29 
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), representing the typical behavior of all samples. The O 1 s , Ca 

 p , and P 2 p signals were identified by their corresponding binding

nergies of 531, 347, and 133 eV, respectively. Also, the appearance 

f a carbon signal (C 1 s ) was attributed to C-C and C-H bonds of

arbon impurities. The peak for C 1 s at 284.6 eV [26] was used to

orrect the shift on the rest of the peaks due to the charging of the

ample [27] . Likewise, the Auger signals for carbon (C KLL), calcium 

Ca LMM), and oxygen (O KLL) were detected at 1223, 1197, and 

78 eV, respectively. Figure 4 shows the high-resolution XPS de- 

onvoluted spectra for O 1s, Ca 2p, P 2p, and C 1s signals. Figure 4 a

hows three components for the O 1s signal corresponding with 

inding energies of O-H 2 bonds (534.7 eV), O-P and O-H bonds 

ssociated with phosphates and hydroxyl groups (532.7 eV), and 

-C bonds associated with oxide groups (531.7 eV) [28] . Figure 4 b 

hows three components for the Ca 2p signal, the Ca 2p 1/2 (351.3 

V) and Ca 2p 3/2 (347.8 eV) signals, as well as a component at 347.1

V attributed to Ca-CO 3 bonds [ 29 , 30 ]. The P 2p signal, shown in

igure 4 c, exhibits the two components associated with the spin- 

rbit splitting 2p 1/2 and 2p 3/2 . For the C 1s signal, the deconvo- 

uted XPS peak reveals three components ( Fig. 4 d), C-O bonds 
3 

3 
ssociated with carbonates groups (288.6 eV), C-OH bonds (286.1 

V), and C-C bonds associated with aromatic groups (284.6 eV) 

28] . 

The spectra shown in Fig. 4 were used to quantitatively ana- 

yze the Ca/P atomic ratio of the surface and compare it with the 

DS quantitative analysis. Table 2 shows that all the HAp powders 

resent a lower Ca/P atomic ratio on the surface compared to the 

alues observed by EDS ( Table 1 ), suggesting that the formation 

f Ca vacancies is higher on the surface than on the bulk of the 

amples. This effect is probably due to the HAp nanobelts were 

rown in an aqueous solution. Previously, Astala and Stott reported 

hat Ca loss in exchange for two H on HAp (001) and Ca-rich (010) 

urfaces is energetically favorable [31] , supporting qualitatively Ca 

esorption as the driving mechanism for dissolution, as proposed 

y other authors [32] . These authors also suggest that Ca release 

y the Ca-H exchange should be most influential in HAp samples 

ith large surface-to-volume ratio, such as fine powders. 

Fig. 5 illustrates typical SEM images obtained for the HAp S1 

24 h) and S3 (36 h) samples. As exhibited in Fig. 5 a, the nanos-

ructures are inhomogeneous in size and shape at a reaction time 

f 24 h. However, uniform nanobelts with a width of 10-50 nm 

nd a length of 0.5-3 μm are obtained at 36 h. 

TEM images obtained from the HAp S1 (24 h) sample revealed 

hat the synthesized nanobelts are well defined ( Fig. 6 a-c), narrow 

n thickness, and porous as observed in the zones delimited by yel- 

ow dotted lines in Fig. 6 b-c. Furthermore, the HAp nanobelts ex- 

osed to relatively long times at the high energy electron beam 

200 keV) of the TEM instrument revealed their deformation, re- 

ulting in the generation of holes and creases that appear after 60 

 of exposure to the beam, as observed in Fig. 6 d-e. Fig. 7 a shows

 typical high-resolution TEM image of sample S2 (30 h), were the 

rystal lattice and the growth direction of the nanobelts are identi- 

ed, revealing a distance of 3.1 Å between the atomic rows stacked 

long the [001] growth direction ( Fig. 7 b), which is near the the- 

retical value of 3.4 Å for the stoichiometric HAp. This last value 

as calculated by simulating the crystal structure using the VESTA 

oftware, with a projection on the (100) crystalline plane ( Fig. 7 c). 

owever, a detailed TEM study on HAp nanobelts revealed the 

resence of several stacking faults between the hexagonal basal 

lanes (001), as shown in Fig. 7 d for the S2 (30 h) sample, which

e attribute to the absence of Ca atoms during the HAp crystal 

rowth, associating this phenomenon with the low stoichiometry 

bserved on the HAp nanobelts ( Tables 1 and 2 ). 

The EPR technique was employed to identify the presence of 

ifferent paramagnetic radicals associated with point-defects in 

Ap nanobelts. Fig. 8 shows the spectra of sample S3 (36 h) ob- 

ained at room temperature and varying microwave power, which 

ed us to identify three different paramagnetic species. The species 

 tensor values were used to simulate the spectrum taken with 

 microwave power of 10 mW, presented in Fig. 9 . The first sig- 

al (the central one) is attributed to CO 2 
− with an orthorhom- 

ic symmetry with g x = 2.0029, g y = 2.0020, and g z = 1.9972 [33–

5] . These radicals are a very stable type of defect that appears in 

arbonate-containing apatites due to CO 2 adsorption from the air 

 26 , 34 ], which is supported by the presence of carbonate, as de-

ected by XPS ( Fig. 4 ), and the high concentration of calcium va-

ancies (V ) on the surface of the nanobelts. The second signal is 
Ca 
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Fig. 4. High-resolution XPS spectral deconvolution for a) O 1 s , b) Ca 2 p c) P 2 p , and d) C 1 s of sample S1 (24 h). 

Fig. 5. SEM images of HAp samples prepared with a reaction time of a) 24 h (sam- 

ple S1) and b) 36 h (sample S3). 
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ssociated with O 

− radical vacancies (V O -) that show an isotropic 

ymmetry with g = 1.9989 [ 36 , 37 ]. Finally, the third signal has a

 = 2.0039 and is associated with organic radicals [35] . Further- 

ore, as observed in Fig. 8 , the intensity of this signal increases as
4 
he applied power decreases (contrary to the CO 2 
− signal), a be- 

avior previously reported in the literature [38] . Table 3 summa- 

izes the paramagnetic species observed by EPR (at 300 K and 77 

) for HAp and compares between the g values calculated and the 

nes reported in the literature. 

On the other hand, Fig. 10 presents the low-temperature spec- 

rum (77 K) obtained with a microwave power of 3 mW for sam- 

le S3 and its corresponding simulated results using tensor g val- 

es for five different paramagnetic signals. Two of these are V O - 

nd CO 2 
− radicals, previously observed in the EPR spectrum ob- 

ained at 300 K ( Fig. 9 ). A third broad signal, observed between 310

nd 315 mT, corresponds to 13 CO 2 
− radicals since the 13 C nucleus 

as a magnetic moment different from zero and nuclear spin of ½
 39 , 40 ]. The remaining two signals are only seen at temperatures 

elow 90 K, the first one being attributed to an O 2 
− anion adjacent 

o a V Ca , originated by vacancies of the hydroxyl anions (V OH 
−) as

recursors [41] . This radical has an orthorhombic symmetry with 

 x = 2.0380, g y = 2.0129, and g z = 2.0040, labeled as g 
O −

2 
x,y,z in Fig. 10 .

he second one also presents an orthorhombic symmetry with g x = 

.0680, g y = 2.0579, and g z = 2.0 0 09, labeled as g O 
−

x,y,z in Fig. 10 , and

as been assigned to the formation of an O 

− ion located on a hy-

roxyl site [42] . Moreover, Moens et al. have reported that the pre- 

ursor of this O 

− radical is a carbonate group, which introduces a 

ydroxyl vacancy (V OH ) in the process [43] . 

Photoluminescence (PL) and cathodoluminescence (CL) tech- 

iques were used to determine the luminescence properties of the 

Ap samples and corroborate the presence of point defects identi- 

ed by EPR. To date, most of the PL spectra reported for hydrox- 

apatite nanostructures synthesized via the hydrothermal method, 

onsist of a single broad emission band that has its maximum at 

.95 eV, which varies slightly depending on the pH at which the 

ynthesis is carried out [19] . This band centered at 2.95 eV has 
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Fig. 6. a) Panoramic and b-c) single nanobelt TEM images of sample S1 (24 h), which show the porous nature of the HAp nanobelts. TEM images of the sample S2 (30 h) 

acquired after exposure to the electron beam for d) 10 s and e) 60 s, showing the formation of holes and creases in the latter. 

Table 3 

Comparison between the g values calculated and the ones reported in the literature for the paramagnetic species 

found in HAp by EPR. 

Paramagnetic specie EPR spectra temperature g values (calculated) g values (literature) Reference 

CO 2 
− 77 K and 300 K g x = 2.0029 g x = 2.0030 [ 34 , 35 ] 

g y = 2.0020 g y = 2.0019 

g z = 1.9972 g z = 1.9974 

V O 
− 77 K and 300 K g = 1.9989 g = 1.999 [ 36 , 37 ] 

Organic radical 300 K g = 2.0039 g = 2.0040 [35] 

O 2 
− - V Ga 77 K g x = 2.0380 g x = 2.0380 [41] 

g y = 2.0129 g y = 2.0130 

g z = 2.0040 g z = 2.0040 

O 

− 77 K g x = 2.0680 g x = 2.0680 [ 42 , 43 ] 

g y = 2.0579 g y = 2.0579 

g z = 2.0009 g z = 2.0009 

Fig. 7. a) High-resolution TEM image of sample S2 (30 h), b) inset of the upper left 

corner of the TEM image, c) illustration of the HAp structure modeled with Vesta 

software and projected on the [010] - [001] crystalline plane, and d) HRTEM image 

revealing stacking faults of the (001) planes for nanobelts of the S2 (30 h) sample. Fig. 8. EPR spectra of S3 (36 h) sample obtained at various microwave power val- 

ues. 

5 
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Fig. 9. a) EPR experimental spectrum taken at 300 K (10 mW) and b) corresponding 

simulated spectrum for the S3 (36 h) sample. 

b

t

i

s

t

Fig. 10. a) EPR experimental spectrum from the S3 (36 h) sample acquired at 77 K 

and 3 mW, and b) corresponding EPR simulation showing the anisotropic g values 

associated with O 2 
− and O − ions. 

t

p

o

c

t

een attributed to hydroxyl ion vacancies (V OH ̄) [44] , given that 

he intensity of the signal increases as the concentration of V OH ̄

ncreases when applying a heat treatment to HAp. However, as 

een in Fig. 11 , the PL spectra obtained for our samples revealed 

hat the luminescence of the HAp nanobelts is composed of more 
Fig. 11. PL spectra in the visible range of a) S1 (24

6 
han one emission band, showing that both the number of com- 

onents and their relative intensities remain constant regardless 

f the reaction time used to synthesize the different samples. The 

omponents were calculated by the deconvolution of the PL spec- 

ra using Gaussian curves centered at 2.10, 2.40, 2.57, and 2.95 
 h), b) S2 (30 h), and c) S3 (36 h) samples. 
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Fig. 12. CL spectra in the visible range of a) S1 (24 h), b) S2 (30 h), and c) S3 (36 h) samples. 
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C

V, to match with the energies of the defect-related emissions re- 

orted by other authors. The Full Width at Half Maximum (FWHM) 

f these components was adjusted to obtain a fitting with a value 

or the coefficient of determination R 

2 nearest to unity. The val- 

es obtained for this parameter were 0.9954, 0.9952, and 0.993 af- 

er fitting the PL spectra of S1, S2, and S3 samples, respectively, 

y assigning an FWHM of 0.4 eV to each Gaussian component. It 

s essential to consider that the FWHM usually represents the ho- 

ogeneous and inhomogeneous broadening of the linewidth of an 

lectronic transition simultaneously. The homogeneous or natural 

roadening (represented with a Lorentzian curve) is generated by 

lectron-phonon coupling in perfect crystals. In contrast, the in- 

omogeneous broadening (commonly represented with a Gaussian 

urve) is generated by crystallinity disorder associated with impu- 

ities, anti-site defects, or vacancies [ 45 , 46 ]. In this work, we have

ssigned the same FWHM value of 0.4 eV for all defect-related 

missions in HAp, attributing that each of them corresponds to in- 

ividual electronic transitions (see Fig. 14 ) with a comparable in- 

omogeneous broadening. Moreover, we propose that local field 

ffects do not contribute significatively on the broadening of the 

lectronic transitions between the different def ect-related ener gy 

evels, because following the theory reported by Klingshirn [46] , 

uch effects only are significative on solids with a high density of 

scillators, such as optical phonons, plasmons, or excitons. Con- 

idering that electron-hole pairs also are represented as oscilla- 

ors to evaluate the optical response of solids [47] , and since the 

Ap is a dielectric material [48] , we expect the generation of a 
7 
ow density of them in the HAp samples. Recently, Soares da Silva 

t al. reported practically the same FWHM value (~ 0.5 eV) for 

hree defect-related components centered at 2.15, 2.44, and 2.75 

V, calculated by the deconvolution of PL measurements from HAp 

anorods [49] . Moreover, the FWHM value of 0.4 eV assigned in 

his work is in range with the FWHM values (between 0.15 and 

.43 eV) reported by Machado et al. for five defect-related com- 

onents calculated by the deconvolution of PL spectra from HAp 

anoparticles [13] . Besides, these authors reported the HAp com- 

onents centered at 2.40 and 2.57 eV shown in Fig. 11 , associating 

heir origin with defects located in the bulk of the material such as 

alcium vacancies (V Ca ), interstitial defects, and distortions in the 

hosphate groups. 

Fig. 12 shows the CL spectra obtained for the HAp samples. 

he deconvolution of the CL spectra was calculated using Gaus- 

ian curves centered at 1.83, 2.15, 2.57, 2.95, 3.32, 3.67, and 4.05 

V, with a single FWHM value of 0.4 eV. The coefficient of deter- 

ination R 

2 values obtained for these calculations ranged between 

.9953 and 0.9967. It was observed that the bands centered at 2.15, 

.57, and 2.95 eV in the CL spectra correspond to those found by 

L. However, the relative intensity of these CL bands shows varia- 

ions regardless of the growth times, as shown in Fig. 12 a-c. This 

ffect reveals that the point defect densities, associated with the 

ands shown in the CL spectra, are different across all samples due 

o the absence of control in their generation. Fig. 12 also shows 

hat the component of 2.95 eV exhibits the higher intensity in the 

L spectra, revealing that V OH ̄ are found in greater concentration 
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Fig. 13. CL spectra in the NIR range of the (a) S1 (24 h), (b) S2 (30 h), and S3 (36 h) samples revealing an emission of 0.81 eV partially resolved due to the limited sensibility 

of the detector. 
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ithin the bulk of the samples, where the CL signal is generated. 

ince the O 2 
− and O 

− ions detected by EPR ( Fig. 10 ) are related

o the generation of V OH 
−, there could be a significant amount of 

hese vacancies in the nanobelts, explaining the high intensity of 

he 2.95 eV component assigned to V OH 
−. Moreover, the compo- 

ent centered at 3.67 eV has been reported by Bystrov et al. [44] 

nd also assigned to V OH ̄ defects, which suggests that the com- 

onents identified in both PL and CL emission curves can be as- 

ociated with more than one type of defect [13] . On the other 

and, since the excitation source for PL is a UV laser and for CL 

s an electron beam, it can be established that PL is a superficial 

echnique in comparison with CL. According to this argument, it is 

roposed that the type of defect responsible for the emission of 

.40 eV (which only appears in the PL emission curve) is found 

n a much higher concentration on the surface than in the bulk of 

he HAp samples. Taking into account the detection of V Ca by EPR 

 Fig. 10 ), as well as the EDS and XPS results, we suggest that this

omponent could be related to surface V Ca , since the Ca/P ratio was 

ower on the surface (Ca/P ≈ 1.2) than in the bulk of the samples 

Ca/P ≈ 1.3). 

Fig. 13 exhibits the CL spectra of the HAp samples obtained 

n the near-infrared (NIR) range, revealing an emission centered 

t 0.81 eV partially resolved due to the limited sensibility of the 

etector. Fig. 13 also shows that the sample S2 (30 h) recorded 

he lower intensity for this emission, which is possibly associated 

ith its higher calcium concentration ( Table 1 ), and consequently 

ith a lower concentration of V Ca in S2 (30 h) sample than ex- 
8 
ected for S1 (24 h) and S3 (36 h) samples. On the other hand, 

achado et al. recently proposed that shallow levels near the HAp 

onduction band are created mainly by V Ca defects [13] . Besides, 

un et al. have reported that V Ca 
2 + is the most stable defect in the 

Ap lattice [50] . We expect the formation of V Ca defects in our 

Ap samples with a concentration that depends on the intensity 

f the 0.81 eV emission, and we propose that this defect gener- 

tes energy levels at 0.81 eV under the conduction band (CB). As 

 result of the PL and CL recorded emissions, and considering a 

Ap band gap energy (E g ) of 5.5 eV [ 13 , 44 , 51–53 ], with several

eports about the energy levels associated with vacancy defects, 

e propose the electronic structure scheme shown in Fig. 14 . The 

onor-like level proposed for V OH corresponds with the energy re- 

orted for the charge transition ( + /0) of V OH at 3.5 eV above the

alence band (VB) [54] , with the level around 1 eV under the CB 

or V OH 
− [51] , and with the level about 2 eV under the CB for V OH 

55] . The level proposed for the complex defect composed of and 

H vacancy next to and H interstitial (V OH + H i ) is the most sta-

le defect between the different oxygen vacancy configurations in 

Ap when it is double-positive charged, exhibiting an energy level 

t about 0.95 eV under the CB, as reported by Bystrov et al . [53] .

he level for V O in phosphate ions has been calculated theoreti- 

ally with an energy of 1.70 eV above the VB [53] , which we pro-

osed exhibits an energy around 2.10 eV above the BV ( Fig. 14 ). Fi-

ally, the level for V O in hydroxyl ions corresponds with the energy 

alue of 0.71 eV above the VB, as reported by Bystrov et al . [53] .

oth V O levels proposed are mainly supported by the presence of 
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Fig. 14. Schematic representation of the proposed electronic structure for HAp 

nanobelts. 
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his type of defect in the HAp nanobelts, as determined by EPR 

 Fig. 9 and Fig. 10 ). Table S3 (supplementary information) summa- 

izes the relationship between the point-defects detected as para- 

agnetic radical by EPR and as emissions detected by PL and CL 

echniques. 

. Conclusions 

Hydroxyapatite (HAp) nanobelts were synthesized by a modi- 

ed hydrothermal method varying the growth time to evaluate the 

ormation of several crystal defects. Three samples were synthe- 

ized at growth times of 24, 30, and 36 h (samples S1-S3). XRD 

easurements revealed the formation of the hexagonal Ca-D HAp 

hase in samples, with a residual monenite phase observed only 

n sample S2. Raman spectroscopy revealed four vibrational modes 

ssociated with the HAp structure in all samples, corresponding to 

he symmetric stretching of P-O bonds (962 cm 

−1 ), symmetric and 

symmetric bending of O-P-O bonds (430 and 590 cm 

−1 , respec- 

ively), asymmetric stretching of P-O bonds, and Ca 2 + ion transla- 

ion (322 cm 

−1 ). Quantification of the HAp nanobelt composition 

evealed calcium deficiency. EDS and XPS measurements showed 

a/P ratios of around 1.3 and 1.2, respectively. SEM images revealed 

hat homogeneity on the aspect ratio of the HAp nanobelts was 

chieved for a growth time of 36 h, while TEM images showed the 

resence of stacking faults between the (001) planes of the HAp 

anobelts synthesized at a growth time of 30 h (S2). The optical 

roperties of the samples studied by PL and CL techniques revealed 

he presence of several emissions in the visible and NIR range, at- 

ributed to the presence of hydroxyl ion vacancies (V OH 
−), calcium 

acancies (V Ca ), and oxygen vacancies (V O ) in phosphate and hy- 

roxyl ions. Finally, EPR measurements confirmed the presence of 

xygen and calcium vacancies in the HAp nanobelts, revealing sig- 

als generated by spin ½ systems that correspond with CO 2 
− and 

 O 
− radicals, O 2 

− anions adjacent to V Ca , and O 

− anions. 
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