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Introduction

Enhancing NIR emission in ZnAl;O4:Nd,Ce
nanofibers by co-doping with Ce and Nd:
a promising biomarker material with low
cytotoxicityt

*@ Fernando Rubio-Marcos, (2 ¢
€ Laura Pascual,

@ and José Francisco Fernandez

Rocio Estefania Rojas-Hernandez,
Giulio Gorni, ©2¢ Carlo Marini,® Mati Danilson,
Rodrigo Uchida Ichikawa,? Irina Hussainova

Development of new near infrared luminescent (NIR) emitters improves our understanding of their fun-
damental structure—property relationships. The ability to use efficient energy transfer to convert ultraviolet or
visible light photons to enhance the NIR emission has attracted a great deal of attention in down-conversion
applications. Taking advantage of the sol—gel impregnation process and growth of materials along a support
or template, core—shell structured nanofibers of ZnALO,4 — based ceramic doped with cerium and neodymium
were synthesized with the help of an elaborate facile and cost-efficient strategy. The color-tunable emissions
make this material a suitable host for a wide range of applications, e.g., bio-imaging, security markers, imaging
devices, optical coatings, and solar cells. This research correlates the defects and the remarkable optical prop-
erties of the developed structures. Specified conditions of sol—gel processing combined with the incorporation
of rare-earth elements in various concentrations provide the possibility of tuning the ratio between Ce*" and
Ce* in the nanofibers with an average diameter of 50 nm and, therefore, their functional response. It is
important to clarify the role of trivalent and tetravalent cerium cations in the modulation of NIR emission to
establish the luminescence mechanism. The NIR emitter luminescent compound ZnAlLO4:Nd,Ce, which
adopts a spinel-type structure, is studied using the X-ray absorption near-edge structure technique. For the
first time, this study reveals the energy transfer from Ce®* to Nd** and the enhancement of the NIR emission
due to the presence of Ce** in the ZnALO,:Nd,Ce spinel compound. Cytotoxicity analyses suggest the viability
of the synthesized nanofibers, which opens new avenues in bio-imaging applications.

final luminescence response. ZnAl,O, based spinel compounds have
been extensively studied and used in different applications such as

Spinel-type phosphors provide an attractive platform to study how
the local structure around the luminescence centers influences the
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catalytic supports or as an active material for automobile catalysis, as
a transparent conductive oxide, sintering aid and as a photo-catalytic
material.' ZnAlL,O, can be used as a blue or green pigment upon
doping with cobalt or nickel. Besides, ZnAl,O, is an appropriate host
for luminescence due to the transparency to wavelengths > 320 nm,
that promotes its use in lighting, and optoelectronic devices in the
VIS-NIR region and as a potential material to meet the requirements
of mid-infrared (MIR) optoelectronic devices or electroluminescent
displays.>® The luminescence of ZnAl,O, doped with Cr*" has been
reported* as well as the luminescence obtained by doping with rare
earth (RE) elements such as Eu, Tb, and Er/Yb cations.”” RE based
materials exhibit high photostability, high luminescence quantum
yield, and sharp emission bands, providing more selectivity for
testing. Recent studies also showed blue and white luminescence
in the pure ZnAlO, phase.®'° However, there is a lack of evidence to
determine which defect centers are responsible for such emissions
in an undoped matrix.
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During the past few decades, the study of near-infrared (NIR)
emission has attracted a lot of attention due to its potential
applications in the biological, optical, and solar energy fields. In
the case of ZnAl,O,, the NIR emission is scarce, and only one study
has addressed the luminescence of Nd*', where NIR emission was
demonstrated at 905 nm, 1064 nm and 1335 nm under 808 nm
excitation.' At the same time, a considerable amount of effort has
been devoted to enhancing the luminescence response from the far
UV to NIR range; different approaches can be addressed such as
the employment of plasmonic particles, dye sensitization, altera-
tion of the crystal field, construction of a core-shell structure, RE
sensitization, donor sensitization through the matrix, etc.">'® In
particular, the employment of a RE sensitizer has been mainly
adopted to solve the spectral mismatch of crystalline silicon-based
technology and the solar spectrum to improve the response in
optical amplifiers and biomedical applications, through the up-
conversion or down-conversion process. In particular, for NIR
emission, the sensitizer should fulfill some requirements such that
it should have an intense broadband absorption and its emission
must be in the region corresponding to twice the energy of the
cation selected to emit in the NIR range. The most promising
systems for downconversion rely on lanthanide cations (RE). Con-
sidering the energy levels of Nd**, as shown in the Dieke energy
level diagram'” the energy level structure of Nd*" has an excited
state at 880 nm above the ground state. Therefore, the character-
istic transition between Nd** energy levels corresponding to the
emission around 900 nm (*F5, — “Iy), 1070 nm (*F3, — *I11),
and 1330 nm (*Fs, — “L3),) is achieved, under 880 nm excitation,
as well with 808, 750 and 583 nm (strong absorptions bands of
Nd**). Nevertheless, direct excitation in the VUV range is quite weak
due to the rich energy level structure of Nd** cations and their lower
absorption cross-section. In order to increase the NIR emission a
self-activated host matrix or quantum cutting or down conversion
by suitable co-doping has been proposed.’®>' Ce*", Eu**, Sm*", and
Yb** exhibit intense excitation due to the f-d transitions as well as
the excitation bands in the UV-blue region. Generally, divalent and
trivalent cations are the most used due to their strong f-d transi-
tions. However, tetravalent lanthanides such as Ce, Tb and Pr
exhibit strong absorption in the nUV region due to charge transfer
transitions and their use has not been fully exploited.>* There is a
lack of in-depth study of the Ce/Nd pair. Yamaga et al.>* observed
luminescence peaks of Nd** for Nd:Ce:YAG ceramics under 354 nm
excitation; these lines do not appear in the single doped samples
with Nd, indicating that Ce*" plays an energy transfer role. The
enhancement of NIR emission in YAG ceramics was also described
by Samuel et al.,”* concluding that Ce ions are advantageous as a
co-dopant to Nd:YAG ceramics to achieve more efficient IR emis-
sion. The energy transfer from Ce®*" to Nd*" was also observed in
Ca,Sr;_,S:Ce®" Nd*" phosphors. However, these studies do not
specify the role of Ce*" or Ce*" in the host. On the other hand,
Vyas et al.,” studied the NIR emission resulting from the Ce** —
Yb**/Nd*" energy transfer in the K,CeQ; host, which was attributed
to the broad band in the absorption spectrum due to the charge
transfer absorption of Ce**. Similar results were observed for the
Li,CeO; host where a broad excitation band around 400 nm was a
feature of a charge transfer state (CTS) of Ce*', and the NIR
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emission at 1088 nm was observed when the host is doped with
Nd**.%® Thus, it was stated that the energy transfer from the Ce**-
O state can populate “D; levels of Nd*', following which Nd*' can
reach the “F;, state through several steps that involve the genera-
tion of phonons, and finally, a radiative transition occurs from this
state to *Io, “I112, and *I3, states. In particular, for Ce, there is a
first allowed charge transfer band of Ce*" due to the transition
ntiy — f£** Jogerson” presented the theory of Ce transition
pointing to the fact that the absorption bands of cerium in the
trivalent state are 2 times narrower than the electron-transfer bands
of cerium in its tetravalent state. These assumptions corroborate
the higher absorption due to the charge transfer band of Ce*".
From inspection of the Dieke’s diagram and taking into account
the previous assumptions, the potential couple Nd/Ce was chosen
in this study to functionalize the ZnAl,O, spinel-type structure.

As there is an apparent relationship between the luminescence
center and the local structure surrounding, it is of obvious
importance to study in-depth their presence on the ZnAl,0,
structure. ZnAl,O,, also called gahnite, has a spinel structure
belonging to the Fd3m space group and can have a direct or an
inverse structure. In the direct structure, the Zn>* cations occupy
the tetrahedral sites while the AI*" cations occupy the octahedral
sites.”® In the inverse spinel structure, a proportion of Zn** and
A" cations are in the octahedral sites and tetrahedral sites,
respectively. This proportion is called the inversion rate.

Besides, to obtain phosphors with enough luminescence
response, the process of synthesis usually requires high temperatures
for annealing. For this reason, most of the systems are prepared by a
conventional solid-state synthesis or a wet-chemical technique
followed by an annealing process, which usually results in large size
distribution, irregular morphology, and aggregated particles. These
methods do not allow fine control of the particle morphology, which
is a limiting factor for their potential applications. For this reason, it
is important to find a suitable method to prepare luminescent
nanostructures with a high degree of uniformity.

An alternative approach is the synthesis of nanofibers,
which is becoming more widely recognized due to the feasi-
bility to join different properties arising from the size, struc-
ture, porosity, and their assembly.>® Nanofibers have been
synthesized by different methods such as electrospinning,
self-assembly, phase separation, and template synthesis, repre-
senting the morphology of a potential characteristic to be used
in a wide range of applications such as filtration, sensors,
composite materials, textiles, bio-imaging, light-emitting
diodes, etc. Most of these methods are generally of laboratory
scale, so the efforts should be concentrated on development of
a scalable process for industries. Moreover, these methods
usually produce long and continuos fibers that are not suitable
for production of short fibers directly, which are beneficial for
some applications. To break up the long fibers, post-spinning
processes or modification to the electrospinning setup is
required.’® The process presented here is one of the most
preferred methods for the nanofiber production due to the
reduction of the additional processing steps as the ultra-
sonication process creates smaller pieces out of ultralong
fibers. In particular, for zinc aluminate based materials, the
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synthesis of nanofibers is quite limited; the ultra-long nano-
fibers of ZnAl,0, doped with Nd** and an average diameter of
450 nm have been synthesized using the electrospinning
technique.® The morphology can be tuned from nanofibers
to nanoparticles by changing the degree of polymerization of
PVP. The photoluminescence response is obtained in the 700-
100 nm range, demonstrating the main emission peak at
1064 nm under 808 nm excitation."* Ceramic nanofibers with
an average diameter of 160 nm and composed of ZnO, Al,O;,
and ZnAl,0, phases were produced by electrospinning and
used as a photocatalyst for the conversion of CO,.*?

Herein, we report a novel strategy for NIR emitters based on
ZnAl,04,:Nd,Ce nanofibers. The impregnation carried out
through the sol-gel route on gamma-alumina nanofibers as
templates serves to provide the desired nanofiber morphology.
Moreover, the procedure allows the functionalization of short
nanofibers fragments by doping. For the first time, ZnAl,0O,
homogeneous and well-dispersed nanofibers were synthesized.
The study follows the kinetics of the reaction of a sol-gel based
method and opens the evaluation of the concentrations of the
RE couple to enhance the luminescence performance. As
expected the Ce enhances the NIR luminescence.

Materials & methods
Materials

For the preparation of ZnAl,0,:Nd,Ce nanofibers, y-Al,O; nano-
fibers, Zn(NOs),-6H,0O (zinc nitrate hexahydrate, Sigma Aldrich,
reagent grade, 98%), Ce(NO;);-6H,0 (cerium c nitrate hexahydrate,
Sigma Aldrich, reagent grade, 98%), and Nd,O; (Metall Rare Earth
Limited, 99.5%), were used as precursors, distilled water was used
as a solvent and HNO; (Sigma Aldrich, 65%) was used as a catalyst.
The samples prepared had the nominal composition (in mol%);
henceforth, all compositions in this paper are expressed in mol%.

Synthesis

As a first step, the hydrolysis of Zn(NOs),'6H,O was initiated by
preparing a solution (solution A) composed of Zn(NO3),-6H,O and
water. After mixing, the solution was stirred at RT for 20 min. A
separate solution of cerium nitrate was prepared by dissolving the
required amount of nitrate in water (solution B). Nd,O; was dissolved
in nitric acid HNO; (Sigma-Aldrich, 65%) to form nitrate solution
(solution C). The last two solutions, B and C, were added slowly to
solution A while stirring. This solution was added dropwise onto the
v-AlLO; nanofibers and stirred for 30 min. After this stage the final
solution was sonicated using an UP200Ht, Hielscher to disperse
homogeneously the nanofibers. Due to the cavitation created during
the sonication process, nanofibers deagglomerate. The studied com-
positions are as follows: ZnAl,0,:xNdyCe (x = 0.02 and y = 0.02, 0.04,
and 0.06 mol%) doped only with Nd and co-doped with different Ce
doping concentrations and annealed at 1200 °C for 2 hours in air.

Structural and microstructural characterization

The crystalline phases were characterized by analysing X-ray
diffraction (XRD) data collected using a Rigaku SmartLab SE

This journal is © The Royal Society of Chemistry 2021
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with a D/teX Ultra 250 1D detector. The X-ray source is a
copper sealed 2 kW tube target producing Cu Ko and Kf
emission lines from a generator in this case operating at
40 kV. The measurements were performed at room temperature
from 10 to 110° (20) with a 0.01° step with 10 seconds per step
to optimize the application of Rietveld refinement.**** The
refinements were performed using TOPAS 6 software.

Raman spectroscopy was carried out using a confocal Raman
microscopy instrument (Witec ALPHA 300RA) with a Nd:YAG laser
excitation at 532 nm at RT and a 100x objective lens (NA = 0.95).
The incident laser power was 0.171 mW. The optical diffraction
resolution of the confocal microscope was limited to about
~230 nm laterally. Raman spectral resolution of the system is
down to 0.02 cm™*, under the best measurements conditions. The
microscopy sample was mounted in a piezo-driven scan platform
having a 4 nm lateral accuracy. The collected spectra were pro-
cessed and analyzed by using Witec Control Plus software 2.08.

For microstructural characterization of the nanofibers, a field
emission scanning electron microscope (FE-SEM Zeiss ULTRA-55,
Germany) equipped with an EDS (energy dispersive X-ray spectro-
meter, BRUKER, Esprit 1.82 system, USA) with a voltage of up to
20 kv and magnification up to 50kx was used. In addition, the
detailed morphology and crystal structure of the sample were
evaluated using a 200 kv (TEM/STEM) JEOL 2100F transmission
electron microscope equipped with a field emission electron gun
giving a point resolution of 0.19 nm. EDX analysis was performed
with an X-Max80 detector (Oxford Instruments) attached to the
equipment. For TEM sample preparation, the particles were care-
fully suspended in ethanol and dispersed using an ultra-sonication
bath for 10 minutes. A drop of the suspension was deposited on a
conventional lacey carbon copper TEM grid. After the evaporation
of ethanol, the particles were retained at the grid.

X-ray absorption near-edge structure spectroscopy (XANES) and
extended X-ray absorption fine structure spectroscopy (EXAFS)
were carried out at Ce Lz-edge, Nd L,-edge and Zn K-edge at the
CLAESS beamline of the ALBA synchrotron facility. The spectra at
Ce and Nd L-edge were collected in fluorescence mode on pellets
placed at 45° incidence and the fluorescence signal was measured
using a 6-channel silicon drift detector (SDD) Xspress3 from
Quantum Detector. For Zn K-edge, the pellets were measured in
transmission mode by diluting a suitable amount of sample in
cellulose and the incident and transmitted signal measured by two
ionization chambers. All the measurements were performed at
room temperature (RT). The final spectra represent an average of
at least three XAS scans. The X-ray absorption data were analyzed
using ATHENA and ARTHEMIS software.>

X-ray photoelectron spectroscopy (XPS) was carried out with the
help of a Kratos Analytical Axis Ultra DLD spectrometer equipped
with a monochromatic Al Ko X-ray source and an achromatic Mg
Ko/Al Koo dual anode X-ray source. The monochromatic Al Ko
anode (1486.6 eV) was operated at 150 W and 15 kV. The 180°
hemispherical energy analyzer with an average radius of 165 mm
was operated using a hybrid lens mode at a pass energy of 160 eV
for survey spectra and 20 eV for region spectra. XPS spectra were
recorded at a take-off angle of 90° from the surface of the sample
holder using an aperture slot of 300 x 700 pm?. Samples were
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mounted on a stainless-steel sample bar (130 x 15 mm?®). The
relative atomic concentrations of the elements were determined
from the appropriate integrated peak areas at the core level and
the sensitivity factors provided by the original analysis Kratos
Vision 2.2.10 software. The Shirley background subtraction was
used to calculate the relative atomic concentrations.

Optical characterization

The UV-VIS-NIR was performed using a PerkinElmer LAMBDA
1050 UV-VIS-NIR spectrophotometer. The luminescence properties
of these materials were examined by recording the emission
spectra. The photoluminescence (PL) spectra of the phosphor
particles were recorded with a spectrofluorometer (Fluorolog®-3,
HORIBA Jobin Yvon) at RT. The emission spectrum was recorded
over the wavelength range of 830-1400 nm, using a xenon arc lamp
as the excitation source (Aex. = 825 and 359 nm).

Cytotoxicity assays

The tumor epithelial cell line HeLa (cervix adenocarcinoma) was
used in this study for cytotoxicity analysis. HeLa cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS), 50 units per mL penicillin
and 50 pug mL ™" streptomycin. Cell cultures were performed in a
5% CO, atmosphere at 37 °C and maintained in a Steri-Cult 2000
incubator (Hucoa-Erloss, Madrid, Spain). The cells were seeded at
24-multiwell dishes (Falcon, St. Louis, MO, USA). Experiments
were performed with cells at 60-70% of confluence.

a
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A suspension of ZnAl,O, was prepared in phosphate buffered
saline (PBS). Then, ZnAl,O, suspensions with solid concentrations
of 1, 10 and 100 pg mL ' were prepared in DMEM from the
suspension in PBS. Cells were incubated for 24 h with appropriate
concentrations of ZnAl,0O,. After incubation, cells were washed three
times with PBS and incubated again with DMEM for 24 h. Finally,
the cell viability was determined after treatments using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, called the
MTT assay. The MTT assay is a colorimetric method for measuring
the activity of mitochondrial enzymes. The enzymes reduce the
yellow MTT dye to its insoluble formazan, which has a purple color.
Therefore, the amount of formazan formed is proportional to the
number of living cells. To determine the cell survival, the 540 nm
absorption band is measured in each assay, obtaining an optical
density (OD) value at 540 nm wavelength. Microscopic observations
and photography were performed using an Olympus BX61 epifluor-
escence microscope, equipped with an Olympus DP50 digital
camera Micromax; Princeton Instruments.

Results & discussion

1. Development of ZnAl,0,:Nd,Ce nanofibers combining an
attractive impregnation sol-gel process and a y-alumina seed as
a support

Fig. 1a presents the measured X-ray diffraction (XRD) data and
its modelling using the Rietveld refinement for the ZnAl,O,:
xNd,yCe (x = 0.02, and y = 0.02, 0.04 and 0.06 mol%) doped only
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Fig. 1 (a) XRD analysis of the ZnAl,O4 nanofibers doped with 0.02Nd and co-doped with 0.02Nd 0.02Ce, 0.02Nd 0.04Ce and 0.02Nd 0.06 (mol%). Red,
green, gray, and blue peaks at the bottom of the figure represent the reflection positions of y-Al,Os, cerium oxide, zinc oxide, and zinc aluminate phases,
respectively. The red line is the fitting obtained, the blue line is the difference and the scatter-line corresponding to each dopant concentration is the
experimental data. (b) Raman spectra obtained using 532 nm laser as the excitation source. In the bottom, the Raman spectra of CeO, (orange-solid line)

and y-AlLOs3 (pink-solid line) were included as the reference spectra.
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with Nd and co-doped with different Ce doping concentrations
annealed at 1200 °C for 2 hours in air.

Well-defined features appear in the XRD patterns obtained
from the samples annealed at a temperature of 1200 °C, due to
the crystallization of zinc aluminate. In particular, two main
peaks appear at 36.8 and 31.2° 20, which are associated with
(311) and (220) crystallographic planes, marked reflections are
in the bottom with a blue square symbol “[J” in Fig. 1a, which
are characteristics of the facet diffraction of the FCC ZnAl,O,
phase. The diffraction data are in good agreement with the
Joint Committee on Powder Diffraction Standards (Powder
Diffraction File (PDF)) card of [PDF: 04-007-6610]. The diffrac-
tion peaks confirm that in our system, the annealing tempera-
ture above 1200 °C is suitable to obtain polycrystalline ZnAl,O,
nanofibers. The presence of a “bump” to the high 20 side of the
peaks at 37.8, 44.81, and 65.2° 20 suggests that the y-Al,O;
phase remains in the structure. Two additional peaks at 28.45
and 47.38° 20, corresponding to the crystallographic planes
(111) and (220) of Ce, are detected; the marked reflections are at
the bottom of Fig. 1a with a green triangle symbol “A”.

To further understand the phase composition and site occupa-
tion of Zn>* and AI’* cations, Rietveld refinement was performed
for ZnAl,0,:xNd,yCe (x = 0.02 and y = 0.02, 0.04 and 0.06 mol%), as
shown in Fig. 1a. All the refinements demonstrated the acceptable
R, factors (Table 1). ZnAl,O, has a cubic crystal structure belong-
ing to the spinel compounds having the general formula AB,O,,
with a space group, Of-Fd3m, #227; the structure consists of close-
packed arrays of oxygen atoms which form 64 tetrahedral sites and
32 octahedral sites. One-eighth of the tetrahedral and one-half of
the octahedral sites were occupied by the heterovalent cations.
Normal spinels are characterized by the location of the Zn>*
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cations in tetrahedral sites and AI*" cations in octahedral sites. If
Zn>"* cations are located in the octahedral sites and, as a conse-
quence, AI*" cations occupy the tetrahedral sites, there is an
inversion. Therefore, a whole range of distribution of cations is
possible in the spinel-type phosphor which can be represented by
the general formula (M>";_sAI**s) [M**;AI**,_5]0,, where cations
inside the round and square brackets are said to occupy the
tetrahedral and octahedral sites, respectively. Delta (0) represents
the degree of inversion (defined as the fraction of the tetrahedral
site occupied by AI** cations). If § = 0, the spinel-type phosphor is
normal; when ¢ = 1, the spinel ferrite is inverse. However, if 0 <
0 < 1, the spinel is mixed. The degree of inversion has determined
some specific physicochemical properties, and their functional
behavior can be modulated through the cation distribution. The
calculations were done for the Fd3m space group in which
the octahedral 16d sites are shared by AI** and the tetrahedral
crystallographic 8a sites are occupied by Zn>" cations. The refined
parameters, lattice parameter, occupancy, oxygen atomic posi-
tions, atomic displacement factor for the main phase and the
weight percent, are summarized in Table 1 for each sample.
Atomic positions and atomic displacement factors did not show
discrepancies when compared with values available in the litera-
ture. The occupation parameters confirm the presence mainly of
Zn*' and AP’' cations in the tetrahedral and octahedral sites,
respectively. Around 1-2% of Zn cations occupy the octahedral
sites and 2-4% of Al cations occupy the tetrahedral sites. Therefore
the degree of inversion is 0.97, 0.97, 0.98 and 0.95 for the ZnAl,O,
nanofibers doped with 0.02Nd and co-doped with 0.02Nd 0.02Ce,
0.02Nd 0.04Ce and 0.02Nd 0.06 (mol%), respectively. The amount
of the different phases after the thermal treatment at 1200 °C is
summarized in Table 1. The table indicates the presence of around

Table 1 Rietveld refinement results. x,y,.z O-oxygen refined position. Occ Zn tetra-occupation factor of Zn in the tetrahedral site. Occ Al tetra-
occupation factor of Al in the tetrahedral site. Occ Zn octa-occupation factor of Zn in the octahedral site. Occ Al octa-occupation factor of Al in the
octahedral site. U Zn, Al tetra (A%) atomic displacement factor (aka thermal motion parameter) for Zn and Al in the tetrahedral site. U Zn, Al octa (A%)
Atomic displacement factor (aka thermal motion parameter) for Zn and Al in the octahedral site

0.02Nd (mol%)

0.02Nd 0.02Ce (mol%)

0.0Nd 0.04Ce (mol%) 0.02Nd 0.06Ce (mol%)

ZnAlL,0,

Cell param. a (A) 8.0859 (2) 8.0846 (3)
x),2 0 0.2648 (2) 0.2646 (2)
Occ Zn tetra 0.971 (4) 0.976 (3)
Occ Al tetra 0.029 (9) 0.024 (7)
Occ Zn octa 0.011 (6) 0.018 (2)
Occ Al octa 0.989 (3) 0.982 (3)
U global (A% 0.0151 (5) 0.0086 (4)
Weight percent (%) 85.5 (8) 79.3 (9)
Gamma-Al,O;

Cell param. a (A) 5.675 (5) 5.666 (3)
Cell param. ¢ (A) 7.884 (7) 7.899 (6)
Weight percent (%) 14.2 (8) 19.7 (8)
ZnO

Cell param. a (A) 3.254 (8) 3.246 (7)
Cell param. ¢ (A) 5.227 (9) 5.199 (6)
Weight percent (%) 0.3 (1) 0.6 (1)
CeO,

Cell param. a (A) — 5.420 (9)
Weight percent (%) — 0.4 (1)
Ryp (%) 19.22 17.27
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8.0866 (1) 8.0852 (2)
0.2652 (1) 0.2651 (2)
0.980 (1) 0.951 (2)
0.020 (1) 0.049 (1)
0.006 (4) 0.022(2)
0.994 (2) 0.978 (2)
0.0098 (3) 0.0087 (4)
84.8 (6) 84.2 (6)
5.662 (2) 5.673 (3)
7.890 (4) 7.904 (5)
14.1 (6) 13.3 (7)
3.248 (5) 3.249 (1)
5.198 (1) 5.197 (1)
0.5 (1) 0.8 (1)
5.425 (1) 5.426 (5)
0.6 (1) 1.7 (1)
12.57 13.52
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14% of AlL,O;; the contribution of secondary phases, such as
cerium oxide and ZnO, is quite low, being less than 0.8% for
ZnO and 1.7% for cerium oxide. The XRD results allows the
determination of the reminiscence of unreacted Al,O; in the
presence of ZnAl,O, phase.

The average Raman spectra for the Nd doped and Ce co-doped
nanofibers are shown in Fig. 1b. The Raman spectra are repre-
sented in the Raman shift range of 100-1100 cm ™" in Fig. 1b. The
irreducible representation for ZnAl,O, is I': Ay + Eg + 3T2,, + 245,
+ 2B, + 5Ty + 2T5,.°*>° The Group theory predicts 5 Raman active
modes, Asg, Eg, and 3T2,,. The Raman spectra of the ZnAl,0,:xN-
d,yCe, are governed by two main Raman peaks observed around
418-420 and 659 cm ' as well as two small bumps at 197 and
510 cm ™ '. The Raman peak around 800 cm ™ attributed to A, is
not observable. The Raman spectra did not reveal characteristic
vibrations of pure ZnO phase that has characteristic Raman modes
located at 99, 333, and 438 cm™.*° Also, y-Al,Oj; is not observed
due to the difficulty to detect Raman modes of this phase because
the spectrum is usually dominated by the fluorescence back-
ground that covers the Raman spectra of y-Al,0;.*" The samples
co-doped with cerium exhibit also a Raman mode corresponding
to the Ce-O-Ce symmetrical stretching vibration of the oxygen
atoms around cerium cations*>** The Raman peak at 545 cm™"
can be ascribed to the oxygen vacancies introduced into the ceria
lattice to maintain charge neutrality when Ce" cations are re
placed with trivalent cations.**

The Tyy(1) (197 cm™ ') mode is assigned to a complete transla-
tion of the AO, tetahedra within the spinel structure and T,4(2) is
assigned to the motion of cations occupying only the tetrahedron.
These modes in the samples are quite weak, and only small bumps
located in these Raman shifts are recognizable. The main Raman
peak around 418-420 cm ' is assigned to the E;, asymmetric
bending motion of the oxygen atoms within the tetrahedral sites.
The Raman mode T,y(3) at 659 cm ™" is related to the nature of the
octahedral cation, following the analogy of ZnGa,O, structure
characterization.*® It has been stated that the E, peak position is
affected by the type of cation occupying the tetrahedrally and
octahedrally coordinated sites and the E, peak shifts to lower
wavelengths when the cation radius is higher. In case the
Nd occupies the tetrahedral sites, its cation radius is higher (Nd:
0.983 A), in comparison with the Zn radius (Zn: 0.569 A). In
comparison with the undoped sample, the incorporation of
0.02Nd mol% leads to a Raman shift of the peak from 419.97
(undoped sample) to 418.48 cm™'. The FWMH also changes from
5.9 to 6.4 cm ! due to the effect of the occupational disorder. This
behavior is also observable for the Raman peak around 659 cm™;
the position changes from 659.16 to 658.89 cm '. The peak is
slightly broader (9.57 to 10.45 cm™*). It means that the addition of
Nd causes cation disorder and as a consequence all the Raman
peaks broaden.® It seems that the incorporation of cerium does
not have an evident disorder in the structure. The E, peak as well
as the T,g(3) peak shift to higher wavelengths and the FHWM is
higher than the FHWM of the undoped sample but not higher
than that of the sample doped only with Nd.

An impregnation process through the sol-gel route followed
by annealing was selected to make use of the y-Al,O; nanofiber
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morphology used as the precursor. The as-received y-Al,0;
fibers are of 200 nm to 1.2 pm long with a smooth surface of
20-50 nm diameter and were used as the precursors. The
characterization of y-Al,O; is summarized in SL.1. (see ESL¥
Fig. S1). By the synthesis strategy proposed, the morphology of
the as-received nanofibers is retained to synthesize the
ZnAl,04:Nd,Ce nanofibers. The y-Al,O; precursor was used as
a template to control the ZnAl,0, growth. The morphology and
diameter of the synthesized nanofibers were examined by field
emission scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM). After
annealing at 1200 °C for 2 h, the synthesized compounds retain
the morphology of nanofibers, but the length decreases due to
the sonication that breaks the fibers into shorter strands
(Fig. 2a). As shown in the low magnification TEM image in
Fig. 2b, the average diameter of nanofibers is 50 nm. Crystal
planes of a ZnAl,0, domain can be observed, Fig. 2c. Large
scale crystal lattice fringes can be obviously seen, which indi-
cate the excellent crystallization of the ZnAl,O, grains. Distance
d spaces of ~2.08 and 4.6 A correspond to the (022) and (111)
crystal planes of the ZnAl,O, phase, respectively. The fast
Fourier-transformed pattern in the inset of Fig. 2c shows the
(110) growth direction, as shown in the schematic of Fig. 2d.

A detailed interpretation of the kinetics of the reaction and
formation of ZnAl,O, crystals was also carried out, as shown in
the scheme in Fig. 2d. The first stage in the formation of
ZnAl,0, crystals from the impregnation of the gamma-
alumina fibers (stage I in the scheme in Fig. 2d) is the oriented
nucleation along the pre-existent y-Al,O; fibers. The nanofibers
can appear aggregated, forming bundles or without aggregation
(stage II in the scheme in Fig. 2d). The nanofibers are aggre-
gated more or less parallel, forming small angles in bundles.
The nucleation continues and the crystals start to grow around
the nuclei; the segmented fibre structure appears to be retained
during the growth of crystals. These segmented entities of
rectangular shape, which are designated as laths, are the
fragments of the block which form the entire fiber (stage III
in the scheme in Fig. 2d). These crystalline laths or domains are
orderly arranged along the axial direction of the single nano-
fiber. The schematic shows (110) closed-packed chains, which
are formed during crystallization. This (110) growth can occur
without a seed, and that is how the first ZnAl,0, crystallite is
formed, which acts as a template for the successive formation
of ZnAl,0, nanolaths (prismatic crystals elongated along the
(110) direction). Nanolaths aggregate and form rods from the
units designated such as the laths. The width of the rods is in
the nanometric scale of ~50 nm, and this dimension is limited
by the initial diameter of y-Al,O; fibers. The length of the fibers
can vary greatly as we explained before due to the sonication
process that breaks the fibers into shorter strands.

From the previous microstructural and morphological char-
acterization the presence of unreacted y-Al,O; fibers is not
evident. However, the presence of remaining y-Al,O; as the
secondary phase was revealed through the XRD analysis. The
formation of the spinel ZnAl,O, solid solution is governed by a
solid-state diffusion mechanism. In our case, the use of y-Al,O3

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Microstructural and morphological characterization of the ZnAl,O4 nanofibers synthesized: (a) FE-SEM micrographs of the ZnAl,O4 nanofibers
(scale bar corresponds to 100 nm). (b, c and f) HRTEM image of the ZnAl,O4 nanofibers (scale bar in b and c corresponds to 50 and 10 nm, respectively).
(d) Scheme of the kinetics of the reaction and formation of ZnAl,O4 (e) EDS line-scan analysis of co-doped 0.02Nd 0.02Ce (mol%) ZnAl,O4 nanofibers.

as a seed fiber alongside the impregnation method could imply
the formation of a spinel phase layer such as the external cover
of the y-Al,0; nanofiber because the surface diffusion pro-
cesses are favored over the volume diffusion processes. As a
consequence, the complete reaction between ZnO and Al,O; is
limited by the kinetic reaction. The diffusion of Zn via the
ZnAl,O, interface controls the rate formation at a higher
temperature of 1200 °C. Assuming that the ZnAl,0, restricts
the complete formation of the spinel phase, it is expected that
some v-Al,O3; remains in the core of the ZnAl,O, nanofibers.
For this reason an energy dispersive spectrum (EDS) line scan
was carried out in the ZnAl,O, nanofibers to evaluate this
possible proposed scenario in the impregnation process.

Fig. 2e shows the TEM micrograph of the ZnAl,O, nano-
fibers co-doped with 0.02Nd 0.02Ce (mol%) and Fig. 2f presents
the EDS line profile showing the distribution of Zn, Al along the
fibre. The EDS profile also displays direct evidence of the
formation of the core-shell structure (Stage IV in the scheme
in Fig. 2d). The Al related counts show the maximum at the core
region and the Al is also present at the shell zone due to the
contribution of the ZnAl,0, phase as a 3-5 nm layer (marked in
the figure) and Zn is present along all the profile. It is
important to mention that due to the small amount of Nd
and Ce present in the fibers, EDS cannot detect them because it
is out of the range of measurement of the technique. However,
the presence of both elements is confirmed by XANES, XPS and
optical spectroscopy as described in the next sections. The line-
scanning analysis agrees with the XRD results.

2. Luminescence properties of ZnAl,0,:Nd,Ce nanofibers

Fig. 3a-e show the luminescence response of the ZnAl,0, nano-
fibers doped with neodymium and co-doped with cerium. The
excitation spectra of the 1059 nm emission (*Fs, — *Ij15,) are

This journal is © The Royal Society of Chemistry 2021

shown in Fig. 3a. The excitation spectra show that 359 nm is the
strongest excitation wavelength for 1059 nm emission for the
material co-doped with cerium. Besides, the excitation wavelengths
assigned to Nd are also observable. From the NIR emission
spectra, it can be seen that there are three emission regions from
860 to 970 nm (*Fz, — *Io); 1020 to 1200 nm (*Fs, — *Iyy5) and
1280 to 1400 nm (*F3, — “I;37). The emission around 1059 nm
consists of three peaks, which are at the wavelength of 1047, 1059,
and 1079 nm. All of the emission peaks are assigned to Nd
emitters. The peak intensity of Nd*" emission at 1059 nm under
Jexc = 359 nm is greatly enhanced by the co-doping of Ce. This
indicates that there is Ce — Nd energy transfer in the down-
conversion luminescence process. The ZnAl,0O, nanofibers doped
only with Nd do not show emission peaks under excitation at
359 nm (see the detailed spectrum of Fig. 3a in Fig. 3e), this
corroborates that co-doping enhances the emission in the NIR
range. The UV-vis absorbance spectra shown in Fig. 3¢ confirm the
Ce absorption; the broad band located in the 250-400 nm range
assigned to Ce absorption is observable in ZnAl,O, nanofibers co-
doped with Nd-Ce. From the absorption spectrum acquired in the
200-900 nm range of the ZnAl,O, undoped nanofibers, the small
absorption band below 374 nm assigned to the host is visible.
With the incorporation of cerium, a broad absorption band
appears; starting to appear at 397 nm. This band is related to
cerium absorption. For the Nd and Ce co-doped samples the broad
band of cerium is present as well as different absorption peaks
related to neodymium.

The nanofibers can be also excited directly by different excita-
tion peaks that are located at 514, 527, 583, 685, 742, 801 and
825 nm assigned to *Gop; *Gy2; *Gsja, “Gyjz; *Fojz; *Fojzy *Ssp; and
*Fs), “Hop excited state of Nd** cations, respectively, that are
present in both excitation (Fig. 3a) and absorption spectra
(Fig. 3c). When the amount of cerium increases the band related
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Fig. 3 Optical spectroscopy study corresponding to the ZnAl,O4 nanofibers undoped, doped with 0.02Nd and co-doped with 0.02Nd 0.02Ce, 0.02Nd

0.04Ce and 0.02Nd 0.06 (mol%): (a) excitation spectrum recorded at emissi

on wavelength 1059 nm. (b) Emission spectra under 359 nm excitation. The

inset shows that the stronger excitation band is located at 359 nm. (c) UV-VIS-NIR absorption spectra. (d) Emission spectra under 825 nm excitation.
(e) Detailed emission spectrum of the sample doped only with Nd under 359 nm.

to Ce absorption increases as well. Under 825 nm (Fig. 3a), the
strongest emission band covering 1020-1139 nm is assigned to the
transition “F3, — *Ii15, and the other band covering 1239-
1400 nm is ascribed to the *F;, — I3, transition. With the
incorporation of Ce, the emission band is almost similar for all
concentrations, indicating that only Nd is important under 825
excitation (Fig. 3d). It is important to remark that fluorescence
imaging is a useful technique for bio-imaging and bio-sensing
applications. Specifically for in vivo bio-medical applications, it is
better to use the NIR region due to the low absorption and
autofluorescence from the tissues, improving the penetration
depth. It is advisable that the excitation and emission wavelengths
should be confined within the biological transparency window
(700-1000 nm). Therefore, as it can be inferred from Fig. 3d, both
emission and excitation wavelengths of ZnAl,0, nanofibers co-
doped with Nd-Ce are located in the optical window of cells and
tissues (700-1100 nm). However, the UV-visible excitation can
serve complementarily due to the superficial sensing depth, for
use in pre-clinical tumor assays, as well as, in in vivo if the
excitation of the biomarker in the visible range is relatively
harmless to the body of animals.”’*®

Based on our observations, where the emission intensity for
the NIR emission strongly increases with the cerium incorpora-
tion in comparison with the sample doped only with Nd
(Fig. 3e), the emission could be related to the charge energy

664 | J Mater. Chem. C, 2021, 9, 657-670

transfer from Ce to Nd*". It is not possible to state if the energy
transfer and the enhancement are due to Ce** or Ce** cations.
As we explained in the Introduction section, the absorption
bands of cerium in the trivalent state are 2 times narrower than
the electron-transfer bands of cerium in its tetravalent state.
Therefore, it is expected that the enhancement would be related
to cerium in its tetravalent state. However, from photolumines-
cence experiments it is difficult to generate a clear statement.
We can conclude that when the ZnAl,0, nanofibers co-doped
with Nd-Ce are excited directly at 825 nm, an emission peak
centered at 1058 nm related to Nd transition appears, indicat-
ing the potential of these compounds to be suitable candidates
for biological markers. In addition, it is possible to make use of
the excitation out of the biological transparency window (700-
1000 nm) for in vitro and specific bio-imaging studies, which
use superficial sensing depth for analysis in the pre-clinical
assays rather than the sub-surface assays.

The main result obtained for the first time to our knowledge
is that we can significantly increase the emission in the NIR
range with the incorporation of a low amount of cerium
cations. Three main emission bands related to Nd** cations
have been observed for these samples centered at 898 nm,
1079 nm, and 1362, while the most intense peak is at 1087 nm,
which is the most interesting from the application point of
view. ZnAl,O, nanofibers co-doped with Nd-Ce are good
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candidates as phosphors for in vitro bioimaging purposes with
the intense emission produced through energy transfer from Ce
to Nd after excitation in the UV spectral region.

3. Understanding ZnAl,0,:Nd,Ce nanofiber structure-
property relationship

The local structure surrounding the Zn**, Ce*, Ce*" and Nd**
cations was explicitly studied across the ZnAl,O, nanofibers
undoped, doped with Nd and co-doped with different concentra-
tions of cerium (0.02, 0.04 and 0.06 mol%), by using the XAS to
investigate the X-ray absorption near edge structure (XANES) and
the extended X-ray absorption fine structure (EXAFS) to determine
the local structure. The XANES spectra were collected at the Ce
Ls-edge and Nd Ly-edge for the doped ZnAl,0,:xNd,yCe (x = 0.02 and
=0.02, 0.04 and 0.06 mol%) nanofibers and are shown in Fig. 4a—e.

The Ce Lj-edge exhibits the presence of mixed-valence
cerium, which makes the XAS complex (Fig. 4a). The XANES
spectra for all the ZnAl,0,:xNd,yCe (x = 0.02 and y = 0.02, 0.04
and 0.06 mol%) nanofibers show two well-resolved white lines
similar to the spectra of mixed-valence Ce. The characteristic
white line at 5727.66 eV of a typical Ce** is observed in e.g.,
Ce(NO3)3-6H,0 compound. The spectrum of CeO, exhibits a
double white line characteristic of the two cerium ground-state
electronic configurations, 4f° and 4f'. The main peak located at
5731.92 is assigned to the final state of 2p4f'5d'v and attri-
buted to Ce**. Additionally, the spectra show another peak at an
energy of 5738.97 eV, nearly 7 eV above the main white line
which can be ascribed again to the Ce"" electronic configu-
ration (the final state of 2p4f°5dv).

Different approaches have been proposed to support the
analysis of Ce XANES spectra. The four peak fitting where a pre-
edge feature (Peak a) located at 5715 eV due to dipole-forbidden
2ps;, — Af transition, two main features located at 5735 (Peak c)
and 5726 eV (Peak d) due to the mixture of the multi-electron
configurations L4f°5d" and L4f'5d" and a low energy peak located
at 5722.5 eV (Peak b) due to the splitting of Ce 5d states in the
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cubic crystal field of the oxygen is considered.*>*° The observed
peaks in the Ce L;-edge XANES spectra were fitted with Gaussian
or Lorentzian functions and arctan functions were added to
simulate the continuum edge jump in the spectra.’® Another
approximation was done by Overbury et al. estimating the height
difference between peak b and peak d, after subtracting a standard
Ce*" spectrum.”® Other authors employed linear combination
fitting (LCF), assuming that the XANES spectrum of the samples
at the Ce L; edge is composed of a weighted sum of a standard
Ce*" (micron-sized CeO,) spectrum and a standard Ce®*" (micron-
sized Ce,Ss) one. In this case, the fraction of each phase (Ce** and
Ce*") is given by the weight factor of the spectra. It is important to
remark that this approach assuming that CeO, as a standard for
100% Ce*" and 0% Ce*** is not totally true because CeO, contains
traces of Ce*".*

The ratio of the fractions of Ce*" and Ce®" ions was deter-
mined by using LCF to obtain the Ce*'/Ce*" concentrations in
ZnAl,0,:0.02Nd,yCe (y: 0.02, 0.04 and 0.06) co-doped nano-
fibers and by assuming that the Ce L;-edge XANES spectra of
ZnAl,0,:0.02Nd,yCe co-doped nanofibers are a linear combi-
nation (LC) of a CeO, spectrum and a Ce(NO3);-6H,0 spectrum.
As we stated previously, CeO, contains traces of Ce*", the x-axis
represents the relative increment of Ce**, considering the Ce*"
trace in CeO, as a constant in all the samples. It should be
emphasized that the percentage of photoluminescence inten-
sity increases accordingly with the quantity of cerium incorpo-
rated in the ZnAl,O, structure. A higher concentration of the
sensitizer, Ce, implies a higher concentration of the Ce**
fraction, as seen in Fig. 4b (see ESI,T Fig. S2). The coexistence
of Ce*" and Ce*" and the ability to control their relative fraction
allow the design and preparation of new NIR emitting
materials.

Concerning the EXAFS studies in Ce L;-edge, the distance Ce-O
in Ce,0; is approx., 2.1 A, while in in CeO, is approx., 2.2 A. In this
study, the Ce-O distance is found to be around 2.3 A and it
progressively decreases from R = 2.34 + 0.01, 2.32 £ 0.01 and
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Fig. 4 XANES analysis of the Ce Ls-edge and Nd L,-edge to the ZnAl,O4 nanofibers co-doped with 0.02Nd and 0.02, 0.04 or 0.06Ce (mol%). (a) XANES
spectrum of the samples at the Ce Lz edge. The fitting of each sample is presented with the dashed red-line. (b) Luminescence intensity centered at 898,
1079, and 1362 nm as a function of the percentage of Ce*" calculated for each sample. (c) XANES analysis of the Nd L,-edge, showing the linear
combination fitting (LCF) for XANES of Nd L,-edge white line using an arctan (dashed pink) with a pseudo-Voigt function (PVF, dashed blue). (d) White line
intensity detailed study of Nd L,-edge. (e) WL intensity as a function of the Ce doping level.
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2.31 + 0.01 A for samples doped with 0.02Nd and co-doped with
0.02, 0.04 and 0.06Ce (mol%), when the Ce content increases.
Regarding the ¢> (DW factor), the general tendency is to decrease
with an increase in the Ce content. For the lowest doped level, a
higher disorder is observed (20 + 10 x 102 A%) as compared to the
highest doped level (5 == 1 x 10~ A?). This fact could be associated
with the formation of clusters for higher doping levels.

The XANES spectra of Nd,O; reference at L,-edge together with
the Nd-doped and Nd-Ce co-doped nanofibers are shown in
Fig. 4c. The Nd,O; standard exhibits the L,-edge XANES spectrum
with a sharp white line at 6723 eV and two small features at 6737
and 6758 eV. The XANES spectra were fitted by an arctan plus a
pseudo-Voigt function. The error bar for the WL intensity is
~0.004, hence it is inside the spot size, and it was estimated by
the the maximum difference between the intensity of the spectra.
Very good fits are obtained as indicated by the low R-factor. XANES
analysis shows that the absorption edge position does not change
with the increase of Ce concentration. A detailed inspection of the
WL intensity shows that the WL intensity increases with Ce-doping
(Fig. 4d). To interpret the intensity of RE L, and Ls-edges, in our
case the Nd L,-edge, the intensity is determined by the density of
unoccupied 5d states and the transition matrix elements. Usually,
the stronger WL intensities can be assigned to the degree of
covalent bonding between the rare earth and ligands. The varia-
tion of WL intensity is ascribed also to the competition between
oxygen vacancies and localization of RE-d states.>*”> Generally, the
WL intensity decreases at higher doping concentrations due to the
higher quantity of oxygen vacancies.>>>> Here, the Nd L,-edge WL
intensity shows an increase with Ce-doping (Fig. 4e), suggesting an
increase of the localization of the RE empty d density of states.

In principle, the study of the Zn K edge may provide
information about the oxidation state and, in some cases,
allows the separation of the contributions of the Zn cations
in tetrahedral and octahedral sites. With insights derived from
inspecting the XANES spectra, the analysis confirms the EXAFS
results. The Zn K edge XAS spectra of references such as
Zn(NO,)3-6H,0 and ZnO together with ZnAl,0, undoped and
0.02Nd, 0.06 (mol%) Ce co-doped nanofibers are shown in

a oz, Zn2p,, b
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Fig. S2a and b (ESI{). From XANES results of the Zn K edge,
there is no considerable difference between the undoped and
the highest doped samples, so we cannot conclude a rough
indication of tetrahedral or octahedral units. However, the
presence of the four features at 9663, 9667 and 9672 eV and a
shoulder at 9678 eV can be assigned mainly to tetrahedral
contribution. From EXAFS experimental results obtained, in
particular the Fourier transform (FT) at the Zn K-edge, a low
degree of inversion seem to be present since at the Zn K-edge
the most intense peak is centered at about 3 A (mostly tetra-
hedral environment) (see ESIL, Fig. S2b). These results corro-
borate the results obtained from XRD refinements.

To study the electronic structure of the Nd-doped ZnAl,0,
and Ce co-doped nanofibers, the high-resolution photoelectron
spectra of Zn, O, Al and Ce core levels were recorded and are
shown in Fig. 5a—c and 6, respectively. The analysis of the XPS
yields the detailed chemical composition at the nanofiber
surface. To determine the positions of the various components,
the spectra were deconvoluted using a peak fitting process. The
Zn 2p core-level spectra of nanofibers recorded at RT exhibit a
doublet assigned to Zn 2p3,, and Zn 2p,, located around 1022
and 1045 eV (Fig. 5a). Druska et al.>® established that tetra-
hedrally coordinated species exhibit a peak related to Zn 2p;.,
around the 1020-1022 eV range for ZnO and Zn,Ti;Og com-
pounds. The ZnAl,0, undoped nanofibers show a single sharp
peak that corresponds to the tetrahedrally coordinated Zn
located at 1022.1 and 1045.3 eV. A second component starts
to appear at energies, around 1023-1024 eV being assigned to
the octahedrally coordinated Zn that is in an agreement with
octahedral compounds such as Zn,TiO, and ZnTiO;. The
undoped, Nd-doped and Nd-Co co-doped with 0.02 and
0.04Ce (mol%) samples show a second component for the Zn
2ps line at 1023.4 and 1025.6 eV, and for Zn 2p,,, line at
1045.1 and 1045.6 eV, respectively. The appearance of a second
peak at higher binding energies suggests the presence of
octahedral Zn** cations. After doping of neodymium in the
material, both the spectra of the Zn 2p;, and Zn 2p,,, core
levels show a 0.1 eV and 0.2 eV shift toward lower binding
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Fig. 5 XPS analysis of ZnAl,O4 nanofibers undoped, doped with 0.02Nd and co-doped with 0.02Nd 0.02Ce, 0.02Nd 0.04Ce and 0.02Nd 0.06 (mol%):
the experimental solid line and fitted curves (dot curves for each peak and solid red line for the sum of the deconvolution) of high-resolution XPS spectra
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fitted curves (dot curves for each peak and solid red line for the sum of the
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energies when the concentration of Nd*" goes to 0.02 (mol%).
These changes can be a consequence of modification in Zn-O
bonding upon Nd doping. The electronegativity of Nd*" is
smaller that of Zn** and thus results in a decrease in the
binding energy of Zn 2p electrons.

The co-doping with 0.02Nd and 0.02Ce (mol%) leads to a
shift of the two peaks to lower binding energies in comparison
with the undoped sample, but did not show the appearance of
second peaks. Therefore, it can be assumed that Nd-Ce co-
doping with Ce in a low concentration (0.02 mol%) produces a
balancing process that does not distort the structure towards an
inverse spinel or a low degree of inversion observable by XPS.

However, high concentrations of Ce-doping (0.04 and
0.06 mol%) reveal the appearance of the second and third peaks.
The second peaks are related to octahedrally coordinated Zn. These
results corroborate the findings observed by the XRD refinements.

Fig. 5b shows the XPS peak of O 1s. The O 1s line consists of
two peaks located around 531.0-531.7 and 533-534 eV. The
peak at 531.7 eV is assigned to the O sites of the spinel lattice,
probably the peak is related to AlO, (Al in the AlO, tetrahedral
site or the AlOg octahedral site). The XPS peak located at 532 eV
is ascribed to the chemisorbed O or hydroxyl species.>”*® Both
XPS peaks exhibit a shift to higher energies for the Nd-Co co-
doped samples in comparison with the undoped one. Again,
the sample doped only with Nd demonstrates a different
behavior, and the peaks have a shift to low energies.

The Al 2p signal is relatively broad, the Al 2p spectra are
more asymmetric with the incorporation of dopants (Fig. 5c).
This indicates that the AI** ions occupy more than one coordi-
nation environment. The main peak is located in the range of
74.3-74.8 eV. The direction of the chemical shift is towards low

This journal is © The Royal Society of Chemistry 2021
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energies. The incorporation of 0.04Ce (mol%) leads to the
appearance of a second peak at 77 eV. The FWHM of the peak
increases with the incorporation of Ce. The peak at the lower
binding energy can be ascribed to the AI*" ions at the tetra-
hedral sites, whereas the peak at higher binding energy can be
assigned to the AI** ions that occupy the octahedral sites.”®

The main feature of the surface elemental structural dis-
order of the undoped, Nd-doped, and Nd-Ce co-doped samples
is that co-dopants induced the spinel inversion and the inver-
sion degree increases with an increase in the Ce content.

The Ce 3d;, 5, spectra are composed of two multiplets corres-
ponding to the spin-orbit split 3ds,, and 3ds, core electrons, and
two features are present in each spin-orbit component. These four
peaks can be attributed to Ce (Ce®* cations). The satellite peak
associated with the Ce 3d;s,, characteristic of the presence of
tetravalent Ce (Ce' cations) in Ce compounds, located at
916.9 €V is not observable in the samples. The peaks located at
904 and 886 €V are the results of the Ce 3d°4f" O 2p°® final state and
the peaks at 900 and 882 eV are the result of Ce 3d°4f> O 2p°.%° 1t
can be observed from XPS results that the nanofibers present
mainly Ce®* in comparison with the results presented by XANES.
It is necessary to take into account that XPS is a surface
characterization technique and usually overestimates the Ce®*
content.®® Also, the XPS determination of the cerium oxidation
state in compounds faces difficulties due to the complex structure
in the valence- and core-electron spectra.®®

4. Cytotoxicity-cell viability assays of ZnAl,0,:Nd,Ce
nanofibers

To evaluate the applicability of ZnAl,O, nanofibers as biomarkers,
the cytotoxicity of nanofibers was tested. The cytotoxicity assay is
performed on tumor epithelial cell line HeLa (Fig. 7a and b). The
HelLa cells were incubated with 1, 10 and 100 ug mL ™" concentra-
tions of ZnAl,O, nanofibers for 24 h. After that, the cell viability
was determined using 3-(4,5-dimethylthiazol-18 2-yl)-2,5-diphenyl-
tetrazolium bromide, the MTT assay.

The cell survival, as determined from the 540 nm absorption
band, is measured in each assay. The MTT assay provides the
readout of the optical density at 540 nm as shown in Fig. 7b.
The results indicate that the sample has little influence on the
viability and proliferation of HeLa cells. The optical density is
higher than the control for 1 and 10 pg mL™" concentrations.
Even if, the concentration of the sample reaches 100 pg mL™,
the viability of the cells does not present a decreasing trend. A
slight increase of the optical density in comparison with the
control from 0.16 to 0.19 was observed. The OD value of a non-
treated/standard/control population of cells (the theoretical
100%) and the ratio of the treated cells’ OD value to the non-
treated cells are used for representing the viability in percent
(see ESI, Fig. S3). MTT assays and related assays rely on a
mitochondrial reductase to convert the tetrazole to formazan.
The assumption is that the conversion is dependent on the
number of viable cells but there is always the possibility that
treatment of the cells may result with increased enzymatic
activity without actually having an effect on the cell number
or cell viability. If the OD of treated cells is 10% as example
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Fig. 7 Evaluation of cytotoxicity. (a) MTT assay — the Hela cells were
incubated with 1, 10 and 100 pg mL™* concentrations of ZnAlLO, for 24 h,
and a control is also evaluated. (b) Error bars represent mean + SE, 5
cultures. (c and d) Visualization of HelLa cells in the presence of ZnAl,O4
nanofibers by wide field fluorescence microscopy After 24 h of incubation,
cells were first imaged by (c) phase contrast and then (d) by UV excitation using
a UV filter (Aexe: 340-380 nm). Under UV excitation, cell autofluorescence
appeared in green while ZnAlL,O4 nanofibers’ fluorescence appeared in bright
green. Scale bars correspond to 20 pm.

higher than the OD of the control group, it does not necessarily
mean that the treated cells are 10% more viable. From the
results carried out, it is possible to deduce that the ZnAl,0O,
nanofibers do not exhibit cytotoxicity activity. Previous studies
on ZnAl,O, established the viability of ZnAl,04:Nd*" nano-
particles using bone marrow stromal cells, as well as, the
viability and adhesion of the ZnAl,0, nanostructured thin films
using human osteoblastic cells.""** The visualization of HeLa
cells in the presence of ZnAl,0, nanofibers by wide field
fluorescence microscopy is shown in Fig. 7c and d. After 24 h
of incubation, the cells were first imaged as shown in Fig. 7c,
phase contrast, and then as shown in Fig. 7d by UV excitation
using a UV filter. Preliminary studies indicate the localization
of tested ZnAl,0, nanofibers around the cells that present a
rounded and epithelial aspect. The results show that ZnAl,O,
nanofibers are promising biomarkers for HeLa-cell tracking.

Conclusions

In this study, we have successfully developed a cost-efficient
procedure to prepare ZnAl,0,:Nd,Ce NIR luminescent nano-
fibers, which considerably facilitates their large scale production.
The synthesis of the uniform-sized nanofibers was performed via
the method of a facile sol-gel combined with an annealing
procedure.

This work provides extensive and direct evidence of the role
of Ce*" in the energy transfer to Nd*" in order to enhance the
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NIR emission that has remained absent in understanding the
down-conversion process between cerium compounds. The
extension of the developed procedure to other lanthanide-
based ZnAl,0, nanofibers is the subject of future work. Nd--Ce
co-doped ZnAl,0, nanofibers have been shown to be excellent
NIR phosphors due to the excitation through the Ce-Nd energy
transfer band. These materials hold great potential for use for
in vitro bio-labeling applications. On the other hand, they
showed emission in the near-infrared field after excitation at
825 nm, which is interesting for deep tissue fluorescence
bioimaging. The viability of the material was demonstrated by
the cytotoxicity studies performed.
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