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Luminescent materials have attracted great attention due to the amazing applications. In this sense, perovskite
halide materials have shown promising luminescent properties which allows them to be useful in various ap-
plications such as LEDs, sensors. In this work, colloidal suspensions of CsPblz and Pd-doped CsPbl; perovskite
nanoparticles were prepared at different temperatures, and their structure and luminescence properties were

characterized to analyse the effect of the synthesis temperature and the Pd-doping. With the increase of tem-
perature, the main photoluminescence band of perovskite nanoparticles are slightly red-shifted. But the most
amazing result is that the Pd-doped CsPbls shows a new emission band at 877 nm under excitation at 785 nm.
Therefore, this compound may be used as a highly sensitive luminescent sensor in several applications, such as in
biosystems due to their emission in the first biological window under NIR excitation.

1. Introduction

Perovskite quantum dots (PQDs) have been something of a hot topic
in the recent years due to their amazing properties, including high
photoluminescence quantum yield, narrow bandwidth and tuneable
photoluminescence, which make them promising materials for LEDs,
lasers, solar cells or sensors [1]. Some of the most remarkable sensors
whose working principle is based on the photoluminescence of quantum
dots are those of ions, organic and inorganic compounds. Many mate-
rials have been tested as potential sensors based on photoluminescence
properties, such as carbon dots [2], and mainly different rare earths ions
used as dopants of different materials as Eu-doped zirconia [3], Eu-YVO4
Nano-Phosphors [4], Sm>*-doped LiBaPOy4 [5], or Eu®*-doped YVO4
[6]; or even organic compounds such as crushed roots of Saccharum
munja grass [7]. In addition, halide-based perovskite materials are being
widely studied. An example of the first kind of sensor is the one created
by Yun Suk Huh et al. to detect products used to purify drinking water
such as chlorine and iodine based on CsPbBr3 perovskite quantum dots
in a matrix of cellulose [8]. The importance of the detection of those ions
lies in the fact that chlorine can form chloroform and other tri-
halomethanes that can produce cancer, and the lack or excess of iodine
could also produce illnesses such as hyper- or hypothyroidism [8]. The
working principle of this detector was a colorimetric and
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photoluminescence change produced through anionic exchange be-
tween the chlorine or iodine in the drinking water and the bromine of
the perovskite quantum dots [8].

As mentioned above, PQD-based sensors of an inorganic molecule
have been fabricated as well. For instance, Zhenyu Lin et al. developed
an in vivo H,S sensor based on nano-micelles of CsPbBr3 encapsulated in
a copolymer which worked on both living cells and zebrafishes [9]. The
detection of this compound is based on the loss of the photo-
luminescence of the PQDs when the Pb*? reacts with the S to form
black PbS [9]. Likewise, a specific HoS sensor was fabricated, this being
an important advance in biomedicine due to the fact that HsS is a
gasotransmitter in different biological functions such as vasorelaxation,
angiogenesis, apoptosis, ageing and metabolism [10], and hence its
detection would allow illnesses such as diabetes, Parkinson or Alzheimer
to be diagnosed [9].

An example of a PQD-based biosensor of an organic molecule is the
fluorescence resonance energy transfer (FRET) sensor to detect myco-
bacterium tuberculosis DNA developed by Xiaolan Yang et al [11]. This
sensor is based on CsPbBrs-COOH QDs conjugated with amino-terminal
single-stranded DNA and MoS; nanosheets to bring about luminescence
quenching [11]. In this way, when the QDs are attached to the MoS,
their photoluminescence is quenched, but when the mycobacterium
tuberculosis DNA hybridizes with the amino-terminal single-stranded
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DNA, the QDs emit photoluminescence again as the double-stranded
DNA cannot be adsorbed by MoS, nanosheets [11]. Those findings
make PQDs relevant in the field of the biomedicine. Nevertheless, the
most important contribution of PQDs in biomedicine is probably their
use in the fabrication of PQD-based temperature sensors in luminescence
nanothermometry. Luminescence nanothermometry (LNT) is a tech-
nique which uses nanothermometers based on materials whose photo-
luminescence emission is strongly temperature dependent, allowing the
real-time nanoscale temperature to be determined [12]. Luminescence
nanothermometry confers advantages such as having easy detection
setups [13], high spatial resolution (<10 pm) in short acquisition times
(<10 ps), high thermal resolution (0.1 K) [13] and high temperature
sensitivity [13]. It is the only noncontact method providing the resolu-
tion and sensitivity required for effective in vivo and in vitro temperature
measurements [14], and thus is capable of working even in harsh con-
ditions such as in biological fluids [13].

Nevertheless, one of the main requirements of luminescent sensors
for biological purposes is that they emit in the near-infrared (NIR) since
depth of penetration decreases with photon energy [15]. Specifically,
the materials used in those sensors should have an emission and exci-
tation wavelength that fall in any of the three biological windows (BW).
The first BW is in the 650-950 nm range, where the absorption of light
by biological tissues and water is minimized [16]. The second BW is in
the 1000-1350 nm range, where the Rayleigh and Mie scatterings are
minimized [16]. Finally, the third BW is in the 1550-1870 nm range,
where the absorbance and scattering by tissues decrease [16]. This al-
lows a better depth of penetration of light through oxygenated blood and
tissues that contain melanin [16].

Consequently, one of the limitations of the aforementioned sensors is
that they do not emit in the NIR, meaning they are not ideal for in vivo
applications. Specifically, they emit in the green range at 521.98 nm [8],
530 nm [9] and 522 nm [11], respectively, and the perovskite materials
used in luminescent nanothermometers usually emit in the visible range
as well [15]. Also, doped perovskite synthesized previously showed
good interesting emission but not in the NIR range, for example Liu et al.
reported Mn-doped CsPbCls PQDs with emission at 580 nm [17], Kyun
Ha et al. reported Mn-doped 2D perovskite based on Br showing an PL
emission at about 620 nm [18], or Sn-doped MAPbBr3 PQDs showed a
slight shift towards high wavelength but with an emission by lower 520
nm [19]. Hence, it is necessary to synthesize new materials that emit in
any of the three biological windows for their application on in vivo
photoluminescence sensors.

In this paper, we prepared colloidal suspension of CsPbl3 and Pd-
doped CsPblg perovskites synthesized through a hot-injection method.
This composition was selected due to the fact that CsPbX3 inorganic
perovskites are more stable than their organic-inorganic halide coun-
terparts such as MAPbX3 or FAPbX3 as the organic cation in the “A”
position is volatile [20]. Among CsPbX3 quantum dots, where X is Cl', Br’
or I', CsPbl3 quantum dots have a red emission [21], its emission is red-
shifted in comparison to the emission band of CsPbBr; (green emission)
[22] and CsPbCls (blue emission) [23]. It is, therefore, easier to tune
their emission towards the NIR by doping. Furthermore, we synthesized
the aforementioned samples at 130, 150 and 170 °C to explore the effect
of the Pd-doping and the effect of the reaction temperature on their
photoluminescence properties. We expected their photoluminescence to
fall in the NIR thanks to the Pd-doping according to our previous work
[24] and thus, that those quantum dots could be employed to fabricate in
vivo sensors in the future. Thus, structural characterization, and the
distribution of the elements in the perovskite materials was analyzed by
TEM and EDS, and the optical properties were analyzed by means of
UV-vis spectroscopy and steady-state and time-resolved photo-
luminescence measurements.
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2. Experimental
2.1. Materials and reagents

Caesium carbonate (CsyCOs3, 99.5% trace metals basis), 1-octadecene
(ODE for synthesis), oleic acid (OA, technical grade 90%), lead(II) iodide
(Pbly, 99%), palladium(II) iodide (PdIy, > 99.99%), oleylamine (OLA,
technical grade 70%), toluene anhydrous (99.8%) were supplied by
Sigma-Aldrich®©.

2.2. Synthesis of Pd-doped CsPbls

Preparation of Cs-Oleate. The synthesis procedure followed was the
method reported by Protesescu et al. [25]. In this method, 0.814 g of
Cs2CO3, 40 mL of ODE and 2.5 mL of OA are loaded into 100 mL 3-neck
flask, the mixture is dried for 1 h at 120 °C under vacuum and then
heated on a hot plate to 150 °C under N; flow until the Csy;CO3 reacts
with OA.

Synthesis of CsPb;.4PdxIs. The colloidal suspension of CsPbj.xPdyI3
nanoparticles (being x = 0 and 0.25) were obtained by using the hot-
injection method [25]. In this method, 0.188 mmol of Pbl, or a
mixture of Pbl, and PdI; in 5 mL of ODE was dried under vacuum for 1 h
at 120 °C. Then, the flask containing the mixture was immersed in a
silicone bath on a hot plate at this same temperature under Ny flow.
Then, 0.5 mL of OLA and 0.5 mL of OA were injected and when the salt
was dissolved, the temperature was raised to 130 °C, 150 °C or 170 °C.
Once this temperature was reached, 0.4 mL of Cs-oleate was injected,
and then the flask was quickly immersed in an ice-water bath. Finally,
the colloidal suspension was centrifuged at 7000 rpm for 10 min at 0 °C.
After centrifuging, the supernatant was discarded and the precipitate
was dispersed in anhydrous toluene for further analysis in the case of
CsPbIs. Nevertheless, we could not obtain precipitated nanocrystals for
the doped samples, thus, the colloidal suspension of CsPbg 7s5Pdg 25sl3
nanoparticles in ODE was analysed in this case. As is discussed below, in
some cases the size of the nanoparticles is enough small, thus QDs were
obtained, but in other cases the sizes are higher than 10 nm, and we
consider nanoparticles were synthesized.

2.3. Characterization of perovskite material synthesized

We employed transmission electron microscopy (TEM) to conduct
the structural characterization of the synthesized perovskite materials.
The TEM and HR-TEM images were acquired using a Talos F200s X Twin
transmission electron microscope supplied by ThermoFisher In-
struments® with an electron beam energy of 200 keV, an extraction
voltage of 3900 V and an emission current of 65.1 pA. This instrument
was also used to analyse the distributions of the elements in the samples
using the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image and the energy dispersive X-ray
spectrometry (EDS) techniques. The optical properties of the synthe-
sized perovskite materials were characterised using UV-Vis spectros-
copy in absorbance mode. Our spectrometer, supplied by OceanOptics©,
consists of a modular equipment with a DH-2000-BAL light source and
USB2000 + spectrometer. The glass spectrophotometer cuvettes with a
10 mm light path (model 100-10-20) that we employed were supplied
by Hellma Analytics™. The references we used to perform the optical
measurements were anhydrous toluene in the case of CsPbIz and ODE in
the case of the Pd-doped samples. Finally, the emission properties were
analysed through photoluminescence spectroscopy. Steady-state pho-
toluminescence spectra were recorded at room temperature with a
Horiba© LabRAM HR Evolution Modular Raman spectrometer, which is
suited for both Raman analysis and Photoluminescence and equipped
with a Symphony II IR detector and a Sincerity visible detector both
supplied by Horiba©. Different lasers were used as the excitation sour-
ces: a He-Cd laser emitting at 325 nm (model IK3201R-F 25 mW sup-
plied by Kimmon Koha®©); two DPSS (diode pumped solid state) lasers
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Fig. 1. (a) TEM BF micrography of CsPbl; nanoparticles synthesized at 130 °C and 170 °C, (b) superimposed plot of an HAADF image with an EDS map and (c)
HREM micrography of a CsPbl; nanoparticle synthesized at 130 °C. SAED is presented as inset.

emitting at 473 and 532 nm with a power output of 100 mW supplied by

3. Results and discussion
Quantum models©; a He-Ne laser, supplied by Pacific LasertecTM, with
an emission at 633 nm; and a Sacher Lasertechnik© laser emitting at 3.1. Selected area diffraction (SAED) analysis
785 nm (model Pilot PC 500, power output: 100 mW).

Time-resolved photoluminescence measurements for estimating the To explore the crystalline configuration of the different samples,
lifetime of the emissions were measured using a DeltaFlex Modular TEM and EDS analysis were conducted using the 200 kV beam of a Talos
Fluorescence Lifetime System supplied by Horiba© and employing a F200X. Bright Field (BF) images were obtained and, as the nanoparticles
467 nm nanoLED (pulse duration < 200 ps) as the excitation source.

were randomly oriented, a search for well-aligned nanoparticles (with
respect to the incident beam) was performed.

Fig. 1a shows a BF image of CsPbls nanoparticles synthesized at
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Fig. 2. HREM micrography of a CsPbl; nanoparticle synthesized at 170 °C. SAED data is presented as inset, where white circles are used to highlight diffraction spots
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Fig. 3. (a) TEM BF micrography of Pd-doped CsPbl; nanoparticles synthesized at 130 °C, 170 °C and (b) 150 °C; c¢) superimposed plot of an HAADF image with an

EDS map and the corresponding HAADF image.

130 °C. Hexagonal-shaped NPs are evidenced and highlighted with a
black arrow. The mean apothem of such nanoparticles was found at
about 16 nm, while the size of these nanoparticles varies slightly. On the
other hand, some of the hexagonal nanoparticles are rotated enough to
explore its thickness, which is about 14 nm. The morphology of these
nanoparticles is clearly modified when synthesized at 170 °C, becoming
cubes with edges of about 14 nm (see Fig. 1a). For the case of the
nanoparticles synthesized at 150 °C, a mixture of both kinds of mor-
phologies was detected, as is observed in Figure S1 In the supplementary
Material. It is well-known the hot injection method allows to modify the
size, morphology and stabilization of nanoparticle in controlled manner
[26]. The shape of the quantum dots can be precisely controlled by
adjusting synthesis parameters such as the ligand molecules used in their
synthesis and the reaction temperature [27,28]. Furthermore, the
method for synthesizing CsPbX3 NCs can be divided into three parts:
metal-oleic acid complex and X-ion release, CsPbXs seed nucleation and
CsPbX3 NC growth [29] The temperature varies the particle size and the
high surface energy of the small particles in the colloidal system pro-
motes their further growth, which is a phenomenon known as Ostwald
ripening. Both the nucleation and the growth processes have important
effects on the final particle size and morphology [26]. Therefore, this
can explain the changes in the morphology with the reaction tempera-
ture of the nanoparticles synthesized in this work.

Regarding the composition and the element distribution on the
nanoparticles, only the signals for Cs, Pb and I were observed, and no
signal were found for any other element. In addition, EDS data shows a
homogeneous distribution of the different composing elements, as is
observed in Fig. 1b, where a representative EDS map for the sample
synthesized at 130 °C is shown.

Finally, some of the nanoparticles showed an orientation suitable for
a selected area diffraction pattern (SAED) study. This allows for HREM
measurements and pole indexation, which allows the structure to be
determined. In this regard, Fig. 1c presents HREM data of a hexagonal
particle of the sample synthesized at 130 °C. Once the [111] pole was
determined, geometric distances were coincident to that of an ortho-
rhombic CsPbl; system elongated on the C axis (particularly, a = 4.8 A;
b =10.8 A and ¢ = 18.2 A for the QD presented in Fig. 1¢). The nano-
structure of the particles changes with the synthesis temperature, as
does their morphology. The minute size of the nanoparticles synthesized
at 170 °C makes for a noisy SAED, which makes determining its crys-
talline system an extremely difficult task. The HREM data of a CsPbls
nanoparticle synthesized at 170 °C is provided in Fig. 2, which also
presents SAED data as an inset. To guide the reader’s eyes, white circles
are positioned at the different diffraction spots of the SAED. The
indexation of the [001] pole reveals a CsPbl3 nanoparticle with a cubic
structure axis (particularly, a = 6.3 A; b = 6.6 A and ¢ = 6.7 A for the
nanoparticle presented on Fig. 2).

The morphology of the Pd-doped CsPbls also depends on the syn-
thesis temperature. Particularly, the sample synthesized at 130 °C shows
a mixture of square and hexagonal-shaped nanoparticles (see Fig. 3a),
the hexagonal particles being bigger than the square ones. In addition,
full cubic nanoparticles were found at a synthesis temperature of 170 °C.
In such cases cubic nanoparticles show an edge size of 10 nm. On the
other hand, the QDs synthesized at 150 °C present a hexagonal, almost
rounded morphology, probably due to the greater size of the particles
(see Fig. 3b).

Concerning the composition and element distribution, the EDS data
shows a homogeneous distribution of the different elements (see
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Fig. 4. TEM images of CsPbl; nanoparticles synthesized at 130 °C (a), 150 °C (b) and 170 °C (c).

Fig. 5. TEM images of Pd-doped CsPbl; nanoparticles synthesized at 130 °C (a), 150 °C (b) and 170 °C (c).

Table 1
Average particle size of the synthesized samples.
T/°C average size / nm
CsPbl3 Pd-doped CsPbl;
130 °C 28.9 £ 6.1 nm 19.4 + 3.4 nm
150 °C 11.7 £ 2.0 nm 30.7 £ 7.2 nm
170 °C 12.2 £ 1.9 nm 9.4 £ 1.0 nm

Fig. 3c). No concentration or inhomogeneity of any element was
detected, as in the case of CsPbls nanoparticles. Furthermore, HREM-
SAED measurements showed the same results in CsPbI3 nanoparticles
with respect to the changes of the nano crystalline structure, that is an
orthorhombic structure for 130 °C and cubic for 170 °C.

We must emphasize that the SAED analysis is focused on specific
particles, so the presence of particles with a different crystalline phase
could be possible, as has been previously reported. For example,
Akkerman et al. showed the formation of the non-luminescent Cs4PbXg
(X = Cl, Br, I) nanocrystals with hexagonal phase in perovskite QDs

50 nm

Fig. 6. HAADF-STEM image of CsPbl; nanoparticles (a) and the Pd-doped nanoparticles (b) and the corresponding EDS elemental mapping images of Cs, Pb, I and Pd

elements for the sample synthesized at 130 °C.
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Fig. 7. UV-Vis spectra of CsPblz nanoparticles (a) and Pd-doped CsPbl; (b) synthesized at different temperatures.

and size distribution

In addition, TEM images of the CsPbl3 and Pd-doped CsPbls nano-
particles illustrated in Figs. 4 and 5, respectively, show QDs which have
the average diameters shown in Table 1, ranging from 11.7 to 28.9 nm in
the case of the non-doped samples and from 9.4 to 30.7 nm in the case of
the Pd-doped samples. The size distributions of the samples are shown in
Figures S2 and S3 in the Supplementary Material.

The average particle size values show that there is a dependence of
the particle size with the morphology analysed in the previous section.
On the one hand, Pd-doped CsPbI3 synthesized at 150 °C and pristine
CsPblj synthesized at 130 °C have a hexagonal morphology, which leads
to bigger particle sizes. On the other hand, the samples synthesized at
170 °C have a cubic morphology, which results in smaller particle sizes.
In the cases in which there is a mixture of hexagonal and cubic mor-
phologies such as the Pd-doped CsPbls synthesized at 130 °C and the
CsPbl3 nanoparticles synthesized at 150 °C, the average size values are
between the typical values for hexagonal and cubic morphologies
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depending on the proportion of each morphology in the sample, bearing
in mind that the number of particles analysed in several images is not
close to the total particles in the samples synthesized. Thus, the average
size does not show an increasing trend as the temperature rises, but
rather it depends on the morphology.

3.3. HAADF-STEM and EDS

Also, the element distributions of the samples were studied using
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) images coupled with energy dispersive X-ray
spectrometry (EDS). Fig. 6 shows the HAADF-STEM image of CsPblg
nanoparticles and Pd-doped nanoparticles and the EDS elemental
mapping images of Cs, Pb, I and Pd elements for the samples synthesized
at 130 °C. In both the CsPblz and Pd-doped CsPbls QDs, the elements
seem to be concentrated in certain areas, namely the brighter ones. In
these areas, we can observe nanoparticles in the HAADF-STEM image.
Furthermore, we can see that Pd and Pb are homogenously distributed in
the sample, which evidences the Pd-doping of the samples.

3.4. UV-Vis spectroscopy

To further investigate the impact of the doping on the optical prop-
erties of the nanoparticles, an optical characterization was performed by
means of UV-Vis spectroscopy. As shown in Fig. 7a, there is a band onset
of about 665 nm of the pristine CsPbl3 nanoparticles, and no significant
shifts are observed in function of the temperature. Nevertheless, as
Fig. 7b shows, doping leads to a blue shift of this absorption band, which
shows an onset at about 635 nm. As will be discussed below, these re-
sults are coherent with the photoluminescence emission of the samples.

3.5. Photoluminescence spectroscopy

In addition, we performed photoluminescence measurements to
investigate the effect of the synthesis temperature and Pd-doping on the
emission properties of CsPblz nanoparticles. Firstly, we studied the ef-
fect of the synthesis temperature. Fig. 8a shows the normalized spectra
of pristine CsPbl3 nanoparticles synthesized at 130, 150 and 170 °C
under excitation at 473 nm. The band obtained at around 680 nm cor-
responds to the main emission of the CsPbIz nanocrystals [21]. The ef-
fect of the temperature on the main emission for the samples synthesized
at 130 and 150 °C is not clear, but the band is slightly shifted to a longer
wavelength when the CsPblz nanoparticles are synthesized at 170 °C. In
the case of the Pd-doped samples as well, we can see a progressive red-
shift of the main emission band as the temperature is gradually
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increased, as shown in Fig. 8b. This trend is owing to the fact that the
samples synthesized at 130 °C have an orthorhombic structure whilst
those synthesized at 170 °C have a cubic structure. Therefore, the effect
of the synthesis temperature in the emission band is a red-shift when
temperature increases.

The second part of the study based on the steady-state PL measure-
ments involved analysing the effect of Pd-doping on the emission
properties. In Fig. 8c, the photoluminescence spectra of the undoped and
Pd-doped samples are compared at each synthesis temperature obtained
under excitation at 473 nm. Comparing those spectra shows that there is
a blue-shift of the main emission band as we dope with Pd, which ranges
between 9.7 and 18.2 nm depending on the synthesis temperature.
Therefore, the effect of the Pd-doping in the emission band is a blue-
shift. In addition, the stability of the perovskite synthesized was
analyzed testing the emission for several hours. Fig. 8d shows the in-
tensity of the emission, estimated as the area of the peak, up to 6 h after
the synthesis for the Pd-doped CsPbBr3 perovskite synthesized at 130 °C.
A good stability of the emission is observed for 1.5 h.

3.6. Time-resolved photoluminescence spectroscopy

In Fig. 9, the decays and fitting curves of the different samples of the
main emission at about 680 nm are represented. These PL decay curves
were fitted through a tri-exponential decay function according to the
details provided in the Supplementary Material in order to obtain
average lifetime values. In general, an increase in the average lifetime
was observed after doping with Pd. The decay plots obtained are fitted
better to double or triple exponential function than a single one. This
means there is fast decay and long decay components, which are asso-
ciated with non-radiative and radiative recombination, indicating that
there is a higher trap state density - thus a higher rate of non-radiative
recombination - in undoped CsPbl; [31]. Moreover, the higher the
synthesis temperature the higher the lifetime values; that is, when cubic
structure and morphology is preferent, which is coherent with the
literature because orthorhombic CsPbls exhibits lifetime values lower
than cubic CsPbls [32]. Therefore, this means there is a higher rate of
non-radiative recombination, that is, a higher trap state density, for the
orthorhombic structure.

3.7. Emission in the IR zone

Finally, the most interesting results is that involving the excitation
and emission in the near infrared. Photoluminescence spectra under
excitation at 785 nm were also recorded to investigate the effectiveness
of the Pd-doping of CsPbl; nanoparticles for obtaining emissions in the



M. Rodriguez-Fernandez et al.

Journal of Molecular Liquids 384 (2023) 122194

hex =785 Nm

b e
= o
1 1

Normalized PL intensity / a.u.
-
1 "

—130°C

850

900

950 1000

Wavelength / nm

Fig. 10. Normalized photoluminescence spectra of Pd-doped CsPbl; nanoparticles synthesized at different temperatures obtained after excitation of the samples with

a 785 nm laser.

NIR. The Pd-doped samples presented a band at around 877 nm under
excitation with the NIR laser (see Fig. 10), with a quantum yield of about
9.5%. On the contrary, the undoped samples did not show any photo-
luminescence band. This is due to the interactions Pd-I, which affects to
the band structure in Pd-doped perovskite [18]. Thus, these results allow
us to conclude that Pd-doping is an effective way to obtain NIR emission,
and that Pd-doped CsPbl3 QDs could be used as in vivo sensors in bio-
logical systems thanks to their emission in the first biological window
under excitation with an NIR laser.

4. Conclusions

In this work, we prepared colloidal suspensions of CsPblz and Pd-
doped CsPbl3 nanoparticles synthesized at different temperatures
(130, 150 and 170 °C) through the hot-injection method. SAED analysis
confirms the presence of a perovskite structure, obtaining orthorhombic
and cubic structures for respective synthesis temperatures of 130 and
170 °C. Furthermore, the morphology of the particles - cubic or hexag-
onal - depends on the synthesis temperature, that is on the size of the
nanoparticles. The particle size was obtained by the analysis of TEM
images. We found that their size depends on the morphology, the hex-
agonal particles being bigger than the cubic ones. In addition, we
studied the effect of Pd-doping and the synthesis temperature on the
optical properties of nanoparticles. The results of this study show a shift
towards lower wavelength values of the main PL band as the tempera-
ture decreases and after doping with Pd. However, the most outstanding
result is the NIR emission at 877 nm under excitation with a 785 nm
laser found for the Pd-doped samples, which makes them a good
candidate as a material for in vivo biosensors.
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