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Synthesis and characterization of NaGdF4:Nd**@Ni Core@Shell nanoparticles
with potential applications in anaerobic digestion
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The NaGdF4:Nd*'@Ni core@shell nanoparticles were synthesized and characterized. First,
core@shell nanoparticles were synthesized using a solvothermal method to obtain the
NaGdF4:Nd* core with hexagonal phase; subsequently, a chemical reduction was
performed to stimulate the growth of the Ni shell with cubic phase. NaGdF4:Nd*'@Ni
nanoparticles were characterized by transmission electron microscope, zeta potential, X-ray
diffraction, scattered energy spectroscopy, UV-Vis, and photoluminescence emission
spectra. The nanoparticles were round in shape, with mean sizes around 250 nm. The
core@shell nanoparticles presented a homogenous composition and good stability. The
photoluminescent emission of the nanoparticles was recorded at 1059 nm in the near-
infrared spectral range; this band corresponds to the *F3,—*I,12 radiative transitions of Nd>*
ions. The synthesized nanoparticles, being hydrophilic, have potential for use in different
areas, one of them could be in anaerobic digestion.
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1. Introduction

Nowadays, the effect of climate change due to pollution is one of the most relevant
problems. Therefore, many countries have focused their efforts on reducing their dependence on
non-renewable energy sources and, at the same time, on obtaining alternative fuels from biological
resources [1]. Bioenergy production is one of the strategies aimed at reducing the emission of
greenhouse gases and treating waste for generating energy [2].

Biogas is a secondary energy source that can be produced from different types of organic
materials through anaerobic digestion (AD) [3]. Some of the most used materials for biogas
production are, among others, sewage sludge, food waste, agricultural waste, and animal excreta [4].
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In order to enhance biogas production using animal excreta, many researchers have incorporated in
AD processes micro-nutrients, such as Fe, Ni, Co, W, and Mo, that are considered decisive cofactors
for methane formation in biochemical reactions [5]. However, the excessive use of micronutrients
can inhibit the AD process [6].

With the nanotechnology revolution, it is possible to develop nanometric materials that
improve biogas production in AD, and thus be able to incorporate small amounts that do not inhibit
the process [7]. Different researchers have used metallic and magnetic nanoparticles (NPs) as trace
metal additives in biogas production. Ajay et al. [8] reported that direct interspecies electron transfer,
using conductive materials, has gained importance in the explanation of the influence of NPs on
biogas and methane production. These authors concluded that Fe NPs showed a positive effect on
AD, while Ag, Ce, CuO, and ZnO NPs showed a negative effect on biogas production. Abdelsalam
et al. [9] found that Ni NPs generated the highest methane production in bovine slurry AD, compared
to that obtained with Co, Fe, and Fe;Os NPs. Chen et al. [10] studied two types of Ni NPs and
reported that FesNiOsZn and FeoNiOs4 NPs have negative and positive effects on AD activity,
respectively. Abdallah et al. [11] used Ni-Co-Ferrite and Ni-Ferrite NPs, and observed an increase
in biogas and methane production of 32.9 and 30.8 %, respectively, compared to the treatment
without NPs. During the AD of microalgae biomass, Zaidi et al. [12] compared the influence of
different concentrations of Ni (1 mg/L), Co (1 mg/L), Fe3;O04 (10 mg/L), and MgO (10 mg/L) NPs,
and observed that Ni NPs presented the highest hydrogen production (51.42 %, v/v); this fact
becomes relevant in the AD of the consortia where hydrogenotrophic methanogenesis is more
important.

In this context, our research group [2], by adding 20 mg/L of Fe;O4 NPs, increased the
methane production rate by 73.89 %. This result was attributed to the fact that the NPs acted as
electron carriers, improving biogas and methane production. However, despite the favorable
response of NPs on biogas production, the action mechanisms of nanomaterials in AD are still
unknown [13]. An alternative to demonstrate such mechanisms could be the use of luminescent NPs
(LNPs), which can be housed in AD consortia. LNPs have a significant impact on the imaging of
cells and microorganisms, both in vivo and in vitro [14]; because of that, they could be used to
explore the interaction of different groups of microorganisms during the biogas production
processes.

Recently, due to their optical properties, such as high photostability, sharp emission peaks,
deep optical penetration, and low toxicity [15], research on rare earth LNPs and inorganic materials
have drawn attention, as they are ideal candidates for bioapplications, such as labeling and image
[16]. Inorganic nanomaterials doped with lanthanide ions have been widely used in biological and
medical sciences (drug delivery and bioimaging), agriculture, and the optoelectronics industry [17].
An example of these materials is those based on gadolinium and doped with lanthanide ions, which
can be used for bioimaging, illumination, temperature sensors, visualization devices, and as a
catalyst [18, 19].

Compounds containing rare earths are known for their excellent optical properties, which
can be attributed to their 4f electronic structure [20]. Yb*" is the co-dopant and sensitizer most used
in NPs doped with rare earths; however, Nd*" is gaining interest as a sensitizer due to its absorption
[21]. The replacement of the Yb®>" ion by Nd*" allows changing the excitation range to 808 nm
instead of 980 nm, which improves the penetration of biological material and minimizes the damage
caused to biological tissues [22]. The excitation and emission wavelengths of Nd** are in the “optical
transparency window” of cells and microorganisms, which is in the near-infrared (NIR) range of
700 - 1350 nm. [23]. That is, Nd*" doped NPs can be excited in the first biological window (I-BW,
from 700 - 950 nm) and emit in the second biological window (II-BW, from 1000 - 1350 nm). [24,
25].

Recently, NaGdF, has been used in nanomaterial preparation, as it has turned out to be an
excellent host [26] due to its high photochemical stability, low photon energy (~350 cm-1), high
transparency in the UV-Visible and NIR regions, and high ability to mediate energy exchanges
between lanthanide ions [27].

Considering the characteristics of NaGdF, and Nd** ions, several researchers have evaluated
their properties and effects when mixing them with other materials. For example, Sengar and Narula
[19] evaluated the photoluminescence and energy transfer mechanism of NaGdFs@CaF,:Eu*" NPs



1095

doped with Nd*" and Yb**, and found that the concentration of these lanthanides has a significant
effect on emission intensity and energy transfer. Xi et al. [28] evaluated the toxicity and influence
of NaGdF4:Nd**@Fe* NPs on microbial communities in a fermentation system and found that these
NPs can serve as efficient biomarkers of exogenous electron carriers in bacteria.

To our knowledge, there are no reports on NaGdF4:Nd**@Ni NPs, which may have potential
in several areas. According to various researches, Ni NPs have gained great importance in the last
two decades due to their unique magnetic, chemical, and physical properties [29]; in addition, they
present multiple potential applications as a catalyst [30], electrocatalyst, photocatalyst, biosensor,
heat exchanger and antimicrobial [31]. Kumar et al. [32] point out that Ni NPs increase hydrogen
production during dark fermentation, although their interaction with microorganisms is still
unknown. On the other hand, Ahghari et al. [31] mention that Ni NPs have desirable characteristics
for their use as magnetic mirrors, antibacterial activities, and magnetic properties.

Considering the above, the aim of this work was to synthesize a new nanomaterial with
core@shell structure (NaGdF4:Nd*' @Ni), to take advantage of its functionality, and to study its
viability as LNPs. The initial proposal for the use of these NPs is in the AD study, due to the current
importance of renewable energies. However, considering the multiple applications that Ni NPs and
NaGdFs:Nd** have, their combination could help in the identification and tracking of Ni NPs in
different applications, and with this, the different processes could be better described and
understood.

2. Materials and methods

The experiment consisted of two stages. The first one was the synthesis of NaGdF4:Nd**
NPs by the solvothermal method described by Navarro-Ceron et al. [24], and the second stage
consisted in covering the synthesized NPs with Ni NPs to form the core@shell structure. Ni NPs
were obtained by the chemical reduction method described by Aguilar-Méndez et al. [33], with some
modifications. All reagents used were purchased from Sigma-Aldrich®. The purity of all rare-earth
oxides was 99.99 %. Sodium fluoride, nitric acid, ethanol, hexane, stearic acid, sodium hydroxide,
oleic acid, trisodium citrate dihydrate, hydrochloric acid, nickel chloride hexahydrate, sodium
borohydride, and gelatin were of analytical grade. Deionized water (18 MQ/cm) was used
throughout the experiment.

2.1. Solvothermal synthesis of NaGdF4Nd>* NPs

The nitrate powder was obtained by evaporating (at 80 °C) a solution containing 0.372 g of
Gd,0; (10 mmol), 0.1116 g of Nd20; (0.04 mmol), and 10 mL of nitric acid. The Nd** concentration
was 4 mol% in relation to Gd** content. Then, 0.24 g of stearic acid (0.84 mmol) and 25 mL of hot
ethanol were added to the obtained powder. The mixture was kept stirring for 30 min and a solution
containing NaOH (0.224 g, 5.6 mmol, in 3 mL of water) was added dropwise. The resulting solution
was refluxed for 30 min at 78 °C. Precipitates from the reaction mixture were centrifuged and
washed four times, three using deionized water and one using ethanol. The rare earth stearate
precursor was obtained, as a white powder, after the precipitates were dried at 60 °C for 12 h.
Afterward, 0.432 g of precursor and 0.432 g of NaF (1.95 mmol) were dissolved in 2 mL of oleic
acid (6.34 mmol), 1 mL of ethanol, and 7 mL of water. This mixture was stirred for 5 min, then it
was transferred to an autoclave and treated with solvothermal for 48 h at 180 °C. Once the solution
was cooled naturally at room temperature, the NPs were separated by centrifugation, washed four
times with a solution of ethanol and hexane (1:1), and dried at 60 °C for 12 h.

2.1.1 Procedure for oleate molecules

To obtain water-dispersible NaGdF4:Nd>" NPs, a change of oleate molecules was performed
by covering their surface with trisodium citrate. First, 60 mg of the hydrophobic NPs were dispersed
in 5 mL of hexane, then 5 mL of 0.2 M trisodium citrate buffer was added, adjusted to pH 4 with
concentrated HCI. This two-phase solution was stirred until a clear separation of the aqueous/organic
phases could be observed. The aqueous phase of the solution, now containing the NPs, was isolated,
and these were precipitated with acetone (1:5 aqueous:organic ratio) and centrifuged.
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2.2. Chemical reduction synthesis of NaGdF,:Nd**@Ni NPs

Five mL of water-dispersible NaGdF4:Nd*" NPs, 15 mL of NiCl,-6H,O (0.1 M), and a
solution containing the passivating agent (1 % gelatin) were mixed and heated at 60 °C. Once the
desired temperature was reached, 750 pL of sodium borohydride (NaBH4) (0.2 M) was slowly
added. The initial solution was transparent green, later it turned into a black colloidal suspension,
which indicated the formation of Ni NPs. For some characterizations (such as UV-Vis and XRD),
Ni NPs were synthesized with the same methodology, but without adding the NaGdF4:Nd** NPs, to
make a better comparison between NaGdF4:Nd**@Ni and Ni NPs.

2.3. Nanoparticle characterization

To evaluate the change from hydrophobic to hydrophilic, the IR spectrum of the
NaGdF,4:Nd" NPs was obtained in a spectrometer (Cary 630, Agilent Technologies, USA). For this,
a drop of the solution was placed in the sampler, and it was measured in the wavenumber range of
500 to 4000 cm™. The size and morphology of the synthesized NPs were observed with a
transmission electron microscope (TEM) (Tecnai G2 Spirit, FEI®, USA). For this, a drop of NPs
solution was placed on a carbon-coated copper grid. This same grid was also observed in a high-
resolution transmission electron microscope (HR-TEM). UV-Vis spectra were obtained using a
spectrophotometer (VarioSkan Flash, Thermo Fisher Scientific®, USA), with a light source of
Xenon flash lamp pulsed at 100 Hz, in an absorbance range of 300 to 800 nm. The optical properties
of the NPs were measured in deionized water at a concentration of 0.09% v/v. The zeta potential
and hydrodynamic diameter of the NPs were determined with a nanozetasizer (ZEN3600, Malvern
Instruments, UK). To perform these analyses, the NPs were diluted to a concentration of 0.05% (v/v)
with deionized water and sonicated for 20 min.

X-ray powder diffraction (XRD) measurements were made with a diffractometer (D8
Advance, Bruker®, Germany) with Cu Ka (k = 1.5405 A, 40 kV and 40 mA) radiation source, in
the 26 range of 10 - 90°, with a step size of 0.05° and scanning speed of 3 s. The energy dispersive
X-ray spectroscopy (EDS) of the NaGdF4:Nd**, NaGdF+:Nd**@Ni, and Ni NPs was performed with
a scanning electron microscope (JSM-7800F, Jeol, USA), having a coupled brand silicon detector
(X-Max 80, Oxford Instruments). For these characterizations, the colloidal suspensions were
centrifuged at 7500 rpm for 30 min, and the precipitates were dried at 80 °C for 24 h. Finally,
luminescence spectra were measured with a NIR Quest (Ocean Optics, Lithuania) detector and a
laser diode of 808 nm (Roithner Lasertechnik) with an output power of 1500 mW, which was
focused by a 20x objective lens and NA 0.4.

3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR)

The hydrophobicity change of NaGdFs;:Nd>* NPs was confirmed by FTIR (Fig. 1).
According to Himmelsto3 and Hirsch [34], there are different techniques for oleate removal,
although the most common method is assisted by an acid, such as sodium citrate. In this work, the
acid used was trisodium citrate, and as can be seen, the change from hydrophobic to hydrophilic on
the NPS surface was successfully carried out, thanks to the oleates removal carried out in the last
step of the synthesis. This process was important, since to cover the luminescent NPs with Ni the
NPs needed to be soluble in water. Furthermore, the potential use of core@shell NPs in AD requires
that the NPs be dispersible in an aqueous medium.
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Fig. 1. FTIR spectrum of NaGdF4:Nd>" NPs before (red) and after (blue) oleate removal.

According to Navarro-Ceron et al. [24], the FTIR bands in the hydrophobic sample
correspond to the stretching and bending vibrations generated by the oleate molecules. Specifically,
the peak observed at 2956 cm™ represents the asymmetric C—H stretching of CHs, while the peaks
at 2922 and 2854 cm™ correspond to the asymmetric and symmetric —CH, stretching vibrations,
respectively, of oleate molecules [35]. The bands at 1459, 1377, and 725 cm™ correspond to
symmetric stretching of the —COO, symmetric bending vibrations, and rolling vibration
superimposition of CHa, respectively [36]. In the hydrophilic sample, a band around 3300 cm ™' can
be observed, indicating the stretching vibration of the —OH group with a hydrogen bond [37].
Interestingly, no hydrogen-bonded —OH group was detected in the hydrophobic sample.

3.2. Morphological characterization

The NaGdF4:Nd** and core@shell NPs were examined by TEM, and the results are shown
in Fig. 2. The NaGdF.:Nd*'@Ni NPs presented an almost spherical shape and monodispersity, with
an average diameter of approximately 250 nm, with a size range of 100 - 450 nm (Fig. 2b). They
were highly stable due to the type of biopolymer used as a passivating agent (gelatin) [38]. Fig. 2c
shows the micrograph of NaGdF4:Nd** NPs, before their coating with Ni NPs, which present a size
distribution of 6.37 to 45.43 nm, and a characteristic grouping of this type of NPs [39]. From HR-
TEM micrographic (Fig. 2d), it can be seen that the shell structure (Ni) is amorphous and much less
dense than the core structure (NaGdF4:Nd*"); furthermore, some crystal planes are conspicuously
visible in the core structure. According to the micrographs, it can be stated that the core@shell NPs
formation is not individual, rather the Ni NPs covered agglomerates of the NaGdF4:Nd** NPs.
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Fig. 2. a) TEM image of NaGdF4:Nd**@Ni NPs, b) size distribution histogram of 100 NaGdF4:Nd**@Ni
NPs, ¢) NaGdF4:Nd** NPs, and d) HR-TEM of NaGdF 4:Nd**@Ni NPs.

3.3 Optical properties

The UV-Vis spectra for Ni and NaGdF4:Nd*' @Ni NPs using gelatine as a capping agent are
presented in Fig. 3. The spectra show characteristic surface plasmon resonance for Ni NPs, with
maximum absorption bands detected at 387 and 383 nm for Ni and core@shell NPs, respectively,
which proves the Ni NPs formation. It has been reported that Ni NPs exhibited absorptions between
300 and 400 nm [40, 41]. The absorption peak is consistent with those of Din et al. [42], who
obtained Ni NPs from chemical reduction using NaBH4 as a reducing agent. Likewise, the
calculations of Jaleh et al [43] estimate an absorption of 350 to 490 nm for the same type of NPs.
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Fig. 3. UV-Vis spectra for Ni and NaGdF 4:Nd**@Ni NPs.
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The absorption band of the core@shell NPs was slightly shifted, indicating a size difference,
and that NaGdF4:Nd*" in the core does not affect the optical properties of Ni. Din et al. [42] mention
that the absorption band position depends on several factors, and that the thickness and size of the
absorption peak are indicators of the dispersion and stability of the NPs.

3.4. Surface charge and hydrodynamic diameter

To determine the stability of the dispersed particles in solution, the surface charge was
determined using the zeta potential. In this technique, as the absolute value of the zeta potential
increases, the probability of NPs aggregation decreases [44]. In this work, gelatin passivated core-
shell NPs were stable as reported by Titus et al. [45], since an average value of -27+1 mV was
obtained, with a hydrodynamic diameter of 520 nm.

3.5. Structural characterization

The diffraction pattern of Ni and NaGdF4:Nd**@Ni NPs is shown in Fig. 4. The peaks with
Bragg reflections at 27.4°, 31.5°, 45.4°, 56.6°, 66.2°, 75.3°, and 84.1° correspond to NaCl according
to ICSD 060280. This can be associated with a residual phase of colloidal suspension during the
drying process. The X-ray diffractogram of the Ni NPs sample shows peaks with Bragg reflections
at 20 = 31.5° corresponding to NaCl and 26 = 45.5° which correlates with the cubic phase of metallic
Ni according to ICSD-64489/PDF-87-712 [46-47]. The Bragg peaks in the XRD pattern of the core-
shell sample were in agreement with the hexagonal phase of NaGdF4 (JCPDS card #27-0699) [49].
As expected, no significant change in the crystalline phase of NaGdFs is observed with the
incorporation of Nd**, because it occupies crystallographic sites of Gd**, whose ionic radii are
similar [50, 51].

NacCl
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Fig. 4. X-ray diffraction pattern: a) NaGdF +:Nd**@Ni NPs and b) Ni NPs.

3.6. Chemical composition

Energy dispersive X-ray spectroscopy (EDS) was applied to confirm the chemical
composition and the approximate concentration of the prepared samples (Fig. 5). Through the
elemental analysis mapping, the homogeneous distribution of the elements present in the NPs was
observed. As shown in Fig. 5a, all elements of the NaGdF4:Nd** @Ni core@shell NPs were detected.
As it was expected, Ni was the element that was observed in greater abundance in these NPs, because
it is covering the luminescent NPs. Figures 5b and Sc show the spectra of the NaGdF4:Nd** and Ni
NPs; in both cases, a uniform distribution of the elements that make up the NPs was observed.
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Fig. 5. EDS spectrum and mapping of the NPs: a) NaGdF .. Nd**@Ni, b) NaGdF ;:Nd*" and c) Ni.

3.7. Luminescence spectroscopy

The emission spectra of the NaGdF4:Nd*"@Ni NPs can be observed in Fig. 6. The excitation
at 808 nm (I-BW) fills the *Fs/:*Ho,» multiple levels of Nd**, which then fills the *F3, state through
non-radiative relaxation, from where the different near-infrared (NIR) emissions originate (II-BW).
The emission spectra of the samples showed emissions at 1054 and 1330 nm, corresponding to
transitions from the “F, excitation level of Nd** ions to the lower “I;1,, and *I;3, levels, respectively
[52] (Fig. 6b).
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Fig. 6. a) Photoluminescence emission spectra of NaGdF,;:Nd**@Ni core@shell NPs excited at 808 nm,
and b) energy levels of Nd*".
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4. Conclusions

The synthesized NaGdF4:Nd** @Ni NPs were developed with excellent chemical properties
and stability, as shown in the different characterizations. The absorption spectra of the NPs indicate
that the optical properties of Ni in the shell are not affected by the core. At the same time, the NPs
present a Stokes shift, being excited in [-BW and emitting photoluminescence in [I-BW. According
to the results obtained, these NPs present a very good alternative for use in biogas production, not
only as catalysts, but also as biomarkers to improve the understanding of biogas production during
AD. Although this is only a proposal, since they could be applied in various areas.
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