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Infrared spectroscopy of CeO 2 nanoparticles using Bergman's spectral representation: effects of phonon confinement and lattice strain

The dielectric function of a cerium oxide nanopowder has been investigated by infrared spectroscopy. The use of Bergman's spectral representation and a semi-quantum dielectric function model allows an accurate retrieval of the main features of the lattice dynamics of this nanocompound. Due to the absence of significant lattice strain or vacancy concentration, the observed differences between the dielectric functions of the nanopowder and a single crystal can be explained mainly by the phenomenon of phonon confinement. The results are validated by comparison to literature data and additional spectroscopic techniques, as well as by direct measurements of powder filling factors.

Introduction

Cerium (IV) oxide is a versatile compound with a wide range of established and potential applications. Besides its traditional uses as an abrasive for chemical-mechanical polishing and catalyst for vehicle exhausts, it is nowadays finding new niches in sectors such as biomedicine and energy 1,2 . Many of these applications are based on nanostructured ceria, which enhances the intrinsic redox potential of this material and its capacity to store and release oxygen reversibly due to its ease of transition between trivalent (Ce 3+ ) and tetravalent (Ce 4+ ) states 3 . Promising results have been obtained using cerium oxide nanoparticles to fight oxidative stress in biomedical applications 4 . Other important new applications of this material concern the development of fuel cells 5,6 and newer catalytic applications in the energy sector, such as photocatalysis of hydrogen 7,8 .

Crucial to all these applications is the fact that the properties of ceria change significantly upon reduction of particle size. The well-known lattice expansion of ceria nanoparticles has been usually linked to the valence reduction of Ce ions and subsequent reduction in bonding force 9 , although this picture has been challenged 10 . In general, the defect structure of nanoceria is thus crucial to its catalytic properties and can be studied by vibrational spectroscopies by means of its effect on the compound's lattice dynamics. Cerium oxide crystallizes on a cubic lattice, corresponding to the fluorite structure (space group number 225, Fm3m). Group theory predicts two first-order vibrational modes, T 2g (Raman active) and T 1u (IR active). The latter is also accessi- ble by hyper-Raman spectroscopy, which is a powerful non-linear complement to the classic linear spectroscopies 11 . The phonon frequencies and dispersion are well established from ab initio calculations 12 .

Experimental studies on phonon confinement and size effects of ceria nanoparticles using Raman spectroscopy abound 11,[13][14][15][16][17][18][19][20] . Certain analytical models have been devised to interpret features of the Raman spectra and relate them to the particle size and defect structure 14,15,17 . In the case of infrared spectroscopy, studies on this nanomaterial have been much scarcer [20][21][22] . Similar to the case of Raman spectroscopy, authors have found significantly different infrared optical properties for the nanoparticulate version of ceria when compared with its bulk counterpart, including a multiplicity of lattice modes and the presence of free charge carriers. However, the proper understanding of each of these features is complicated by the greater complexity of infrared spectra, compared to Raman spectroscopy. In particular, the need to take into account the effect of the topology of the air-nanoparticle composite material of a compressed powder pellet on its dielectric response requires more sophisticated fitting tools. It becomes necessary to discriminate between optical features arising from the individual nanoparticles and those due to geometric resonances and artifacts arising from the particle arrangement. In this regard, Popović et al. found that the composite response could not be satisfactorily explained with conventional effective medium approximations by assuming spherical particles and pores 21 . By applying a modified Bruggeman effective model, they found signatures of acoustic and Raman-active phonons becoming IR-active in the nano regime, and hypothesized an origin due to phonon confinement and relaxation of infrared selection rules. Moreover, the presence of charge-carrier-like features in the far-infrared has also been pointed out [20][21][22] . On the contrary, Hyper-Raman spec-troscopy finds the usual TO and LO branches, albeit broadened and redshifted, while also showing the presence of a supplementary IR-type band in 10-nm sized particles, attributed either to a two-phonon process or to a geometric resonance 11 . Overall, a systematic and unambiguous assignment of the infrared signature of ceria nanoparticles requires further validation.

This work reports on an in-depth combined spectroscopic analysis of a commercial ceria nanopowder, with special emphasis on a description of its infrared response within the framework of Bergman's spectral representation theory 23 . The goal of this article is to provide useful information about the vibrational properties of nanoceria that can be relevant for its characterization and application, while also qualitatively interpreting the results in terms of the mechanisms acting on the vibrational properties of nanoparticles, such as phonon confinement and lattice strain. Furthermore, the obtained results validate a methodology for the retrieval of optical properties of nanomaterials using Bergman's spectral representation for the description of effective properties. In addition, this methodology provides information about the filling factors and topology of the samples via the retrieved spectral density function.

Materials and methods

General characterization of the powder

Commercial CeO 2 nanopowders synthesized by flame pyrolysis were purchased from Tecnología Navarra de Nanoproductos (TECNAN). Their basic properties, as given by the manufacturer, are shown in Table 1. Their morphology, connectivity and size distribution were characterized by transmission electron microscopy (TEM) measurements using a Philips CM20 microscope equipped with an EDAX EDS analyzer operating at 200 kV.

Property

Value Surface area (m2 /g) 121 Mean particle size BET (nm) 7 Mean particle size XRD (nm) 10 Mean lattice parameter (nm) 0.5415 Purity (%) 99.72 Microstrain (%) 0.26 UV-VIS spectroscopy was performed to determine the band gap of the nanoparticles and the Urbach tail as a measure of disorder using a Varian model CARY 4E spectrophotometer with a PTFEcoated integrating sphere (Agilent Technologies). Finally, Raman measurements were performed using a Renishaw Invia Reflex confocal spectrometer at room temperature, with laser wavelengths of 514 and 488 nm and a grating of 1800 grooves/mm for a spectral resolution of 2 cm -1 .

Infrared spectroscopy and sample preparation

The powders were crushed and pressed into 13 mm diameter pellets for the infrared spectroscopy studies. Different filling factors were obtained by varying the applied pressure (0.5, 0.75, 1, and 1.5 tonnes). Higher and lower filling factors led to insufficient surface quality or even breaking of the samples above 2.5 tonnes. The filling factors of the pellets ( f DM ) were obtained by direct measurements of mass and volume, assuming a value of 7.20 ± 0.02 g/cm 3 for the bulk density of CeO 2 . It is well known that ceria nanoparticles experience lattice expansion below 10 nm 9,13 , but the difference is sufficiently small to be considered as part of the experimental uncertainty of the density. The main component of the filling factor uncertainties corresponds to the sample height measurements and imperfect planarity. The thicknesses of the pellets were measured optically with a microscope equipped with a motorized micrometer z-stage. The results are given in Table 2. Conventional specular reflectivity measurements were obtained with two Fourier-transform infrared spectrometers, a Bruker Vertex 80V, and a Bruker Vertex 70 with near-normal incidence geometries. A liquid He cooled bolometer and a deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector were employed to cover the far-and mid-infrared spectral ranges, respectively. A gold mirror was used in both cases as the reflectivity reference. The homogeneity and quality of the surfaces were checked by spatially-resolved specular reflectivity measurements recorded in a 5 mm x 5 mm grid using a Bruker Hyperion 3000 FTIR microscope connected to the vacuum Vertex 80v spectrometer, from 400 to 2000 cm -1 . Measurements were performed with an instrumental resolution of 4 cm -1 and using the internal gold mirror reference of the microscope. Measurements were acquired with a liquid-N 2 cooled Mercury Cadmium Telluride (MCT) detector through a 15× Cassegrain objective with a numerical aperture of 0.4.
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Additionally, as a method to check the specularity of the sample surfaces, normal-hemispherical reflectivity spectra were recorded using a 6-inch Infragold ® -coated integrating sphere coupled to a Bruker Vertex 70 spectrometer purged with dry air. The data were collected by performing 2048 scans in the mid-infrared from 500 to 2000 cm -1 with an aperture of 3.5 mm, Ge/KBr optics, and an MCT detector. The results were corrected for instrument background and the reflectance of the Infragold reference (R re f = 0.94).

Finally, complementary transmittance measurements have been performed in 0.5 wt% CeO 2 + KBr pellets. This serves as an alternative method to identify the adsorbed compounds, as well as to check the accuracy of the obtained dielectric function. The calculated curve has been obtained using the Beer-Lambert law, after correcting the data for light scattering:

τ(ω) = τ 0 exp(-cdα(ω)), (1) 
where τ 0 is the baseline transmittance of the KBr pellet, c = 0.005 is the concentration of the absorbing medium, d is the thickness of the pellet, and α(ω) = 4πωIm( ε(ω)) is the absorption coefficient of the CeO 2 particles.

Optical model

Optical characterization of nanopowders requires the use of effective medium theories, also known as homogenization, to link the effective dielectric function of the air-powder composite to the dielectric functions of the constituents (nanopowder+air) and the microstructure. A general homogenization procedure was proposed by Bergman, based on a separation between the dielectric functions of the components (ε i , ε m ) and a spectral density function (m f ), which includes all the geometric information about the composite and the arrangement of the two phases 23 . The relation between these quantities and the effective dielectric function ε e f f is mathematically expressed by:

F(s) = 1 - ε e f f ε m = A 0 s + 1 0 + m f (z) s -z dz, (2) 
where ε m and ε i are the dielectric functions of the matrix (air) and the inclusions (CeO 2 nanopowder), respectively, and s = ε m /(ε m -ε i ) contains all the dielectric information. A 0 is known as the percolation strength and corresponds to the weight of a Dirac delta contribution to the spectral density function at z = 0. This term has its physical origin in the connectivity between inclusions, while the (0,1] range describes resonant interactions between independent particles.

The volume fraction occupied by the particles inside the air matrix is given by the filling factor f , which is linked to the zeroth moment of the spectral density function:

f = A 0 + 1 0 + m f (z)dz ≡ A 0 + A m f , (3) 
where A m f is the non-percolative component.

For comparison, the analytical Landau-Lifshitz-Looyenga (LLL) effective medium approximation will also be used:

ε e f f = f ε 1/3 i + (1 -f )ε 1/3 m , (4) 
whose spectral density function is given by 24 :

m f (z) = f 3 δ (z) + 3 √ 3 2π f (1 -f ) 2 z -1 z 1/3 + f (1 -f ) z -1 z 2/3
(5) This is one of the simplest analytical effective medium approximations, with its main characteristic being a non-zero percolation strength at all filling factors. This is in sharp difference with other popular models, such as those of Maxwell-Garnett and Bruggeman, and makes this approach particularly useful for describing high-porosity solid networks, such as nanopowders 25 . Further discussions on the Bergman theory as applied to air-nanoparticle composites, as well as a comparison to alternative effective medium models, can be found elsewhere 26 .

Regarding the dielectric function model of nanoceria, a semiquantum approach has been used 27 . This model allows tuning the self-energy of the single phonon predicted for CeO 2 by group theory, without introducing additional first-order vibrational modes. However, in order to describe extrinsic contributions aside from the phonon mode, additional Gaussian bands have been introduced in the high-frequency region. The combined model can thus be written as:

ε(ω) = ε ∞ + ∆εΩ 2 0 Ω 2 0 -ω 2 -2Ω 0 ∑ gi (ω) + ∑ g j (ω), (6) 
where g represents a causal Gaussian function compliant with the Kramers-Kronig relations 27 .

3 Results

Characterization of the powder

The morphology of the nanoparticles can be seen in Fig. 1. Additional micrographs can be found in the Supplementary Material. The particles are polyhedrally shaped, with a mean size of 5.7 ± 3.0 nm that is consistent with the size values provided by the manufacturer. There is only a small number of coarser grains outside this range, with sizes around 15 nm. Electron diffraction confirms that the particles are single crystals of good quality.

Overall, these sizes and shapes are common for ceria nanoparticles and show good quality and homogeneity. The absorbance of these powders can be obtained from diffuse reflectance data using a Kubelka-Munk transform, where the function F(R) = (1 -R) 2 /2R is proportional to the absorption coefficient. A direct band gap of 3.08 ± 0.02 eV was obtained by extrapolation of the absorption edge on a conventional Tauc plot (Figure 2). Despite the fact that there are known problems when using Tauc plots for nanomaterials 28 , the maximum redshift possible for this spectrum has been determined at 0.2 eV using a linear law instead of the standard direct transition relation shown in Figure 2. The value for the direct gap is comparable to regular CeO 2 nanoparticles of similar size 8,29 , while being lower than those of larger particles 19 and higher than those of strongly reduced CeO 2-x 8 . It is also lower than the bulk gap of 4 eV [29][30][31] . Bandgap redshifts are generally attributed to the presence of a large concentration of surface Ce 3+ ions, as the band gap of Ce 2 O 3 is lower than for stoichiometric CeO 2 . Thus, the band gap value of ceria nanomaterials is strongly linked to the concentration of defects 19 . A complementary measure of sample quality is the lowfrequency Urbach tail, which represents the additional absorption taking place below the band gap energy. A value of 321 meV was found for the Urbach energy, which compares favorably to literature values for ceria nanoparticles with low microstrain, and is smaller than those with larger structural disorder 3 . This value, which is larger than the intrinsic one arising from phonon energies, is linked to the important concentration of surface defects and Ce 3+ ions typical of ceria nanomaterials. Finally, no shoulders below the band gap can be appreciated in Fig. 2, features which have been linked to bulk lattice defects 19 . Finally, Raman measurements for two excitation wavelengths are shown in Fig. 3. Features that coincide in both spectra can be confidently linked to real Raman-active modes of the material. The expected first-order T 2g band is observed at 464.3 cm -1 , with a FWHM linewidth of 12.7 cm -1 . While the peak position coincides with the bulk one, the width of the peak is larger, as expected for particles of small size. This contrasts with many results, for which the main peak experiences both a broadening and a redshift proportional to the reduction in particle size 11,[13][14][15][16][17][18][19][20] . Besides the strong peak, several second-order features can also be observed. Many works have described the origins of these vibrational modes, which carry important information about the properties of the nanoparticles. A review of literature evidence for each indexation is provided in Ref. 19 . According to this classification, three subsets of peaks can be found. First, the intrinsic second-order Raman spectrum, of which the 2LO signal at 1170 cm -1 is by far the strongest. Next, some features which are cor- related to bulk defects of ceria, such as the shoulder at 550-600, consisting of two peaks originating from oxygen vacancies and Ce 3+ atoms in the bulk, respectively. Finally, surface defects are also noteworthy, with the 830 cm -1 feature attributed to the O-O stretching vibration of molecular oxygen adsorbed onto two electron defects, and the 260 cm -1 feature to a Ce-OH surface vibration, or, alternatively, to a 2TA feature.

Infrared spectroscopy

Several infrared spectroscopic tools have been used to characterize the pressed pellets. Four types of reflectivity measurements (one in the far-and three in the mid-infrared) were made, with instruments featuring different numerical apertures. Agreement between the four results leads to high confidence in the quality of the pellets and the performed measurements. S p e c u l a r 1 . 5 t S p e c u l a r 0 . 5 t D i f f u s e 1 . 5 t D i f f u s e 0 . 5 t Fig. 4 Comparison between the results of normal-hemispherical reflectance and specular reflectance spectroscopies for two pressed pellets. Shades correspond to expanded uncertainties (95% confidence).

The use of homogenization procedures, such as Bergman's spectral representation, requires the surface to be specular. Thus, Figure 4 compares the spectra obtained by normal-hemispherical and near normal-normal specular reflectivity measurements between 600 and 2000 cm -1 . The FTIR microscope has been used for specular measurements in order to better characterize the dispersion of results, with local reflectance spectra being acquired along a 5 mm x 5 mm square grid. Agreement between the specular and diffuse measurements in this wavelength range leads to good confidence in the quality of the surface and its low roughness, which is crucial for implementing homogenization procedures, such as Bergman's spectral representation. The relative standard uncertainty for the measurements performed with the microscope is nearly independent of wavenumber, with an average value of 2%. This small uncertainty, even for very low reflecting samples, is a testament to the good repeatability of the setup and good homogeneity along the sample surface. It is worth noting the presence of adsorbed species in the 1200 -1800 cm -1 range, which will be discussed later.

Merged far-and mid-infrared specular reflectance spectra are shown in Fig. 5, together with the fittings using Eq. 2. The extension of measurement range to the far-infrared allows probing the reststrahlen band of this compound. As expected, the reflectance increases with increasing pressure due to the decreasing porosity, with the spectra dominated by the wide T 1u vibrational mode, between 200 and 600 cm -1 . The shape of this band is heavily distorted, compared to that found on for single crystals 31,32 . This region is the most sensitive to the particular topology of the samples (see Eq. 2), a consequence of the real part of the dielectric constant of the nanocompound becoming negative. Contrarily to other results 21,22 , no signature pointing to additional firstorder phonon modes was observed. It is worth noting that the curves, although very similar, do not stack parallel to each other in the entire spectral range, thus suggesting the need to account for slightly different spectral density functions in their analysis. Nevertheless, the quality of the fittings proves that the Bergman approach can be used to reproduce the results accurately. 
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Fig. 6 (a) Spectral densities of the four samples, compared to the theoretical spectral density corresponding to the LLL model (Eq. 4, filling factor 30%). (b) Filling factor dependence of the topological parameters associated with the percolative and non-percolative components. Dashed lines correspond to the values expected from Eq. 5.

These fittings have been made using the FOCUS software developed in our laboratory, by a procedure involving Fritsch-Carlson monotonic cubic interpolation using 22 anchor points to define each spectral density curve 33 (see Table S1 in the Supplementary Material). The starting points for the fitting procedure were a spectral density function given by the LLL model (Eq. 5 and Fig. 6a), and a dielectric function with a first-order mode at 272 cm -1 , and a second-order one at 424 cm -1 , as is the case for a single crystal 32 . High-frequency bands were necessary to account for the features observed in Fig. 4 between 1200 and 2000 cm -1 . A low-frequency contribution was later added to account for the insufficiently high reflectance below the main phonon peak, whereas a weak and broad Gaussian was added around 600 cm -1 to correctly reproduce the reflectance minima. The number of terms and anchor points were kept at a minimum in order to avoid the risk of overfitting. Moreover, the use of a single dielectric function for the analysis of the four samples ensured the consistency of the fitting procedure. The details of the dielectric function model parameters can be found in Table S2 of the Supplementary Material.

The spectral density functions used for the reflectance fittings and the corresponding topological parameters A 0 and A m f are shown in Fig. 6. These features have been compared to the predictions from the Landau-Lifshitz-Looyenga (LLL) model, as given by Eqs. 4 and 5. This is a relevant comparison, as the topology described by this model (non-zero percolation at all filling factors) is descriptive of the type of material under study. It can be seen that all spectral density curves show a very similar qualitative tendency to that predicted by the LLL model, albeit with more structure around z = 0. It must be noted that three of the samples could be replicated from one another only by a multiplicative constant, while the sample pressed at 1.5 t required small modifications, mainly around z = 1. In the case of the topological parameters (A 0 and A m f ), they also follow the same trends as the LLL model, which further proves the relative suitability of this theory for simulating nanopowder spectra as a first approximation, in line with previous investigations 26 . Nevertheless, the potential of Bergman's spectral representation for more accurate retrieval of not only the dielectric function, but also relevant topological properties of the material must be noted.

As a direct validation of the procedure, the resulting filling factor values obtained by Bergman infrared analysis ( f B ) are compared to those obtained by direct measurements of mass and volume ( f DM ) in Fig. 7. Combined expanded uncertainties for both measurement types are shown as error bars, with the main sources for f DM corresponding to uncertainties in the pellet mass, diameter, and height, as well as the uncertainty in the density of nanoceria. In the case of the infrared measurements, the uncertainties are linked to the standard uncertainty of reflectance measurements, as estimated when using the microscope. It can be seen that both measurements show good agreement within 95% confidence interval, which strengthens the validity of the results obtained by this infrared spectroscopic approach and it enables it as an accurate tool to estimate porosities of nanocomposites. The complex dielectric function ε(ω) resulting from the fitting is shown in Fig. 8a, while Fig. 8b shows the energy loss function Im(-1/ε) derived from it. Data calculated from the reported parameters in the analysis of a single crystal are shown for comparison 32 . This allows comparing the structures around the main vibrational features and serves to illustrate the frequency shift and broadening of each branch (TO and LO) of the T 1u phonon. A closer view of these secondary features can be seen in Fig. S3 in the Supplementary Material. Similar phonon frequencies are obtained for both spectra, an effect which is consistent with the results obtained with Raman spectroscopy (Fig. 3). This reproduction of bulk peak positions in nanoparticulate ceria runs counter to most reported experiments, which report new infrared-active phonon modes, as well as large redshifts and broadenings of Raman modes, upon particle size reduction. The implications of these factors will be discussed later. Besides the good agreement between peak positions, several differences can be seen between the dielectric functions. A notable discrepancy with single-crystal data is seen in the static dielectric constant, which increases from 24.5 in the single crystal to 36.8 in nanoparticulate form. This increase is consistent with dielectric data from Ref. 34 , which reports a dielectric constant of 41 at 1 MHz and 313 K. Mathematically, this increase in the static dielectric constant is the result of an increase in the dielectric strength of the vibrational modes. Whereas single-crystal data can be analyzed by adding only one second-order infrared feature at 424 cm -1 to the dielectric model, the more complex nanoparticle spectra require three second-order contributions at 142, 429 and 566 cm -1 . These large contributions to the self-energy of the T 1u phonon lead to a larger dielectric strength, especially in the case of the broad low-frequency mode, which is linked to a general increase in infrared-active features below the TO frequency, and whose origin will be discussed in the following section. This contribution is also the one that accounts for the asymmetry of the peak, with the low-frequency tail decaying more slowly than its high-frequency side. Secondly, although less crucially, the large static dielectric constant is also affected by contributions from vibrational bands at 1578 and 1338 cm -1 of carbonate species formed after adsorption of atmospheric CO 2 35 , as well as a larger high-frequency dielectric constant ε ∞ than that of the single crystal. The increased value of the latter parameter will be discussed in the next section. Finally, the accuracy of the dielectric function is tested against the transmittance spectrum of a 0.5 wt% CeO 2 + KBr pellet, as shown in Fig. 9. Good agreement between the experimental curve and the one calculated by Eq. 1 is observed, which further illustrates the accuracy of the fitting performed for the reflectance measurements. The small absorption features in the 800 -1200 cm -1 range have not been incorporated in the model, due to their negligible contribution to the reflectance. The origins of the absorption features are discussed elsewhere 35,36 . Whereas the low- Fig. 10 Reflectance of the sample pressed at 1 t, compared to a representative spectrum reported in Ref. 21 . Fitted curves extrapolated to filling factors of 100% are shown with dashed lines and compared to single-crystal data from Ref. 32 .

energy structure and curvature up to 800 cm -1 , and the small peak at 1050 cm -1 (which is also present in single-crystal spectra 32 ) arise from second-order infrared modes of nano-CeO 2 , all other peaks arise from extrinsic features. In particular, the formation of bulk carbonates by adsorption of CO 2 is most responsible for the larger bands in the 1200 -1800 cm -1 spectral range 37 . The presence of an additional band corresponding to the H-O-H bending motion around 1600 cm -1 is also possible. The only remarkable feature of the transmittance spectra in the range above this threshold is the expected broad hydroxyl band around 3400 cm -1 (not shown), common to hygroscopic materials.

Comparison to literature data

Before delving into the implications of the presented results, it is worth comparing them to available results in the literature. Relatively few data have been published on the infrared properties of cerium oxide nanoparticles [20][21][22] , with Raman spectroscopy being a much more popular tool to study this nanomaterial. A comparison between the sample pressed at 1 t and a spectrum reported in Ref. 21 is shown in Fig. 10. The spectra have been chosen because of their large similarity between 200 and 600 cm -1 . Moreover, the reference curve chosen is representative of all the spectra shown in Refs. [20][21][22] . While the region around the main phonon is similar in both cases, they differ significantly in the low-frequency region, where the reference curve shows a much higher reflectance, attributed to free charge carriers that can be the result of a significant non-stoichiometry and defect concentration in the bulk. No such feature is observed in the data reported in this work. Contrary to the analysis described above, the authors of Ref. 21 interpret the results by invoking four first-order vibrational modes and a modified Bruggeman effective medium approximation. This leads them to assume a filling factor of 0.8, much higher than that of its counterpart, as well as a heavily distorted dielectric function. The accuracy of the chosen filling factor deeply impacts the obtained results, as is evidenced by the extrapolations shown in Fig. 10. The dashed curves are obtained from the dielectric models when assuming a perfectly dense material ( f = 1). It can be seen that the results from this work are much closer to those of a single-crystal, albeit with the aforementioned differences at mainly low frequencies, while the alternative model does not retrieve a bulk-like reflectance spectrum when a full density is assumed. This can also be a sign of an inaccurate effective medium approximation, as it is well-known that models such as the Landau-Lifshitz-Looyenga are more representative of selfsupporting high-porosity networks than the Bruggeman model 25 .

In the light of these results, it can be hypothesized that a more sophisticated approach to model the effective medium, such as Bergman's spectral representation, can lead to a better description of the infrared activity of this material with a less distorted dielectric function.

Alternatively, a comparison of data on the phonon frequencies and dielectric constants is shown in Table 3. The previously discussed data from Fig. 8 are compared to ab initio calculations and experiments on a number of cerium oxide materials of different morphology, with data obtained from multiple experimental techniques (optical, dielectric, and Hyper-Raman spectroscopies). It can be seen that, despite the significant spread, the results presented in this work are consistent with literature data. Among the infrared studies on ceria nanoparticles, only one work reports on a value for the high-frequency constant of 4 22 , but this value is assumed a priori in order to fit the spectra, with no arguments used to arrive at such a value. The higher value of the high-frequency dielectric constant with respect to that of the single crystals 31,32 can be linked to the observed reduction in band gap, as it has been established that these effects are concomitant in the case of doped CeO 2 38 . According to Hyper-Raman spectroscopy, both infrared mode frequencies experience a slight redshift and a large broadening upon reduction of particle size 11 . These results seem contradictory with the ones reported in this paper, which are actually closer to the single-crystal values, as in the case of Raman spectroscopy. A more complete discussion on the influences of several parameters on the dielectric function is featured in the next section. As a final observation, it is worth noting that neither the results reported in this work nor the ones from Mochizuki 32 obey the Lyddane-Sachs-Teller relation, due to the large contribution of anharmonicity (additional weight from second-order modes). On the contrary, the analysis in Ref. 31 assumes this relation in order to retrieve the dielectric function, which might explain the discrepancies between its reported values and those of other references.

Discussion

The results shown in this work form part of a complex picture of the vibrational properties of nanoceria materials. Contrary to a common assumption, it is shown that the Raman and infrared modes of this material do not depend on particle size in a universal manner. This Section contains an overview of this picture in view of the results previously exposed.

To begin with, comparisons between results is a complicated task because of the multiple effects at play, such as phonon con- 39 24.9 273 Ab initio 12 26.9 * 5.70 264 573 Ab initio 38 6.25 Thin film 40 5.2 -5.6 Nanoceria 34+ 41 Nanoceria 11 † 259 587 finement, lattice strain, and defect concentration. This has already been acknowledged when attempting to quantify the effects of each phenomenon on the Raman spectra of the particles 14 . Differences in the vibrational spectra of nanosized materials are usually attributed to the well-known phenomenon of phonon confinement, which leads to a greater portion of the Brillouin zone being infrared-or Raman-active and is generally expected to induce a redshift and broadening of the peaks. The Raman peak position (464.3 cm -1 ) and FWHM (12.7 cm -1 ) reported in Fig. 3 are similar to those reported in Ref. 18 , where particles with small microstrain were studied, and lower differences with the bulk properties were found. Contrarily, the often-cited analysis from Ref. 14 corresponds to much more strained particles, with large deviations in their vibrational properties and strong defect-activated second-order Raman signals.

The nanoparticles studied in this work are characterized by a low microstrain of 0.26% and a lattice constant only 0.23% higher than the bulk value (a = 0.5403 nm, JCPDS 65-5923 3 ), while retaining a small size in the 5-10 nm range. Furthermore, the results from UV-VIS and Raman spectroscopies suggest a low concentration of bulk Ce 3+ ions. This allows a decoupling between the effects of particle size and the often concomitant phenomena of lattice strain and non-stoichiometry. In this regard, these nanoparticles can be compared to similar materials reported in the literature, whether obtained by control of the synthesis process 41 or by annealing at intermediate temperatures 18,42 . In all these cases, nanoparticles with very low non-stoichiometries are obtained. In the case of the nanoparticles featured in this work, a hypothesis based on the synthesis method can be formulated, based on the high temperatures at which flame pyrolysis takes place. It can be expected to have a lower defect concentration after using such a method when compared to room-temperature synthesis. Therefore, the use of nanoparticles with low microstrain allows a more straightforward observation of the intrinsic effects of phonon confinement.

Less work has been done in regards to the infrared properties of ceria nanoparticles. This is an opportunity to analyze the potential effects of phonon confinement in these modes, with their own peculiarities. To begin with, the largest difference between the infrared spectra of the nanoparticles and that of a single crystal is the emergence of two additional second-order modes at 566 and 142 cm -1 , aside from the bulk-like one at 429 cm -1 . Similar features at these frequencies have been observed in other infrared measurements of nanoceria 21 . According to the analysis in this reference, these modes are attributed to each of the firstorder modes present in the phonon density of states (acoustic, infrared TO, Raman, infrared LO). In the analysis presented in this work, these features are treated as multi-phonon contributions to the self-energy of the main IR phonon, while the use of arbitrary spectral density functions based on Bergman's spectral representation has improved the accuracy of the fittings. A confirmation of the first-or second-order nature of these modes could be made with temperature-dependent experiments, with the multi-phonon combination being much more sensitive to these changes.

The origin of the additional modes required to accurately fit the results is to be found on the combined effects of phonon confinement. The most common approach to study this phenomenon starts from an integration of a portion of the Brillouin zone inversely proportional to the particle size 14 . This calculation leads by itself only to a small redshift and broadening of the Raman-active T 2g mode, if no other complementary effect is considered. Similarly, the LO phonon features an almost flat dispersion throughout the Brillouin zone 12 , which is consistent with the similarity between the energy loss functions of the single crystal and the nanoparticles in Fig. 8b. However, in the case of the TO branch, its phonon dispersion includes large positive and negative components 12 , particularly along the more degenerate L direction. It is possible that the combination of these effects leads to a small net shift in the peak position, while accounting for its significant broadening, which requires an additional broad mode centered at 566 cm -1 to be accurately reproduced. It should also be noted that very different results are obtained from phonon confinement depending on the coupling-constant value, which is an additional possibility to account for the differences between the effects of confinement on each phonon branch 14 .

In the case of the low-frequency second-order mode, it is too strong to be caused solely by the natural asymmetry due to the confinement of the main phonon. The attribution to first-order acoustic phonons at the X and L points of the Brillouin zone by relaxation of infrared rules 21 is an unlikely possibility, given the good crystallinity of the nanoparticles. One possible hypothesis concerns the onset of far-infrared activity of confined acoustic vibrations, as described by an elastic-sphere coupling model 43 . This phenomenon, which has already been observed in Raman experiments on nanoceria 16 , can also affect its infrared response, yet it has not been identified as such in the case of this nanomaterial, and its frequency may be too high for attribution to this origin. Excess far-infrared absorption has also been observed in heavily-doped CeO 2 polycrystals, either in the form of a supplementary mode at 130 cm -1 39 or as a broad absorption continuum 44 . However, the presence of such a mode in these works has not been shown to affect the static dielectric constant. Therefore, a more complete study on the far-infrared properties of this nanocompound, and the relation between low-frequency modes and an enhanced static dielectric constant, remains to be done. This is especially relevant because of the potential of the latter property to be useful for the design of dielectric nanocomposites.

Overall, it can be seen that, for nanoparticles with low extrinsic distortions from strain or non-stoichiometry, phonon confinement is the main phenomenon behind the emergence of properties not present in the bulk. The implications of this characterization are not evident. Whereas high surface concentrations of Ce 3+ ions are advantageous for catalytic applications and the reason for manufacturing this material in nanoparticulate form, the case for bulk defects is more ambiguous. Both stoichiometric and non-stoichiometric nanoparticles can be useful for certain applications. Increasing the bulk strain and disorder of ceria nanoparticles can be a successful strategy for photocatalytic applications, due to the reduction in band gap 8 , while the reduction of defects can improve the oxygen storage capacity of the compound and facilitate oxygen lattice diffusion 41 . In any case, the decoupling between the phenomena of particle size reduction and defect-rich structures is evident from the results in this work and others.

Crucially, the power of infrared spectroscopy to reveal important information about the properties of this compound has been evidenced in this work. In particular, the use of a sophisticated fitting methodology, combining Bergman's spectral representation and a semi-quantum dielectric function, allows an accurate and complete description of the dielectric and topological properties of the nanocomposite. The results suggest that these powders effectively behave similarly to the ideal LLL model, although the present methodology allows a more precise description of their properties. A similar result was found for other oxide nanoparticles 26 . Moreover, the robustness of this framework provides confidence in the results and the proper attribution of the physical mechanisms behind the observed phenomena. The accuracy of the method in retrieving the filling factor and percolation strength of the powders can be of interest for the general characterization of nanocomposites, even in cases where the information about the dielectric function of the components is not of direct interest.

Conclusions

The use of Bergman's spectral representation allows retrieving the dielectric function and geometric information of a nanocomposite separately, without a priori assumptions on the topology of the material. By combining this approach with the use of a semiquantum model for the dielectric function, an accurate reproduction of the anharmonic components of commercial nanoceria is obtained. A negligible shift in the peak positions of the TO and LO frequencies is observed, although an important broadening takes place for the TO mode. No additional first-order phonon modes or charge carriers were required to model the observed phenomena, except for the small contributions from adsorbed carbonates. A strong low-frequency contribution to the dielectric function is observed, which enhances its static dielectric constant and is absent in single-crystal data. It has been tentatively attributed to infrared absorption by confined acoustic vibrations of the nanoparticles. Overall, the results support the view that the vibrational properties of this material do not depend on particle size in a universal manner, with a large influence of the synthesis method and the resulting microstrain. The conclusions extracted by this analysis are consistent with results from Raman spectroscopy, for which more work is available in the literature.
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Fig. 1

 1 Fig. 1 Bright-field transmission electron micrograph of the CeO 2 nanoparticles.

Fig. 2

 2 Fig.2Tauc plot for the determination of the band gap for the direct transition of the nanoparticles. E g = 3.08 ± 0.02 eV.

Fig. 3

 3 Fig.3Raman spectra for two excitation wavelengths.
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Fig. 5

 5 Fig.5Merged reflectance spectra from far-and mid-infrared measurements, together with fits to Bergman's spectral representation.

Fig. 7

 7 Fig. 7 Filling factors as determined by direct density measurements ( f DM ) and infrared spectroscopy within Bergman's representation ( f B ). Error bars correspond to 95% confidence intervals.

Fig. 8

 8 Fig. 8 Comparison between the obtained dielectric function and the one reproduced from model parameters reported in Ref. 32 . (a) Real and imaginary parts of the dielectric functions around the TO phonon frequency. (b) Energy loss function around the LO phonon frequency.

Fig. 9

 9 Fig.9Transmittance measurement of CeO 2 dispersed in KBr, compared to the values predicted by Eq. 1 using the dielectric function obtained from fitting the reflectance spectra.
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Table 1

 1 Characteristics of the commercial powder. Mean particle size has been estimated from both the surface area measurements (BET method) and by X-ray diffraction (XRD).

Table 3

 3 List of vibrational and dielectric properties reported in this work and others in the literature. * : estimated from the other parameters using the Lyddane-Sachs-Teller relation. + : measured at 1 MHz. † : measured using Hyper-Raman spectroscopy.
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