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Abstract

:

In this work, six samples of CeO2 are successfully prepared by diverse synthesis routes leading to different microstructures regarding both morphology and particle size. The structural and microstructural characteristics presented by the samples and their influence on the electrochemical response of the prepared anodes are analyzed. In particular, the Ce-CMK3 sample, synthesized from a mesoporous carbon obtained through a CMK3 silica template, displays an enhanced electrochemical response. Thus, capacity values of ~220 mA h g−1 are obtained at a current rate of 0.155 A g−1 after 50 cycles and an excellent cyclability at intermediate current densities. On the other hand, it is observed that the capacity values are satisfactorily recovered at 0.31 A g−1, displaying ~100 mA h g−1 after 550 cycles and efficiencies close to 100%. The electrochemical performance is interpreted considering the microstructural peculiarities of this anode, which are deeply analyzed.
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1. Introduction


At the current moment, both energy storage and transport remain hot topics in the materials research field. Social demand and environmental commitments focus the priorities on the development of future devices. Among other systems, lithium-ion batteries (LIBs) are still nowadays widely employed. Indeed, they have revolutionized human daily life concerning communications, technology, and entertainment [1]. Despite several safety concerns, the rapid technological development of wireless devices and hybrid vehicles in recent years has led to an increased demand for LIBs due to their high power and high energy density [2,3,4,5]. Therefore, anode materials have had a growing body of research in the last few years, trying to replace the graphite anode with a new active material that offers higher cycling performance and good capacity retention [6]. The lithiation/de-lithiation process is pivotal for the research of new anode materials with regard to the charging rapidity [7]. The morphology of the nano-sized crystallites of different metal oxides offers new opportunities in materials engineering, due to their improved intrinsic properties. Thus, the reduction in particle size allows engineering the interfacial properties, which directly affect their application domain [8].



Ceria (CeO2) is an inexpensive and abundant material which has attracted much attention in recent years, as it presents excellent chemical and physical properties. Certainly, it is widely employed in numerous applied fields, such as, among others, catalysts [9,10,11], oxygen sensors [12,13], fuel cells [14], biotechnology [15], and environmental chemistry [16]. These vast possible applications are due to the outstanding electronic properties of the fluorite-type CeO2 material. Thus, the Ce oxidation state can change quickly between Ce3+ and Ce4+, which permits to stabilize oxygen vacancies without destructing the structure or modifying it through reversible processes. In addition, ceria can be prepared in numerous microstructured and nanostructured forms, leading to an enhancement of particular applications [17]. Indeed, ceria are used as a dopant to minimize the increase in the internal impedance of different metal-ion batteries, which occurs during discharge [18,19], and it is also extensively studied as a component of the anodes in LIBs. Thus, hollow nanospheres of the CeO2 material were prepared using anionic micelles [20] and led to good stability and capacity values of about 300 mA h g−1 after 100 cycles at 0.2 A g−1 current rate. The improved performance compared to dense ceria particles was interpreted considering that the hollow morphology favored the lithium insertion–deinsertion processes. Additionally, CeO2 rhombus and shuttle-shaped microcrystals, obtained by a chemical precipitation method [21], displayed 315 mA h g−1 after 50 cycles at 0.2 mA cm−2 rate, although for further cycling, the capacity started to fade. Here also the improved response was attributed to small particle size and high concentration of oxygen vacancies. Additionally, other strategies searching the modification of the microstructure were approached. Thus, several doped ceria materials were prepared, e.g., FeO/Mn-rGO [22], displaying an average reversible capacity of over 420 mA h g−1 after 50 cycles at a current of 0.1 C. Moreover, inorganic–organic hybrid composites with ceria nanoparticles on porous carbon were explored as anodes for LIBs, delivering 128 mA h g−1 after 40 cycles at 0.1 A g−1 [23]. The improvement of the electrochemical performance in the prepared anode was attributed to the stabilization of non-aggregated CeO2 nanoparticles, which favored the electrochemical energy storage by accommodating the volume change of the anode during charge–discharge processes.



On the other hand, the use of a 2D or 3D porous network can lead to significant enhancement in terms of electrochemical properties. Indeed, as they consist of interlinked structures, they favor Li-ions and electron pathways. Thus, the 3D network in a Si@SiOx/C nanoarchitecture (3D-Si@SiOx/C) with nanopores is reported to prevent the volume expansion and to show stable high-temperature cyclability [24]. Redox-active polymer-based materials are shown to be attractive for application in electrochemical devices such as batteries and supercapacitors, with outstanding properties regarding their synthesis, recycling, and excellent processability [25]. In this sense, the use of diverse templates for obtaining mesoporous structures was previously approached [26].



Having in view to obtain an optimized CeO2 sample for further doping, we are interested in studying in a comparative way the relationship between the electrochemical performance displayed by bare ceria materials and their micro and nanostructure. Our aim is to focus on simple and innocuous synthesis procedures capable to yield ceria samples with different microstructures.



In this paper, we report the characterization of six ceria oxides with different microstructures (labelled as Ce-pH13, Ce-pH7, Ce-ox, Ce-PMMA, Ce-CMK3 and Ce-ref, as explained later) that were prepared by different synthesis routes. Their electrochemical performance as anodes for lithium-ion batteries is assessed and comparatively analyzed.




2. Materials and Methods


2.1. Synthesis Procedures of the Ceria Samples


The CeO2 samples studied were prepared from cerium nitrate through the following methods.



Ce-pH13 and Ce-pH7 cerium oxides were prepared using a hydrothermal method, using cerium nitrate hexahydrate Ce(NO3)3.6H2O (from MERCK, Madrid, Spain) as a precursor. For Ce-pH13, 30 mmol of Ce(NO3)3.6H2O was added to 0.4 M sodium hydroxide to obtain a solution with pH = 13 stirring vigorously for 30 min. Concerning Ce-pH7 sample, a stoichiometric amount of Ce(NO3)3.6H2O was dissolved in de-ionized water, then ammonia NH4OH 32% and nitric acid were uadded until the pH was adjusted to 7, and the solution was stirred for 1 h. The suspensions were further introduced in autoclaves and heated up to 180 °C for 24 h. Right after, the autoclaves were cooled to room temperature. The mixtures were filtered using a polymeric membrane (polyethersulphone membranes from Sartorius, 200 nm in pore size) and washed several times with de-ionized water and then with alcohol. The filters were dried at 70 °C for 12 h in an oven. These samples were labeled as Ce-pH13 and pH-7, referring to the basic or neutral media employed.



Ce-ox was synthesized by a chemical method using oxalic acid. First, a stirred ethanol solution of cerium nitrate (Ce(NO3)3·6H2O from Sigma Aldrich, Madrid, Spain) was evaporated at 60 °C, and a 1 M solution of oxalic acid was added until precipitation. The solids were dried overnight at 120 °C, and finally calcined in static air for 2 h at 500 °C as previously detailed [11]. This sample was labeled as Ce-ox, underlining the oxalic acid in its synthesis.



Ce-PMMA was synthesized by a physicochemical technique using a polymer soft template. A solution of cerium (III) nitrate was prepared at pH = 4. Then, PMMA was added and stirred to dryness with a further stirring for 1 h and heating at 60 °C. After that, it was calcined at 500 °C for 3 h with a temperature gradient of 0.3 °C/min, as detailed elsewhere [10]. The Ce-PMMA label was chosen, as the poly (methyl methacrylate) polymer was employed in the preparation process.



The Ce-CMK3 material was prepared by infiltration of a cerium nitrate (Ce(NO3)3·6H2O from Sigma Aldrich) solution into a commercial CMK3 carbon, which is a replicate of SBA-15 (from ACS Material, Pasadena, CA, USA). The material was further calcinated in air at 500 °C for total remove of carbon. Given the synthetical origin of the mesoporous carbon employed, this sample was labeled as Ce-CMK3.



The Ce-ref sample was prepared by simple calcination of cerium (III) nitrate (from Sigma Aldrich, Madrid, Spain) in air at 500 °C for 3 h. This sample was taken as a reference, and therefore it was labeled as Ce-ref.




2.2. Characterization Techniques


A PANanalytical X’PERT POWDER diffractometer (Malvern Panalytical Ltd., Malvern, UK) that uses Cu (Kα) radiation with 1.541874 Å wavelength was used to collected X-ray powder diffraction (XRD) patterns at room temperature.



Nitrogen adsorption measurements were performed on a Micromeritics ASAP 2010 physisorption analyzer at 77 K. Brunauer–Emmett–Teller (BET) and Barret–Joyner–Halenda (BJH) methods were used for the surface area and pore size distribution determination using N2 adsorption data. Samples were previously outgassed for at least 12 h at 150 °C.



FTIR measurements were carried out in a Two Perkin-Elmer UATR Two spectrophotometer between 400 and 4000 cm−1.



High resolution transmission electron microscopy (HRTEM), images, electron diffraction (ED) patterns and EDX spectra, were acquired in a JEOL 300FEG. The samples were prepared by crushing the powders under n-butanol and dispersing it over copper grids covered with a holey carbon film.



Scanning electron microscope (SEM) images and corresponding EDS spectra were obtained with a JEOL JSM 6335 F microscope. Before SEM examination, the powdered samples were mounted over a carbon film supported onto brass holders and metallized with Au.



For the electrochemical measurements, the anode materials were prepared by mixing 70 wt% of the active material (0.5–3 mg) with 20 wt% of carbon super P (from Imerys Graphite & Carbon, Bironico, Switzerland) and 10 wt% of sodium alginate (from Sigma Aldrich, Madrid, Spain) with a small amount of distilled water and then coated directly on the metal support of a Swagelok cell and dried for a couple of hours. In a dry box filled with argon, all of the Swagelok cell pieces were flocked together starting by the as-prepared coated electrode followed by the fiber sheet from Whatman borosilicate glass (grade GF/D) filled with drops of 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 in weight) as the electrolyte, and lithium metal as a counter electrode. Electrochemical testing was conducted using a Biologic 815 potentiostat. Cyclic voltammetry (CV) and galvanostatic charge and discharge (GCD) tests were conducted in a potential window between 0.01 and 2.5 V. Then, a 0.1 mV/s scan rate was applied for CV testing, and several different currents were used for GCD testing in each case. The applied current densities were normalized to the mass of cerium oxide in the electrode.





3. Results and Discussion


3.1. Structural and Microstructural Characterization


Figure 1 shows the XRD patterns of the prepared ceria oxides in which all the diffraction maxima could be indexed to cubic fluorite-type CeO2 (PDF 01-078-0694), S.G. Fm-3m. Table 1 gathers the cell parameters obtained from Rietveld refinements of these data, by means of the Fullprof program. In the Supplementary Materials file, Figure S1 shows the corresponding fits for representative cases and Table S1 includes the corresponding R-factors. The crystallinity of the samples significantly varies depending on the synthesis route employed. Thus, it is clearly appreciated that the Ce-pH13 and Ce-CMK3 samples present smaller width of the XRD diffraction maxima. The corresponding crystallite sizes in each case as obtained from the Scherrer formula are also included in Table 1.



Textural features of the ceria compounds were studied by means of nitrogen adsorption measurements. The corresponding specific surface area (SBET) values are included in Table 1. In alignment with the XRD results, the observed different widening of the diffraction peaks is related to the crystallite sizes. Thus, the smaller crystallite sizes fit with the higher surface areas observed.



The microstructure of the studied ceria compounds was analyzed by HRTEM. Figure 2 shows representative low magnification images. Relevant differences concerning particle morphology and size can be appreciated. Indeed, whereas Ce-pH7, Ce-PMMA, Ce-ox and Ce-ref show very small particles of predominant mean sizes of about 3 nm, which tend to aggregate, in Ce-pH13 and Ce-CMK3 samples most particles are of about 100 nm.



The particle size ranges of the samples are included in Table 1. It can be appreciated that these values are coherent with those obtained from the Scherrer expression. Rigorously, the Scherrer expression gives the coherent diffraction domain size, rather than crystallite size or particle size. Nevertheless, in absence of relevant strain and disorder effects, the order of magnitude of both should be comparable. In our samples, both effects, if present, should be similar. In Figure 3, representative high magnification images of Ce-pH7, Ce-pH13 and Ce-CMK3 are shown. As can be observed, the ED patterns included are coherent with the particle’s sizes in each case.



Morphological differences are also evident among the samples. Thus, pseudo-spherical particles are obtained in the Ce-CMK3 sample, whereas polygonal-rhombic particles are present in Ce-pH13. Moreover, nanovesicles typical of samples obtained by hydrothermal methods are also observed in Ce-pH13. The shape of the tiny, aggregated nanoparticles of Ce-pH7, Ce-PMMA and Ce-ox is pseudo-spherical, whereas they present a bar-like morphology in the Ce-ref sample. Therefore, the CeO2 compound prepared by different synthesis routes clearly shows different microstructures. In the case of Ce-CMK3, the particle size distribution is somewhat more monodispersive, and the aggregation phenomenon is not appreciated. Figure S2 (in the Supplementary Materials file) includes representative EDX spectra for all the samples. In the case of the Ce-CMK3 anode, small amounts of silicon are detected, probably already present in the carbonaceous material employed in its preparation, which was obtained from a treatment over a CMK3 silica template.



FTIR experiments were carried out to analyze the possible different functional groups appearing in the samples because of the different synthesis procedures. Figure S3 of the Supplementary Materials file shows the corresponding spectra between 4000 and 400 cm−1 for the prepared materials. The obtained bands are in good agreement with the literature [20,27]. The strong absorption bands observed between 3000 and 4000 cm−1 correspond to physiosorbed water (O–H stretching). The bands appearing between 1400 and 2000 cm−1 may appear from the absorption of atmospheric CO2 or carbonates at the surface. The absorption bands appearing in all the samples at less than 800 cm−1 are related to the metal–oxygen stretching (Ce–O stretch). In general, the hydrothermally obtained samples are richer in water and in adsorbed carbon dioxide, as expected. A small peak of N–H is observed in the Ce-pH7 sample, in coherence with the synthesis process which includes ammonia. In the Ce-CMK3 sample, the absence of bands corresponding to Si–O confirms that the mesoporous CMK3 silica used in the preparation of the carbon employed in the synthesis procedure of the anode was adequately removed. In this sense, the very low Si content observed by EDX in this sample should not be taken as significant.




3.2. Electrochemical Characterization


Figure 4 shows selected discharge–charge curves at 0.155 A g−1 current rate, for all the ceria anodes studied. Table 2 gathers the corresponding first cycle capacity values and the ranges of capacity values displayed in each case (i.e., minimum and maximum values obtained in the range of cycles explored in each case). Figure S4 (Supplementary Materials file) includes a comparison of discharge and charge capacity values vs. cycle number in the first 50 cycles for all the ceria anodes.



In all the cases, the first discharge cycle displays a much greater capacity values than those obtained in following cycles. This behavior is typically obtained in previously reported cycling curves and can be related to the formation of a solid electrolyte interphase (SEI) film and the insertion of Li+ into CeO2 [28]. Indeed, the development of such a film protects the device from further capacity losses in the successive cycles. This phenomenon is characteristic of various electrochemical metal-ion systems, e.g., Li-ion and Na-ion batteries [29]. The Ce-ref, Ce-PMMA and Ce-pH7 anodes display moderate capacity values close to 60 mA h g−1 at 0.155 A g−1 current density, which is comparable to values previously obtained for dense CeO2 particles [20]. The Ce-ox and Ce-pH13 anodes present higher capacity values of about 100 mA h g−1 at the same intermediate current rate, also in the range of typical values obtained for bare CeO2 samples [30]. Among the different anodes studied, the highest performance is clearly displayed by the Ce-CMK3 sample, which presents capacity values of about 200 mA h g−1 through the first 45 cycles. This response is more performative than that previously reported for bare ceria samples [30] and ceria anodes prepared on porous carbon templates [23]. Nevertheless, if the application in a real device was foreseen, the electrochemical performance of this bare ceria should be enhanced by processing of the anode. Indeed, as indicated above, in the present work, we aimed to comparatively assess the characteristics of different bare ceria materials in order to select the most adequate for further preparation of different composites, mainly with non-toxic and abundant iron and manganese oxides. In this sense, the Ce-CMK3 anode is revealed as the most adequate.



In Figure 5, the cyclovoltammetry (CV) curves (from 1st to 4th cycles) in the voltage region of 0.01–3.0 V vs. Li/Li+ at a 0.1 mV/s rate for the Ce-CMK3 anode are shown. As can be appreciated, the first cycle is partially irreversible because of side reactions, such as electrolyte decomposition and the formation of the SEI film, as indicated before in previous works [31]. The CV curves quickly become stable, and the discharge–charge curves almost overlap with each other, indicating that the electrochemical reactions are highly reversible for our ceria anode. A strong cathodic peak is observed at the first cycle at  ~ 0.7 V, which could be ascribed to the formation of SEI film and the insertion of Li+ into CeO2, as previously suggested [28]. Thus, in following cycles, it reduces in intensity and shifts toward  ~ 0.5 V. Although the response in the first cycle is somewhat rough, a broad anodic peak at  ~ 1.2 V could be related to the extraction of Li+ from the CeO2 host. This broad signal is sharpened and shifted toward  ~ 1.4 V, indeed corresponding to the delithiation process, in coherence with previous reported data for ceria anodes [22,28].



Several redox processes were reported in the last years to probably operate in the CeO2–Li system. For example, in the previous work of Su et al. [32], the authors took into account, as examples, the processes operating in CuO and Co3O4 anodes in which the oxidation states of the metal cations reduce to zero from the highest value after reaction with Li (i.e., conversion anodes). Thus, admitting that basic electrochemical reaction of ceria in LIBs was still unknown, they started from the initial hypothesis of considering the ceria anode as a conversion anode. The reactions of the reversible lithiation/delithiation process in this case would be


   CeO 2  + 4    Li +  + 4    e −    ↔   Ce + 2    Li 2  O  



(1)







However, from in situ transmission electron microscopy analysis, a reversible phase transformation between fluorite CeO2 and cubic Ce2O3 was eventually concluded:


  2  CeO 2  + 2  Li +  + 2  e −    ↔    Ce 2   O 3  +  Li 2  O  



(2)







This conclusion was drawn from experimental data obtained in a nano LIB device constructed by CeO2/graphene electrode, a layer of Li2O solid electrolyte, and a bulk Li metal (counter electrode inside the TEM). As similar results of in situ experiments on carbon nanotubes and graphene nanoribbons were obtained, it was concluded that this could be an intrinsic property regarding the interaction between lithium and exposed graphite basal planes.



However, several years later, both Li et al. [33] and Su et al. [28], from SXRD, high resolution XPS and DFT, proved that the lithiated ceria phases, in which the reduction of Ce(IV) to Ce(III) takes place, own the same fluorite structure. In both cases, the anode composites included different carbonaceous additives, such as those employed in our case. The obtained CV profiles were also similar to those we obtained. The corresponding reaction is


   CeO 2  + x    Li +  + x    e −    ↔  Li x   CeO 2   



(3)







We, therefore, assumed this mechanism as operative in our case, although the small amount of active material (0.5–3 mg in conventional Swagelok-type cells) impeded us to unambiguously determine whether the post-cycling structure was maintained or not.



In this process, the fluorite structure of CeO2 is maintained, whereas a lattice parameter expansion of less than 1.9% takes place for x values of about 0.375. Interestingly, after the first cycle, the CV curves for the battery with the Ce-CMK3 anode become smooth and coincident, suggesting a charge–discharge process with good reversibility.



Aiming to further analyze the performance of the Ce-CMK3 anode, a long-term cycling experiment was carried out. Figure 6 shows the charge–discharge capacities through cycling up to 550 cycles at different current rates and selected E vs. Q curves. Although the capacity values are achieved at moderate compared to previous reported nanoarchitectured ceria anodes [20,22], it must be underlined that the Ce-CMK3 anode displays excellent cyclability particularly at moderate high current densities. Thus, after 400 cycles at different rates, the capacity values are practically recovered when cycling again at 0.31 A g−1 up to 500 cycles (Figure 6b), with efficiencies close to 100%. The improved cyclability was previously connected to microstructural aspects. Thus, small particle size or porous nature of the material could increase the electrode–electrolyte surface area and increase the amount of oxygen vacancies, leading to a better electrochemical response [21].



In this sense, the enhanced long-term cyclability of Ce-CMK3 anode could be related to its microstructure features. Although it does not present particularly small particle size when compared to the other prepared anodes, the particles do not aggregate, and probably the Li+ and e− pathways are favored. Indeed, a deeper inspection from HRTEM analysis reveals interesting microstructural details of Ce-CMK3 particles, as shown in Figure 7. First, a nanoarchitecture regarding the particles from the surface to the bulk can be appreciated (Figure 7a,b), i.e., an outer part of 3–4 nm is visible. Second, as mentioned above, particles do not aggregate as they do in the other ceria samples. Instead, particles are well interconnected.



On the other hand, SEM images also evidence particularities of the Ce-CMK3 anode. Figure 8 shows several micrographs at different magnifications. In them, the existence of great pores of about 200 nm is apparent throughout all the sample. A closer inspection evidences the structure of such cavities (Figure 8c). Thus, the well-connected particles form holes which are separated from each other by about 1 µm. These formations are probably the result of the calcination process applied to the Ce-CMK3 sample for oxidizing the mesoporous carbon employed in the synthesis method. In summary, the Ce-CMK3 anode presents several microstructural peculiarities which could be connected to its enhanced cyclability.



In this sense, considering that CeO2 material is non-toxic, low cost and environmentally friendly, our nanostructured bare CeO2 anode is a promising candidate to improve the capacity values by doping.
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Figure 1. (a) XRD diffraction patters for prepared the ceria materials. The indexation refers to CeO2 fluorite-type (PDF 01-078-0694); (b) Rietveld profiles and R-factors for the Ce-CMK3 sample. 
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Figure 2. Representative low-magnification HRTEM images of the ceria samples. 
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Figure 3. High-magnification images, corresponding ED patterns and particle size distribution for (a) Ce-pH7, (b) Ce-pH13 and (c) Ce-CMK3 samples. 
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Figure 4. Selected discharge–charge curves at 0.155 A g−1 current rate for (a) Ce-pH13, (b) CepH7, (c) Ce-ox, (d) Ce-PMMA, (e) Ce-CMK3 and (f) Ce-ref. 
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Figure 5. CV curves (from 1st to 4th cycles) for the Ce-CMK3 anode in the voltage range of 0.01–3.0 V vs. Li/Li+ at 0.1 mV/s rate. 
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Figure 6. Long-term cycling for Ce-CMK3 anode: (a) Q vs. cycle number at different current rates and (b) selected E vs. Q curves at 0.31 A g−1. 
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Figure 7. High magnification HRTEM images showing Ce-CMK3 particles in detail: arrows indicate nanoarchitecture regarding surface particle in (a,b); and contact between particles in (c,d). 
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Figure 8. SEM images of Ce-CMK3 sample at different magnifications showing (a) cavities separated from each other by distances of about 1 µm, (b) well-connected particles forming the cavities, (c) a detailed view of a cavity. 
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Table 1. Cell parameters, crystallite sizes and SBET values for the ceria samples.
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	Notation
	Synthesis Method
	Crystallite Size (nm) b
	a (Å)
	SBET

(m2 g−1) c
	Particle Size Range (nm) d





	Ce-pH13
	Hyd a, pH = 13
	34.3
	5.4244 (2)
	9
	10–100



	Ce-pH7
	Hyd a, pH = 7
	15.0
	5.4186 (2)
	42
	3–18



	Ce-ox
	Oxalate precursor
	9.5
	5.4144 (7)
	14.1
	2–15



	Ce-PMMA
	PMMA template
	8.2
	5.4159 (9)
	120
	2–20



	Ce-CMK3
	CMK3 template
	42.8
	5.4123 (1)
	7
	15–130



	Ce-Ref
	Calcination
	9.4
	5.4175 (7)
	24.1
	3–15







a Refers to hydrothermal. b From XRD data. c Specific surface area. d From HRTEM.
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Table 2. First cycle discharge capacity (Qd) and range of capacity values displayed for the ceria samples.
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	Sample
	Qd 1st Cycle (mA h g−1)
	Qd at 0.155 A g−1

(mA h g−1) *





	Ce-pH13
	184
	91 (15)–103 (2)



	Ce-pH7
	193
	24 (50)–67 (2)



	Ce-ox
	227
	85 (30)–102 (2)



	Ce-PMMA
	108
	43 (25)–56 (2)



	Ce-CMK3
	401
	212 (45)–226 (2)



	Ce-ref
	179
	58 (50)–85 (2)







* The numbers in bold and brackets refer to corresponding cycle.
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