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Abstract

:

Nickel-doped ceria (Ce1−xNixO2−δ) nanopowders (7 to 5 nm in size) synthesized by the cation complexation method with 5, 10, 15, and 20 Ni at.% are studied with respect to their electrochemical activity for the oxygen reduction (ORR) and oxygen evolution (OER) reactions in alkaline medium. One finds good bifunctional electrocatalytic activity of the four Ce1−xNixO2−δ electrocatalysts. The Tafel analysis of the ORR in the 0.57–0.78 V vs. RHE potential window leads to slopes in the 70–108 mV dec−1 range. The number of electrons exchanged during ORR is between 2 and 2.7. The OER Tafel slopes are determined to be in the range 192 –281 mV dec−1. OER activation energies are found to range between 28 and 43 kJ mol−1. The specific capacitance of Ce1−xNixO2−δ electrocatalysts measured at a scan rate of 100 mV s−1 varies between 0.7 and 1.4 Fg−1. The results demonstrate that Ce1−xNixO2−δ nanopowders can act as bifunctional electrocatalysts for ORR/OER for potential application in the oxygen electrode of devices such as rechargeable metal–air batteries.
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1. Introduction


Electrochemical energy conversion and storage devices present a high potential for various applications as they can be more environmental-friendly than fossil fuel-based conventional systems [1]. Most of today’s research on these electrochemical devices aims to find inexpensive, efficient, and selective catalysts for the anodic and cathodic reactions to increase their efficiency [2,3,4,5,6,7,8,9]. Central reactions in electrochemical energy conversion and storage systems, such as fuel cells, water electrolyzers, or metal–air batteries, are the oxygen reduction (ORR) and oxygen evolution (OER) reactions. Rechargeable metal–air batteries require bifunctional ORR/OER catalysts as ORR proceeds during discharging, with the reverse process, i.e., OER, proceeding during charging [10,11,12]. Generally, metal–air batteries are very practical due to their high energy densities ranging from 350 to 1700 W h kg−1, low weight, and economic viability as they use O2 from the air [10,13,14]. Thus, Li- and Zn-air batteries are widely tested and seen as an alternative to Li-ion batteries for application in electric vehicles and other electric devices [10,15]. Pt/C, Pd/C, Ru, Ir, and its alloys have been explored and pointed out as the most promising electrocatalysts for ORR and OER reactions [16,17]. Namely, Pt demonstrates the best performance for ORR, and it is typically supported on carbon (Pt/C), showing high activity in terms of produced current and high selectivity for the complete four-electron reduction of O2 [18,19]. However, all these noble metal-based electrocatalysts are expensive and their intrinsic rarity may compromise future mass deployment of the technology. For this reason, oxygen electrode reaction electrocatalysis in alkaline media is generally preferred, as it may allow the use of lower-cost noble metal-free electrocatalysts.



ORR in alkaline media can proceed by two pathways: a direct four-electron pathway or a two-electron peroxide (HO2−) pathway. During the four-electron pathway, molecular O2 is directly reduced to H2O or OH−, and through the two-electron peroxide pathway, molecular O2 is first reduced to HO2− and then to H2O [20]. The direct and peroxide ORR mechanisms in alkaline media are described in Equations (1) and (2), respectively.


O2 + 2 H2O + 4 e− → 4 OH−      E0 = 0.40 V vs. SHE



(1)






O2 + H2O + 2 e− → HO2− + OH−    E0 = 0.06 V vs. SHE



(2)







The HO2− ion formed during 2 e−-ORR in alkaline medium can be further reduced by Equation (3).


HO2− + H2O + 2 e− → 3 OH−      E0 = 0.86 V vs. SHE



(3)







The ORR pathway is, to a great extent, determined by the cathode material. Despite the high selectivity and activity of Pt, its high price requires the replacement of benchmark Pt/C by alloy electrocatalysts containing lower amounts of this noble metal or, ideally, by non-noble metal electrocatalysts.



On the other hand, OER is carried out at the anode side of certain electrolytic processes, releasing four electrons and, in alkaline media, is represented by the reverse of Equation (1) [21]. Ni electrodes are typically used for OER in water electrolyzers in alkaline media due to their good stability and resistivity to corrosion [22,23]. While Pt-based and Ni-based materials show activity for ORR and OER, respectively, their activity for the reverse reaction is typically lower, suggesting the need for developing bifunctional ORR/OER catalysts. Interesting two-dimensional (2D) materials have revealed competitive electrochemical activity, namely transition metal carbides/nitrides with related MXene structure [24]. While such kind of 2D catalysts may indeed offer competitive performance, design and synthesis issues related to their metastability represent serious challenges for their development [25]. More conventional metal oxides with a 3D nanoparticle morphology that can be synthesized by simpler, low-cost methods may be a more attractive and stable solution upon identification of suitable compositions.



Indeed, metal oxides, such as cerium oxide (CeOx), have potential application in fuel cells, offering several benefits that include higher corrosion resistance compared to carbon supports. When used as supports or co-catalysts, metal oxides strongly interact with metal particles, thus preventing their agglomeration. Furthermore, these oxides can influence electronic properties and modify the electrocatalytic activity of the metal. Finally, metal oxides have abundant hydroxyl groups on their surfaces, which can work as co-catalysts of noble metal catalysts based on bifunctional mechanisms [26].



References to Ni-doped ceria (Ce1−xNixO2−δ) as a catalyst are mostly centered on high-temperature applications such as methane dry reforming or oxidation [27,28], ethanol steam reforming [29], CO oxidation [30], water gas shift reaction [31], or as a coking-resistant functional layer in the anodes of solid oxide fuel cells [32].



To the best of our knowledge, there are no reports of the electrocatalytic activity of Ce1−xNixO2−δ for the OER or ORR at low temperature, neither in alkaline nor acidic media. In a close application context, Tan et al. communicated the positive effect (in comparison to pure CeO2) of nickel-doped ceria nanoparticles for promoting the catalytic activity of Pt/C for ethanol electrooxidation in acidic medium due to a positive effect of Ce1−xNixO2−δ in removing poisoning intermediates adsorbed on Pt [33]. Parwaiz et al. demonstrated high ORR activity of 3 at.% cobalt-doped ceria/reduced graphene oxide nanocomposites through the creation of more active sites in comparison to the equivalent formulation containing pure ceria [34]. Yang et al. also reported on the intrinsic electrocatalytic activity of Co-doped CeO2 (up to 25 at.%) for both ORR and OER in alkaline medium [35]. The authors detected a remarkable improvement in the activity of ceria doped with 20 at.% Co associated with a decrease in charge transfer impedance, which they ascribe to increased electronic conductivity, increased active oxygen species, and increased oxygen vacancy concentration (interestingly, the fraction of trivalent Ce is similar for CeO2 and Ce0.80Ni0.20O2−δ). Investigation of electrocatalytic activity and stability of Pd-CeO2-nanorods on carbon (Pd-CeO2-NR/C) for the ORR in alkaline conditions showed that ORR at Pd-CeO2-NR/C proceeds with transfer of four electrons and low H2O2 production (ca. 2–4%) [36]. Moreover, this material exhibited higher mass and specific activity than Pd/C, evidencing that the presence of CeO2-NR improves the electrocatalytic performance of Pd for the ORR [36]. Similarly, Pd–Ag alloy-supported on mesoporous CeO2 showed superior electrocatalytic activity and stability for the ORR in alkaline media [37]. The excellent activity toward ORR was attributed to the high surface area of CeO2 large number of active sites provided by the presence of Pd–Ag alloy (20 wt.%) [37]. Cerium-doped cobalt oxide (CoOx(Ce)) showed superior OER activity than a commercial noble metal electrocatalyst (RuO2) and CoOx in 1 M KOH [38]. CoOx(Ce) showed smaller activation energy and 2.7 times higher electrochemical surface area (ECSA) than CoOx [38]. CeO2 on biochar carbon (CeO2/BC (at 700, 800, and 900 °C)) materials were synthesized by simple one-pot hydrothermal treatment and were examined for ORR in alkaline media [39]. The CeO2/BC700 catalysts showed the highest ORR activity with the highest jk (at 0.7 V) value of 3.4 mA cm−2 [39]. Three types of Pd–CeO2/C catalysts showed activity for hydrogen oxidation reaction (HOR) in alkaline media where Type 1 and Type 3 catalysts show higher stability than Pd supported on carbon black [40]. Cerium oxide (CeO2−δ) ultrafine nanoparticles were used as anchoring sites for the polymerization of aniline [41]. The synthesized materials showed higher capacitance (299 F g−1 and 314 F g−1) than polyaniline-emeraldine salt (294 F g−1) [41].



Fuentes et al. previously studied the solubility limit and redox properties of Ce1−xNixO2−δ (x = 0.05, 0,10, 0,15, and 0,20) nanopowders using a combination of electron microscopy, synchrotron radiation X-ray diffraction (SR-XRD) and X-ray absorption near-edge spectroscopy (XANES) [42]. Analogously to cobalt-doped ceria, the Ni doping also creates oxygen vacancies and enhances the electronic conductivity of ceria, facilitating charge transfer processes with a potentially positive impact on the electrochemical activity. The present work attempts to assess the potential of these materials as bifunctional electrocatalysts for the ORR and OER in alkaline medium based on a battery of electrochemical tests, including cyclic voltammetry (CV), linear scan voltammetry with rotating disk electrode (LSV RDE), electrochemical impedance spectroscopy (EIS), and chronoamperometry (CA)




2. Results


2.1. General Properties of the Ce1−xNixO2−δ Powders


Table 1 summarizes the properties of the powders used in the present electrochemical study, as detailed in reference [42] to our previous work. All the Ce1−xNixO2−δ (x=0.05, 0.10, 0.15, and 0.20) compositions were found to have a cubic crystal structure (Fm3m space group), as revealed by synchrotron radiation powder X-ray diffraction (SR-XRD, Figure S1 in Supplementary Information). This technique detects traces of a segregated NiO phase for nominal Ni contents higher than 15 at.%, thus indicating this to be the solubility limit in ceria nanocrystals with ca. 5 nm of equivalent diameter. It should be noticed that such a level of solubility is only achieved for nanopowders with a typical crystallite size of less than 10 nm. Indeed, the large difference in ionic radius and coordination number between Ni2+ and the cerium cations Ce4+ and Ce3+ leads to substantial structural perturbation of the host lattice that precludes doping levels higher than 1 at.% in conventional micron-sized powders [42]. At room temperature, the lattice parameter of the Ce1−xNixO2−δ mixed oxide nanopowder increases with the Ni content. Since the ionic radius of Ni2+ (VIrNi2+=0.69 Å) is much smaller than that of either Ce4+ or Ce3+ (VIIIrCe4+=0.97 Å, VIIIrCe3+=1.14 Å) [43], one may conclude that the lattice expansion is not directly related to differences in ionic radii between the dopant and the host cations. Another explanation for the lattice expansion could be the partial reduction of tetravalent cerium cations to the larger trivalent counterparts. Still, the X-ray absorption near-edge spectroscopy (XANES) data indicate a nearly constant Ce3+:(Ce3++Ce4+) ratio at room temperature across the entire compositional series. Therefore, the slight lattice expansion observed in the room temperature SR-XRD patterns indicates a dominant effect of the formation of oxygen vacancies, which are the most likely species to balance the positive charge of the defects resulting from the substitution of Ce4+ by Ni2+ (  N  i  C  e  4 +     • •    , in Kröger–Vink notation).



To understand the dominant functional groups present in the nanostructured nickel-doped ceria oxides with different Ni content, Fourier transform infrared spectra (FTIR) were recorded at room temperature, including the non-substituted CeO2 as reference (Figure S2 in Supplementary Information). The formation of cerium oxide is confirmed in these spectra since the frequency of Ce-O has reached below 400 cm−1 for all samples, with the shoulder at 550 cm−1 ascribed as a characteristic phonon mode for cubic CeO2. Moreover, the small shoulder at 630 cm−1, present only in the Ni-doped CeO2 samples, is attributed to modifications of the oxygen sublattice due to the introduction of nickel into the ceria network, confirming the modification of the M-O bonding symmetry and the formation of the Ni-Ce-O solution. On the other hand, the small intensity peak at 1384 cm−1 is assigned to the existence of stretching vibration bands of NO3− ion, indicating that the nitrates are not decomposed completely into oxides. This signal is greater as the content of Ni increases, which suggests that the nickel content would delay the decomposition of the precursor. Finally, the signal located at 285 cm−1 for Ce0.95Ni0.05O2−δ is shifted to lower frequencies with respect to that of the other materials, thus indicating less force of bond Ce-O and probably less charge transport resistance.



The powders were also analyzed by low-resolution scanning transmission electron microscopy, which revealed that the nanocrystallites form aggregates with a foam-like microstructure where one can identify large spherical pores, with around 0.5–1 µm, and other pores smaller than 100 nm (Figure S3 in Supplementary Information). High-resolution transmission electron microscopy confirms that the powder aggregates are indeed formed by nanometric powders with particle size well below 10 nm, in excellent agreement with the analysis of the SR-XRD patterns using the Scherrer equation (see Figures 6 and 7 in Ref. [42]). The latter results, shown in Table 1, indicate a slight decrease in the crystallite size with increasing dopant content, particularly noticeable between the undoped material (11.9 nm) and the series of Ni-containing samples (decreasing from 7.1 nm for x = 0.05 to 5.0 nm for x = 0.2). Table 1 also lists the specific surface area of the nanopowders, estimated through the Brunauer–Emmett–Teller method (BET), from nitrogen sorption isotherms at 77 K, which is higher for the doped materials than for pure ceria, thus indicating a higher level of agglomeration of the Ni-containing materials. Therefore, the corresponding equivalent spherical diameter of the Ce1−xNixO2−δ particles is distinctly smaller than for CeO2. A comparison of these data with the average crystallite size estimated from the SR-XRD patterns, expressed through the DBET:DXRD ratio (Table 1), further suggests that the level of agglomeration of the particles increases with increasing Ni content up to x = 0.15, remaining roughly the same for higher Ni content. The analysis of the desorption data using the Barrett–Joyner–Halenda method (BJH) revealed very similar pore size distributions for all Ni-containing materials, featuring the existence of mesopores with an average diameter of around 3.3 nm (Figure S4 in Supplementary Information). The total pore volume tends to decrease with increasing Ni content, but differences are negligible between x = 0.1 and x = 0.2 (see Table 1).




2.2. Capacitance Study


The specific capacitance of the four studied materials in deaerated 0.1 M KOH was determined by integrating the anodic and cathodic halves of the CV curves obtained at different scan rates. Figure S5 in Supplementary Information illustrates the behavior of Ce0.95Ni0.05O2−δ in deaerated 0.1 M KOH solution with scan rates increasing from 10 to 500 mV s−1. CV curves were somewhat asymmetric and not rectangular as expected for typical electrical double-layer capacitors. This asymmetry is seen as a more pronounced slope of the curve in the negative scan direction and it is related to the pore diameter and, consequently, to the ability of electrolyte ions to penetrate into the catalyst pores. Still, the overall shape of CV curves for all studied materials was not affected by the change in the scan rate, demonstrating stable and reproducible capacitance behavior. As expected, the specific capacitance of the four materials decreases with increasing scan rate (Figure 1A), since the ions have less time to penetrate deeply into pores and therefore produce lower charges and lower specific capacitance, with such behavior being typical of electrolytic capacitors [44].



The data show that the capacitance goes through a maximum for x = 0.10 (i.e., Ce0.90Ni0.10O2−δ) for scan rates lower than 300 mV s−1 (Figure 1B), which could be due to the aforementioned larger asymmetry in the CV observed for this particular sample. The particularity of the Ce0.90Ni0.10O2−δ sample vanishes at high scan rates, where one observes a progressive decrease in capacitance with increasing Ni content. This is most likely due to the progressive increase in the samples’ conductivity with increasing Ni-doping levels.




2.3. ORR Studies


ORR at different Ce1−xNixO2−δ samples was systematically studied in O2-saturated 0.1 M KOH. Control CVs of all four materials recorded in deaerated 0.1 M KOH solutions showed a small peak at ca. 0.6 V corresponding to Ce (IV) reduction to Ce (III). Figure S6 in Supplementary Information illustrates the voltammetric response of Ce0.95Ni0.05O2−δ in deaerated and O2-saturated 0.1 M KOH. CVs of the four electrodes in O2-saturated 0.1 M KOH solution show ORR onset potentials of 0.74, 0.73, 0.68, and 0.67 V for samples with x = 0.05, 0.20, 0.15, and 0.10, respectively (Figure 2A).



These results demonstrate the activity of these materials for ORR, although the attained maximum currents are far from those observed for optimized composite electrodes containing carbon substrates for the catalysts, e.g., Pt/C [45]. The ORR peak appeared at ca. 0.6 V for Ce0.95Ni0.05O2−δ and Ce0.80Ni0.20O2−δ, except for Ce0.85Ni0.15O2−δ (0.65 V) and Ce0.90Ni0.10O2−δ (0.5 V). All Ce1−xNixO2−δ samples gave ORR current densities of the same order of magnitude, in the −0.22 to −0.50 mA cm−2 range. The ORR peak current density tends to decrease with increasing Ni content in ceria, being the highest for Ce0.95Ni0.05O2−δ (−0.50 mA cm−2), followed by Ce0.90Ni0.10O2−δ (−0.46 mA cm−2) and Ce0.80Ni0.20O2−δ (−0.42 mA cm−2), while the lowest ORR current density was exceptionally recorded at Ce0.85Ni0.15O2−δ, (−0.22 mA cm−2). These peak current densities are obtained after subtraction of the background current densities, i.e., the current densities recorded in deaerated electrolyte solution. These low currents may be justified by the overall low (in comparison to e.g., platinum) electronic conductivity of these phases, aggravated by the absence of a secondary conducting support such as carbon.



Tafel analysis of LSV data was performed and the Tafel slopes were evaluated from E vs. log j plots in the 0.57–0.78 V potential region (Figure 2B). The Tafel slope values were found to be 70 mV dec−1 for the electrode with the highest Ni content, Ce0.80Ni0.20O2−δ, and varying within 102–108 mV dec−1 for the other three electrodes, thus indicating a significant change in the rate-determining step of the ORR in the former case. The lower value for Ce0.80Ni0.20O2−δ may indicate a slightly different mechanism associated with NiO intervention, which exudated from the ceria lattice exceeding the Ni solubility limit and accounting for about 4% of the phase composition (see Table 1). Nevertheless, the Tafel slopes compare well with commercial Pt/C electrodes, which typically display Tafel slopes close to 80 mV dec−1 [45,46]. Comparison with the literature data reveals somewhat higher values for NiO/C and NiCoO2/C, which show Tafel slope values of 112 and 149 mV dec−1 in the region of high current densities during ORR in alkaline media [47]. The Tafel slopes for ORR at NiO and CuO–NiO nanocomposites were found to be 90 and 204 mV dec−1, respectively [48].



ORR at the Ni-doped CeO2 samples was next investigated by LSV RDE method to evaluate the materials’ faradaic efficiency for ORR. Thus, electrode potential was scanned at 10 mV s−1, while electrode rotation rate ranged between 300 and 2400 rpm. The number of exchanged electrons, n, was then determined using the Koutecky–Levich equation (Equation (4)),


   1 j  =  1   j d    +  1   j k    =  1  0  . 62 n F     D   O 2          2 / 3      ν  −  1 / 6     C  b u l k    ω   1 / 2      +  1   j k     



(4)




where jd and jk are the diffusion-limited and kinetic current densities, respectively, ν is the kinematic viscosity of the solution (cm2 s–1), F is Faraday’s constant (96,485 C mol–1),    D   O 2      is the O2 diffusion coefficient in 0.1 M KOH (cm2 s–1), Cbulk is O2 concentration (mol cm–3). The n values were evaluated from the slope of j–1 vs. ω–1/2 plots (Figure 2C) and found to be 2.7 for ORR at Ce0.95Ni0.05O2−δ, 2.4 for Ce0.90Ni0.10O2−δ, 1.9 for Ce0.80Ni0.20O2−δ, and 1.6 for Ce0.85Ni0.15O2−δ at the potential of 0.4 V. The obtained n values indicate that ORR at Ce1−xNixO2−δ proceeds by 2e−-pathway to HO2−. The 2e−-process might also be relevant for some fuel cell applications, as it offers the possibility of producing a useful chemical, i.e., H2O2, along with the generation of electricity [20].



Figure 2D shows the chronoamperograms recorded at 0.5 V of the four investigated materials in O2-saturated KOH, indicating their stability in alkaline medium. After the typical initial decay for CA experiments, current densities stabilized after ca. 2 min at values around −0.125 mA cm−2, remaining relatively stable until the end of the experiments.



Figure 3A shows Nyquist plots of the four Ce1−xNixO2−δ electrodes at a potential of 0.3 V and electrode rotation of 1200 rpm. The Nyquist plots of Ce0.95Ni0.05O2−δ at 0.7, 0.5, and 0.3 V are shown in Figure 3B, with the high-frequency region in the inset. The plots depict the usual impedance contributions at high frequency, which may be ascribed to charge transfer kinetics, and another at lower frequency that results from mass transport diffusional limitations. Worth noting is the somewhat larger mass transport resistance of Ce0.95Ni0.05O2−δ, although there is no obvious reason for that based on the microstructural and compositional features presented in Table 1. Plots recorded at a potential of 0.7 V illustrate high charge transfer resistance of the 104 order of magnitude in the case of Ce0.95Ni0.05O2−δ. The highest resistance is observed for Ce0.80Ni0.20O2−δ, followed by Ce0.85Ni0.15O2−δ, while Ce0.95Ni0.05O2−δ and Ce0.90Ni0.10O2−δ showed the lowest resistance. This agrees with the CV results that showed ORR onset potentials of ca. 0.7 V, with the most positive onset potential value and highest peak current density recorded at Ce0.95Ni0.05O2−δ. Shifting the potential to less positive values, at which ORR proceeds at measurable rates, a significant decrease in resistance is observed.




2.4. OER Studies


The OER study was carried out by first recording LSVs in the potential range from 1.2 to 2.2 V. Figure 4A shows that Ce0.80Ni0.20O2−δ, Ce0.85Ni0.15O2−δ, and Ce0.90Ni0.10O2−δ electrocatalysts have similar OER onset potential values of ca. 1.58 V, while that of Ce0.95Ni0.05O2−δ (1.65 V) is somewhat higher. These values are comparable with those reported in the literature for OER at other Ni-containing electrocatalysts (1.686–1.539 V for different Fe/Ni-N-doped carbon nanofibers) [9]. Overpotential necessary to drive current density of 1 mA cm−2 was found to be similar for Ce0.80Ni0.20O2−δ, Ce0.85Ni0.15O2−δ, and Ce0.90Ni0.10O2−δ (ca. 560 mV), but notably higher in the case of Ce0.95Ni0.05O2−δ (810 mV). OER current densities at potential of 2.0 V increased in the order Ce0.95Ni0.05O2−δ (0.9 mA cm−2) < Ce0.90Ni0.10O2−δ (1.8 mA cm−2) < Ce0.85Ni0.15O2−δ (2.8 mA cm−2) < Ce0.80Ni0.20O2−δ (2.9 mA cm−2).



LSV results were subsequently used to construct the Tafel plots and determine the Tafel slopes (inset of Figure 4A). The lowest Tafel slope values determined for OER were found for the two materials with higher Ni content (Ce0.85Ni0.15O2−δ with 192 mV dec−1, and Ce0.80Ni0.20O2−δ with 206 mV dec−1), while slopes for Ce0.90Ni0.10O2−δ (232 mV dec−1) and Ce0.95Ni0.05O2−δ (281 mV dec−1) are distinctively higher and confirming a clear trend to increase with decreasing Ni content, thus suggesting a positive effect of lattice Ni on the overall OER performance of ceria. These values are significantly lower than those reported for OER at some other Ni-based samples (799 mV dec−1 at NiCo2O4-graphene hybrid [10] or comparable to CeO2/Cu-MOF electrocatalysts (200 mV dec−1 during OER in 1 M KOH [49]) but are considerably higher than the values for state-of-the-art catalysts such as the reference RuO2, for which typical Tafel slope is close to 50 mV dec−1 [7,50].



The influence of temperature on the OER at Ce1−xNixO2−δ electrocatalysts was investigated by LSV measurements in 0.1 M KOH in the 25–85 °C temperature range. The OER current densities at the four materials significantly increase with temperature (Figure 4B). For instance, the OER current density at Ce0.90Ni0.10O2−δ increases from ca. 3 mA cm−2 at 25 °C to ca. 21 mA cm−2 at 85 °C. These data were used for the calculation of the apparent activation energy for OER, Eaapp, using the Arrhenius equation (Equation (5)) [51],


    ∂  log   j    ∂  (   1 / T   )    =    E a  app    R   



(5)




where R is the universal gas constant (8.314 JK−1 mol−1) [52]. There is no obvious compositional effect on Eaapp, which is lowest for Ce0.85Ni0.15O2−δ (26 kJ mol−1) followed by Ce0.95Ni0.05O2−δ and Ce0.80Ni0.20O2−δ (31 kJ mol−1), while Ce0.90Ni0.10O2−δ shows the highest Eaapp value of 41 kJ mol−1 (inset of Figure 4B). For the sake of comparison, one notes that Ni, Ni-Co, and Ni-Fe alloys on mild steel substrates have Eaapp of 55 kJ mol−1 [53].



Nyquist plots of the four Ce1−xNixO2−δ electrocatalysts were recorded in 0.1 M KOH at different potentials. Those recorded at 2.2 V are shown in Figure 4C. Compared to the ORR, the OER spectra display one dominant semicircle at high frequency, which suggests the charge-transfer resistance to be the most relevant to the overall OER performance of these electrodes [54]. As expected, a significant decrease in the semicircle amplitude is observed for increasing applied potential, which denotes a reduction in resistance and faster OER kinetics at these potentials.



Stability tests were performed for 20 h (Figure 4D). Current densities were observed to be relatively constant, except for Ce0.95Ni0.05O2−δ where current density decay was observed. Polarization curves run after the stability test evidenced a decrease in the OER activity (inset of Figure 4D).



The stability of these materials in strongly alkaline conditions and under applied potentials cannot be avoided, namely the effects on the nickel solubility in the ceria lattice and all the concomitant phase changes resulting from this delicate equilibrium. One recalls that the achieved 15 at.% Ni solubility is only achieved in nanoparticles due to accommodation of excess energy by the surface (e.g., due to formation of hydroxides or dissolution of material leading to leaching of Ni and/or Ce cations), which means that even minor changes to the surface energy may have an impact on the phase stability. These are issues that must be addressed in future studies disclosing the potential of these interesting bifunctional electrocatalysts. Those will pave the way for the commercial application of Ce1−xNixO2−δ nanopowders as bifunctional oxygen electrodes in rechargeable metal–air batteries, or other systems such as unitized regenerative fuel cells.





3. Materials and Methods


A detailed description of the synthesis by the cation complexation method and the characterization of the Ce1−xNixO2−δ (x = 0, 0.05, 0.10, 0.15, and 0.20) nanopowders are given in ref. [42] to own work, and thus a summary is presented here. The synthesis starts from aqueous solutions of Ce(NO3)3.6H2O (99.99 wt.%, Alfa Aesar) and Ni(NO3)3.6H2O (99.9 wt.%, Alfa Aesar) with the appropriate Ce:Ni molar ratios. A gel is then obtained upon addition of a citric acid solution, which is subsequently dried at 100 °C for 20 min, fired at 250 °C for 1 h and at 500 °C, again for 1 h, always in air, to obtain the desired oxide nanopowders. The physicochemical characterization of the prepared materials was carried out by a battery of methods, including conventional and synchrotron radiation X-ray diffraction, X-ray absorption near-edge spectroscopy (XANES), nitrogen sorption isotherms at 77 K, and transmission and scanning electron microscopies in high- and low-resolution modes, and coupled to energy dispersive spectroscopy (EDS). Synchrotron radiation X-ray diffraction (SR-XRD) patterns were recorded at room temperature using synchrotron radiation at the D10B-XPD beamline of the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The X-ray wavelength was set at 1.55033 A. Data in the angular range 2θ = 20–85° were collected in step-scanning mode, with a step length of 0.05° and a step-counting time of 4 s. NIST SRM 640c Si powder was used as the standard for the instrumental broadening correction. An extended summary of these results is presented in Section 2.1 of this paper, together with new Fourier transform infrared spectroscopy (FTIR) spectra collected using a Magna 550 Nicolet instrument equipped with CsI optics using the KBr pellets technique. All spectra were acquired at 4 cm−1 resolution and accumulation of 32 scans.



Catalytic inks were prepared by ultrasonically dispersing 5 mg of the corresponding Ce1−xNixO2−δ electrocatalyst in 125 μL of 2 wt.% polyvinylidene difluoride solution in N-methyl 2-pyrrolidone for 30 min. The working electrodes were prepared by pipetting 10 μL of each catalytic ink onto glassy carbon (GC) supports and leaving it to dry at 100 °C. Current densities were calculated using the geometric area of GC supports.



All electrochemical measurements were performed using a Gamry PCI4/750 Potentiostat/Galvanostat in a one-compartment glass cell of 40 mL with graphite rod and saturated calomel electrode (SCE) serving as counter and reference electrodes, respectively. All potentials within this paper are given relative to the reversible hydrogen electrode, with the conversion being performed using the equation ERHE = ESCE + 0.242 + 0.059 pH.



CVs were first recorded in deaerated 0.1 M KOH (analytical reagent grade, Fisher Chemicals) using different scan rates in the 10–500 mV s−1 range. These CVs were used to determine the specific capacitance, C (F g−1), according to Equation (6),


  C =   ∫  i E d E     m ν Δ E     



(6)




where i is the current response, E is the potential, m is the mass of Ce1−xNixO2−δ electrocatalyst on the GC support, ν is the potential scan rate, and ΔE is the potential window.



For ORR studies, CVs were recorded in 0.1 M KOH solution saturated with O2 (>99.999%, Messer, Bad Soden am Taunus, Germany), scanning the potential from 0.8 to 0.2 V at a scan rate of 50 mV s−1. LSVs with RDE were recorded at a scan rate of 10 mV s−1 and rotation rates ranging from 300 to 2400 rpm set by Pine AFCPRB rotator. CA measurements with the four studied materials were performed in the same O2-saturated electrolyte solution at a constant potential of 0.5 V for 24 h. EIS measurements with the four electrode materials were carried out at potentials of 0.7, 0.5, and 0.3 V and a rotation rate of 1200 rpm in the frequency range of 0.01–100 kHz.



For OER studies, LSVs were run in 0.1 M KOH electrolyte solution from the open circuit potential (OCP) up to 2.2 V at scan rate of 10 mV s−1. OER studies were performed in the 25–85 °C range using a Haake F3 thermostatic bath to control the solution temperature. OER EIS measurements were performed at different potential values (OCP, 1.30, 1.65, 1.95, and 2.20 V) at frequencies in the 0.01–100 kHz range. Stability in OER conditions was examined by chronoamperometry at 1.9 V for 20 h.




4. Conclusions


Four nickel-doped ceria (Ce1−xNixO2−δ) nanopowders with different amounts of Ni were studied as bifunctional electrocatalysts for the ORR and OER in alkaline medium. Different electrochemical methods evaluated the Ce1−xNixO2−δ nanopowders without adding any carbon materials to avoid contaminating the assessment of their intrinsic electrocatalytic activity. The specific capacitance of Ce1−xNixO2−δ electrocatalysts was also evaluated, showing a behavior typical of electrolytic capacitors. All electrocatalysts showed activity for ORR, with Ce0.95Ni0.05O2−δ showing the best performance in terms of highest peak current density, lowest Tafel slope, and highest number of exchanged electrons. ORR Tafel analysis performed in the 0.57–0.78 V potential window revealed Tafel slope values ranging from 70 to 108 mV dec−1. The number of electrons exchanged during ORR was determined to range between 2 and 2.7. The OER Tafel slope values were in the 192–281 mV dec−1 range, with improved OER performance being observed when increasing Ni content in the electrocatalysts. OER Eaapp values ranged from 26 kJ mol−1 for Ce0.85Ni0.15O2−δ to 41 kJ mol−1 for Ce0.90Ni0.10O2−δ. The bifunctional character of the studied Ce1−xNixO2−δ nanopowders is particularly relevant for developing oxygen electrodes for application in more efficient rechargeable metal–air batteries.
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Figure 1. Specific capacitance values plotted as a function of the (A) potential scan rate and (B) electrode composition (lines are a guide for the eye). 
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Figure 2. (A) CVs (cathodic scan) of the four studied materials recorded at a scan rate of 50 mV s−1 with the corresponding (B) Tafel slopes, (C) Koutecky–Levich plots, and (D) CA curves recorded for 24 h. All measurements performed in O2-saturated 0.1 M KOH. Potential values are corrected for the ohmic drop in the electrolyte. 
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Figure 3. Nyquist plots of (A) Ce0.95Ni0.05O2−δ, Ce0.90Ni0.10O2−δ, Ce0.85Ni0.15O2−δ, and Ce0.80Ni0.20O2−δ at a potential of 0.3 V and of (B) Ce0.95Ni0.05O2−δ at potentials of 0.7, 0.5, and 0.3 V, with the high-frequency region in the inset. Potential values are corrected for the ohmic drop in the electrolyte. Measurements carried out in O2-saturated 0.1 M KOH solution and electrode rotation rate of 1200 rpm. 
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Figure 4. (A) RDE LSVs of the four studied Ce1−xNixO2−δ electrocatalysts at 10 mV s−1 with corresponding Tafel slopes in inset. (B) Effect of temperature on the LSVs of Ce0.90Ni0.10O2−δ at 10 mV s−1 in the 25–85 °C range with the Arrhenius plots of the four electrocatalysts in inset. (C) Nyquist plots of Ce1−xNixO2−δ electrocatalysts at 2.2 V. (D) Chronoamperometric measurements at 1.9 V with LSVs recorded before and after the CA study in inset. Potential values are corrected for the ohmic drop in the electrolyte. All measurements performed in 0.1 M KOH electrolyte solution and 25 °C, unless otherwise noted. 
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Table 1. Lattice parameter (a), phase composition, average crystallite size (DXRD), specific surface area (SBET), derived equivalent spherical diameter (DBET), and pore volume of the Ce1−xNixO2−δ powders [42].
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	x in Ce1−xNixO2−δ
	a

(Å)
	%(Ce,Ni)O2: %NiO
	DXRD (nm)
	SBET

(m2 g−1)
	DBET (nm)
	DBET: DXRD
	Pore Volume (cm3 g−1)





	0
	5.4144(6)
	−
	11.9
	26
	35
	2.9
	−



	0.05
	5.4150(6)
	100:0
	7.1
	39
	22
	3.1
	0.070



	0.10
	5.4149(6)
	100:0
	5.9
	37
	24
	4.1
	0.048



	0.15
	5.4163(3)
	98:2
	5.6
	31
	29
	5.2
	0.040



	0.20
	5.4173(2)
	96:4
	5.0
	35
	26
	5.2
	0.044
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