Surface shuttles for super proton conduction in CeO2 core-shell structure 
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Abstract: 
A core-shell structure with a CeO2 core and a non-stoichiometry CeO2-surface layer built up proton shuttles, leading to a super proton conductivity of 0.15 S cm-1 and advanced fuel cell performance, 661 mW cm-2 at 520 ºC. The surface induced conduction process was investigated through a heat-treatment procedure for CeO2 pellets at different temperatures. The surface layer was observed to experience ordering and disappearing after high temperature treatments. Proton conduction was verified via electrochemical impedance spectra, proton conducting isotopic effect and fuel cell measurement. The isotopic effect provided a direct evidence on proton conduction and proton conduction mechanism was further investigated based on the semiconductor nature with the intrinsic CeO2 (i-type) core and n-type CeO2-δ shell. The charged layers were formed at the interface of CeO2-δ/CeO2 core-shell heterostructure with a positively charged layer located at CeO2-δ side of the interface and negative charged layer located at the intrinsic CeO2. Due to the electrostatic repulsion between protons and the positively charged layer, protons’ transportation is limited at the surface region of the CeO2-δ shell. Thus, continuous “proton shuttles” are formed, resulting in super conductivity. This work presents a new methodology and scientific understanding for fast proton transport in general oxides and advanced proton ceramic fuel cells (PCFCs). 
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Proton ceramic fuel cells (PCFCs) are a new generation fuel cell based on proton conducting oxides with advantages over conventional O2- conducting solid oxide fuel cells (SOFCs). 1−3 The key challenge for low temperature (LT) (300-600 ℃) PCFCs is to achieve proton conducting electrolytes with sufficiently high proton conductivity (> 0.1 S cm-1). Extensive efforts based on ionic designs for both bulk and surface/interfacial materials have been toward to develop proton conductors for potential applications in PCFCs, which are typically proton conducting perovskite oxides 4-6, e.g. BaCeO3 and BaZrO3 based proton-conducting materials with the proton conductivity < 10-2 S cm-1 at 600oC 7, and fluorite structure oxides with surface conduction in ZrO2, including doped YSZ, TiO2, and Sm or Gd-doped CeO2  etc 8-12. However, proton conductivity is far below the desired value. Proton conductivity of 0.1 S cm-1 has not yet been achieved for the range of 300-600 ºC, and the prevailing conventional ionic methodology has met critical challenges and roadblocks.
Semiconductors and semiconductor-ionic materials have been recently attracted a lot of attentions in development of LT proton conductors and PCFCs. Lan et al.13 reported a layer structure semiconductor, LiCo0.5Al0.5O2 (LCAO), andconstructed a Ag/LCAO/Ag single layer fuel cell device. As a fact, the LCAO is a p-semiconductor material, but it displayed a high proton conductivity ˃ 0.1 S cm-1 in fuel cell conductions at 500 ºC and achieved 173 mW cm-2 at 525 ºC. Zhou et al.14 reported a novel fuel cell constructed by using a perovskite with metal conduction as the electrolyte in a single layer configuration of Pt/SmNiO3 (SNO)/Pt; In the fuel cell environment, SNO experienced a Mott-transition due to strongly correlated electrons, from highly metal conductive phase to form an insulating band material due to H+ injection. Concurrently, the SNO turned to a proton conducting electrolyte. This novel device was able to deliver 225 mW cm-2 at 500 ºC. Meanwhile, Dong et al. 15 reported a wide bandgap perovskite La, Ca-doped SrTiO3 for all fuel cell components’ functions including the electrolyte, anode and cathode. Very recently, Chen et al.16 reported typical semiconductor SrTiO3 with hybrid proton and oxygen ion conductivity to deliver 620 mW cm-2 at 550 ºC. In parallel, semiconductor-ionic heterostructure materials have also been developed, which can play an important role in novel ceramic fuel cells, such as the single layer fuel cell (a fuel cell without a discrete electrolyte layer) and semiconductor membrane fuel cells.17-19 Asghar et al.20 suggested wide bandgap semiconductors could be used for the electrolytes in fuel cells. 
[bookmark: OLE_LINK14][bookmark: OLE_LINK5][bookmark: OLE_LINK4]CeO2 with the wide bandgap of 3.2 eV is of great interest, which has been extensively investigated by ion doping, e.g. Sm3+ and Gd3+ for oxygen ionic conductivity as a promising candidate for LTSOFCs.21 However, due to the fuel cell anodic reducing atmosphere, the doped ceria electrolytes in LTSOFCs lead to a critical challenge of electronic conduction introduced by Ce4+ reduced to Ce3+, which could incur significant losses in both cell voltage and power output, e.g. the OCV bellow 0.9V and power output < 100 mW cm-2 ay 600 oC.22 In fact, CeO2 by itself (without doping) is a semiconductor. CeO2 is a functional material based on its unique capacity to store and release oxygen via facile Ce4+/Ce3+ redox cycles. Due to its high electrical conductivity, high dielectric constant CeO2 has been employed as a catalyst and for constructing a heterostructure composite with other ionic compounds to improve redox reaction and enhance power output owning to its oxygen vacancies. It has been widely applicable in many fields, such as catalytic applications23, 24, solar cells and photoelectrochemistry25, 26, lithium battery27, fuel cells28,29 and a variety of other energy and environment applications30, 31. Regarding proton conduction, oxygen vacancies can act as active or catalytic sites for hydrogen and water dissociation at CeO2 surfaces, then generate two proton defects in hydroxyl form (OH*) as described below:
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These make CeO2 as good proton carriers to provide a new way to design more functionalities based on the CeO2 characteristics. In above formation of proton defects, eq (1) may produce electrons incorporated with protons in CeO2, which is not favorable by conventional ionic methodology as well as the electrolyte-based fuel cell technologies; In this regard, eq. (2) is more commonly accepted for proton conduction in oxide electrolytes and PCFCs. However, in semiconductor-based electrolytes this can accompany electronic conduction, which can turn to ionic conduction in fuel cell environment, or in heterostructure junction devices with charge separation and internally electronic blocking mechanisms (32-35). These emerging semiconductors and their heterostructure materials have indicated a new way to develop advanced proton conductors, whereby a conductivity of 0.1 S/cm can be reached below 550 ºC and presents a new fundamental frontier in science and engineering. These recent research and development strides have motivated us to design and develop semiconductor CeO2 for high proton conductors and advanced PCFCs. 
  In this study, we discovered for the first time that a surface induced core-shell structure was formed in a single phase CeO2 as a hetero-type, resulting in a great proton conductivity of 0.15 cm-1 at 520ºC vs conventional ion doped CeO2 oxygen ion conductivity, 0.1 S cm-1  at  800 ºC 21, 36. More interestingly, the surface structure points toward the proton “shuttle” as new superionic conduction mechanism for advanced PCFC applications. The СeO2 was synthesized through a coprecipitation method. As-prepared samples were pressed into pellets and then followed by different heat-treatment procedures. These samples were applied as electrolytes to carry out various material characterizations, electrochemical evaluations, fuel cell and proton conduction mechanism studies. 
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Figure 1. (a) XRD patterns, and (b) enlarged XRD pattern around 28o of CeO2-as prepared, CeO2-600 (heat-treated at 600oC for 2h)，and CeO2-1000 (heat-treated at 1000oC for 2h). SEM images of (c) CeO2-as prepared, (d) CeO2-600 and (e) CeO2-1000；HR-TEM images of (f) CeO2-as prepared, (g) CeO2-600, (h) CeO2-1000.

The crystal structures of the CeO2-as prepared, CeO2-600  (heat-treated at 600oC for 2h), CeO2-1000 (heat-treated at 1000oC for 2h) samples are shown in Figure 1 (a, b). All these samples show a fluorite cubic structure (JCPDS No.43-1002). The highest diffraction peak of CeO2-as prepared centers at 28.549°, corresponding to the (111) plane, as shown in Figure 1a. With increasing heat-treatment temperatures, the main peak of CeO2 slightly shifts to higher angle to 28.551°, and 28.569° for 600 ºC and 1000 ºC, respectively. Besides, the shape of the peaks is getting sharper, indicating an enhanced crystallinity of the material. This may be due to the particles’ growth, the decrease of lattice spacing, and less defects. Scanning electron microscope (SEM) cross-sectional views of the devices provide some indications on microstructure difference in different samples as shown in Figure 1c-e. Pure material with uniformly nano-sized particles with average diameters of about 30 nm were obtained as presented in Figure 1c. When the sintering temperature rises to 600 and 1000 ºC, the diameter nano-sized particles increase from 100 nm to > 200 nm for 600 ºC, and 1000 ℃ treatments as shown in Figure 1d and e. Relatively small particles have larger surface energy, and vice versa. There is excess surface energy between small and large particles, thereby inducing the internal particles of small particles to cross the grain boundaries. The movement of the ions on the surface will be hindered by the enlargement of the particles, reduce the speed of transformation.

Crystallinity and microstructure investigated through high revolution transmission electron microscopy (TEM) are displayed in Figure 1f-1h. The most important finding here is that the particle surfaces’ layer and edges can be seen more obviously. A CeO2 core is covered by the amorphous shell structure consisting of a metastable phase of CeO2-δ. The thicker and amorphous surface layer/edge for a non-sintering sample is initially present shown in Figure 1f, but this was reduced at 600℃ (Figure 1g) and disappeared at 1000℃ (Figure 1h), accompanied by more perfect lattice images as illustrated by the red circles. The perfect lattice images suggest that no ionic conduction through the lattice bulk. The HR-TEM images show that the main exposed crystal face is (111) with the interplanar spacing of the planes to be 0.312, 0.306 and 0.304 nm, respectively for as-prepared, 600 ºC and 1000 ºC samples. In fact, the decrease in lattice spacing is caused by converting Ce3+ to Ce4+, to turn the deficit CeO2-δ to CeO2. This is also corroborated by X-ray photoelectron spectroscopy (XPS) analysis below. 
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Figure 2. (a) XPS spectra of CeO2-as prepared, CeO2-600, CeO2-1000, corresponding to survey scan, (b) Ce 3d spectrum and (c) O 1s spectrum. The dotted line represents the fitting line, and the colored solid line represents the measured data. (d) the different valence content of the elemental percentage in O1s.

This surface layer can be further verified from Ce3+ and oxygen vacancies by XPS analysis, especially on the surface state of the samples. There are Ce and O elements detected by a wide survey scan (Figure 2a) in these three samples. Figure 2b reflects that the peak at low binding energy is mainly the vibration peak of Ce+4. When it reaches high binding energy, it corresponds to the vibration peak of Ce+3. The increasing intensity at higher exposures and the disappearance after grinding suggest the existence of ionization associated with weakly adsorbed species. The high-resolution XPS spectrum of O 1 s (Figure 2c) can be resolved into three main peaks centered at 529.7, 529.6 and 529.4 eV corresponding to peaks 1, 1', 1'', which are assigned to the oxygen atoms in Ce(+4)－O. The peaks 2, 2', 2'' are centered at the low energy side of the O 1s binding energy scale from 527.7 to 530.5 eV are classified as Ce(+3)－O. The variation of the lattice oxygen’s position is related to the divergence in the chemical environment in the cell. The peaks of 3, 3', 3'' around 531.5 to 532.5 eV can be assigned to the oxygen-deficient regions which serve as defects to provide active sites for the absorption of oxygen molecules. Besides the content of oxygen vacancies in total oxygen is calculated and shown in Figure 2d, the ratio of oxygen vacancies area/total area in CeO2-as prepared is 0.118 which is the highest among the samples as compared with 0.075 for CeO2-600 and 0.031 for CeO2-1000). The decrease of oxygen vacancies with the sample’s treated temperatures will decrease the material conductivity and fuel cell performance.
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Figure 3. (a) Impedance spectra for different samples acquired in H2/air at 520℃. (b) Electrical conductivities and the activation energy of CeO2-as prepared, CeO2-600 and CeO2-1000. (c) the current density-voltage (I-V) and (I-P) power density characteristics for fuel cell using various CeO2-electrolyte at 520 ºC and (d) the CeO2-as prepared electrolyte fuel cell at various temperatures. 

Figure 3a displays the electrochemical impedance spectra (EIS) of three samples under fuel-cell conditions at 520 ºC, where an equivalent circuit for simulation is inserted. According to the simulated results, they show the same scenarios with three contributions, two of which are often one arc each with the small arc at high frequencies. The high-frequency part reflects the contribution of the grain resistance, the second intermediate frequency area is the contribution of grain boundary resistance, and the third progress is the polarization resistance reflecting charge transfer behavior at low frequencies. From the curve trend, the grain boundary resistance is constantly increasing. In order to make a more accurate comparison, supporting information of Table 1 displayed the detailed Rb and Rgb values of the three samples. The resistance value significantly increased with the increase of heat-treatment temperature. More importantly, the grain boundary resistance has increased significantly, from 0.712 Ω cm2 to 0.826 Ω cm2 and 1.153 Ω cm2. The surface transportation is the main route for conductive ions. As discussed above ions cannot pass the perfect lattice bulk and the results confirm the interfacial conduction mechanism. Figure 3b displays temperature dependence for calculated electrical conductivities of the three samples from the EIS results to be 0.15, 0.13, 0.08 S cm-1 at 520℃, respectively for CeO2-as prepared, CeO2-600 and CeO2-1000. This indicates clearly that the conductivity decreases with increasing the sample heat-treatment temperatures. In addition, the activation energy can be calculated from an Arrhenius relation. The heat-treatment temperatures make the activation energies increase from 0.53 eV (CeO2-as prepared) to 0.68 eV (CeO2-600) and 0.87 eV (CeO2-1000), respectively. It reflects the tendency for ionic conductivity transport turning more difficult with high temperature treatment, whereby the commensurate ionic conductivity decreased by factors of 5.6 and 10.4 with the increase in treated temperatures. 

These results gave a strong indication on surface conduction nature of our samples, leading to such low activation energies. Figure 3c displays fuel cell I-V (current-voltage) and I-P (current-power) characteristics for using different CeO2-electrolytes at 520 ºC. The open-circuit voltage (OCV) values for the CeO2-as prepared (1.06 V) and the CeO2-600 (1.04 V) electrolytes are higher than 1.0 V, suggesting that the electronic leakage can be neglected. The maximum power densities of 660.9 mW cm-2, 508.4 mW cm-2 and 320.8 mW cm-2 have been achieved at 520 ºC for the CeO2-as prepared, CeO2-600 and CeO2-1000 fuel cells, respectively. The big differences in power outputs indicate again a strong dependence on the sample heat-treatment temperatures for the surface structure, leading to significantly ionic conduction changes. Moreover, the CeO2-as prepared fuel cell displays better performance at low temperatures as shown in Figure 3d accompanying OCVs rising. It exhibits peak power densities of 158.2, 250.2, 478.5 and 660.9 mW cm-2 at 430 ºC, 460ºC, 490 ºC, and 520 ºC, respectively. These results far exceed the typical outputs from doped ceria bulk O2- conducting electrolyte（OCVs < 0.9 V, power outputs < 100 mW cm-2, 600 ºC)22. This is different from bulk O2- conduction mechanism due to the “proton shuttles” contribution to much better performance, which is further specified below.
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Figure 4. (a) I-V and I-P characteristics for fuel cell using the CeO2-as prepared with BZCY interlayers as the electrolyte. (b) EIS of CeO2-as prepared + BZCY layers contrast with CeO2-as prepared. (c) EIS results for CeO2-as prepared sample in air, D2O and H2O; (d) H+/D+ diffusion paths in CeO2 core-shell structures. (e) The schematic diagram of the SOFC with CeO2 core-shell particles as electrolyte.

  Two experimental methods were applied to further verify the proton transport properties. At the first proton conductor BZCY (BaZr0.3Ce0.6Y0.1O3-δ) layers was applied as the proton filter attached on both side of the CeO2-samples, which only allow protons’ passing.37 The 2nd is to determine proton isotopic conduction effect. Figure 4a displays the I-V and I-P characteristics for the BZCY-proton filtering device in a configuration of Ni-NCAL/BZCY/CeO2/BZCY/NCAL-Ni at 520 ºC, the maximum power output of 577.2 mW cm-2 has been achieved, which reaches 87.3% of the cell without the BZCY layers (660.9 mW cm-2). The difference of 12.7% loss may be caused by: i) the BZCY layers’ own resistances due to their limited proton conductivity and more importantly ii) two additional interfaces between the CeO2-sample and BZCY layers leading to more polarization resistance losses. This can be further analyzed by EIS. Figure 4b displays the EIS results inserted with an equivalent circuit for simulations for two cells with and without the BZCY layers under fuel-cell conditions at 520℃. It can be clearly seen from Figure 4b (simulated data in details included in Table 2 of Supporting Information) that i) the ohmic resistances increased from 0.546 Ω cm2 to 0.719 Ω cm2 and ii) the grain boundary resistances increased from 0.712 Ω cm2 to 2.621 Ω cm2 respectively for the cells without and with the BZCY layers. These big resistance differences confirm that additional BZCY layers can cause such a 12.7% power loss. Therefore, proton transport in the CeO2-electrolyte can be concluded as the dominant contribution to the power output. Further evidence is provided by proton conduction isotopic effect as shown in Figure 4c for EIS results obtained from CeO2 (as prepared) in the air, D2O and H2O, respectively. If protons are indeed dominant charge carriers in the material, the hydrogen/deuterium (1H/2D) isotope effect can make significance difference for the H+/D+ conductivity. This isotopic effect is caused by the difference of the ground-state energies of the O-H and O-D oscillating states, leading to a marked conductivity difference because of diffusion of the deuteron to be slower than the proton. H+ and D+ may appear in CeO2 when H2O or D2O vapors from the gaseous phase dissolve. In this case, as they are incorporated in the ceria oxygen ion and H+/D+ form hydro/deuteroxyl groups (OH or OD) described by eqs (2, as above and eq. (3). 
													(3)
Oxygen vacancies as catalytic sites promote dissolution of hydrogen/deuterium in H+/D+ conduction in CeO2. The hydrogen and deuteron in the OH and OD species are derived from water/heavy water vapour via reaction Eq. (2, 3). According to classical theory, such ground-state energies of the O-H and O-D oscillating can make a conductivity difference of √2, because 
σ ∝ D ∝1 / √m                                (4)
[bookmark: OLE_LINK3]where σ is the conductivity, D is the diffusivity, and m is the mass ratio of the diffusing species, e.g. Dm/Hm =2. However, proton quantum tunneling effect makes it hard to calculate theoretically what the exact difference should be, but it is commonly observed to be much larger. 38, 39 Nevertheless, this does not affect what is needed to confirm the proton conduction in CeO2. It can be seen from Figure 4c that the measured EIS results of CeO2 (as prepared) lead to calculated conductivities to be 1.13×10-4, 3.72×10-4 and 7.38×10-4 in air, D2O and H2O atmospheres, respectively. The conductivity changes from air (without H+/D+) to D2O (D+) by experiencing more than 3 times enhancement then further enhanced with 1.98 times from D2O (D+) to H2O (H+) due to the isotopic effect. The results provide a clear evidence for CeO2 proton transportation. Figure 4d and 4e present basic H+ and D+ diffusion processes in CeO2 core-shell particles. It shows that protons favor moving in the shell structure or surface layer (to be further discussed in Figure 5). The insert of Figure 4d demonstrates the H+/D+ jumping from the attached oxygen to another, with the presence of oxygen vacancy nearby. The oxygen vacancies in CeO2-δ shell can also help protons transportation and mobility. 40  

Figure 5 (a-e) further discusses the proton conduction shuttle mechanism. In CeO2-δ, the formation of an oxygen vacancy is accompanied by electron localization in the unoccupied 4f orbitals of the neighboring two Ce4+ atoms, as shown in Figure 5a.41-43 CeO2-δ is an n-type semiconductor, due to the partially occupied 4f orbitals. 44, 45 CeO2 is an intrinsic i-type semiconductor.46 Therefore, an n-i type interface contact is constructed in the CeO2-δ/CeO2 core-shell heterostructure. [51, 52] A charge separation mechanism exists at the CeO2-δ/CeO2 interface by electron transfer from CeO2-δ (shell) to the CeO2 (core), as shown in Figure 5b. 53, 54 An electron depletion region is formed at the CeO2-δ side of the interface and a corresponding electron accumulate region is formed at the CeO2 side of the interface, respectively. The charge separation could be also enhanced in the fuel cell operating temperature range due to the excitation of 4f electrons from CeO2-δ to the empty 4f orbitals of CeO2 by thermal activation. 55 The positively charged layer in the shell would prevent protons migrating deep inside the shell to cross the interface into the core, as indicated in Figure 5c and 5d, due to electrostatic repulsion between proton and the positively charged layer in the shell. As a consequence, proton-transporting is limited at the surface and shallow layer near the surface region of the CeO2-δ (shell) (Figure 5c). Due to the weaker H-O interaction and lower activation energy of proton diffusion in CeO2-δ, the proton transportation is much easier in CeO2-δ than in CeO2. 40 Finally, benefitting from the blocking effect of the positively charged layer in CeO2-δ (Figure 5d), the “proton shuttles” perform the transport process in the continuous high conducting regions formed in the electrolyte membrane of the PCFC, as shown in Figure 5e. Therefore, strongly enhanced proton transportation, 0.15 S cm-1 and power output, 660.9 mW cm-2 at 520 ºC in the fuel cell have been observed. The proton conduction resulted in excellent fuel cell performance, marking a stark contrast against the far inferior results obtained by the conventional doped ceria O2- bulk conducting SOFCs. Furthermore, due to the n-i type contact constructed at the CeO2-δ/CeO2 interface, electrons accumulate at the CeO2 (core) side of the interface, which could decrease the density of electrons in the shell and therefore the electron conduction in the fuel cell device as a whole is suppressed directly. This guaranteed a CeO2-electroyte fuel cell long operation life for 200 h hour without significant degradation, see SI Figure 5f. This 200 h durability also strongly supports the material function and device working principle. It should be noted that the current durability is obtained merely using the lab scale cell fabrication, lacking the dedicated technical skill and effort of a professional engineering enterprise. It can be safely extrapolated that continuous improvement can be made by engaging with more engineering endeavors. 
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Figure 5. (a) schematic of electronic structure changes with oxygen vacancy formation in CeO2-δ. (b) charge separation at the interface of CeO2-δ/CeO2 particle. (c) proton transports in the near surface layers of the particle. (d) proton is prevented to move across the CeO2-δ/CeO2 interface by the positive charged layer. (e) the “proton shuttles” transport in the high conducting region of the electrolyte membrane constituted by the shell layers of CeO2-δ/CeO2 particles. 

In this study, we have verified surface induced ionic transport properties through a comparative investigation of various CeO2 samples. The surface shell area of the core-shell structure was reduced by the heat-treatment to make a significant loss in conductivities and resultant fuel cell performance, indicating strongly towards the surface conduction mechanism. Proton conduction has been further verified by H+ filtering device and isotopic effect. In the core-shell structured particles, the reconstruction of electrons at the interface of CeO2-δ and CeO2 lead to the electrons transfer from CeO2-δ (shell) to the CeO2 (core) region, accompanied by the formation of interface charge layers. Due to the electrostatic repulsion between protons and the positive charged layer in the shell, proton transportation can take place at the surface or near surface region (shell) of the particles leading to proton transportation super shuttles built among CeO2 core-shell particles of the electrolyte in the fuel cell. As a fact, the surface induced protonic conductivity, 0.15 S cm-1 at 520 ºC is much higher than that of the ion doped ceria structural bulk O2- conductivity, 6.3×10-2 S cm-1 at 520 ºC. Our research first specifies surface induced shuttles for fast proton transport/conductivity resulting in excellent PCFC performances. The new proton conduction mechanism is discovered in semiconductor-type ceria oxide by tuning electronic states to a super proton conductor. This work provides a reference for the application of surface conduction designs to be obviously different from traditional structural bulk conduction methodology by doping for advanced applications.  
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2.Experimental
2.1 Materials synthesis
In order to get the material being synthesized with a small size and uniformly, the co-precipitation method was used. 0.15mol CeCl37H2O and 0.09 mol NH4HCO3 was dissolved in 250 mL and 150 mL deionized water, respectively. Then drip the CeCl3 solution to the solution of NH4HCO3 under stirring. The mixed solution was continued stirring for 2 hours and resulting in white precipitation and aged for 2 hours. Filtered the precipitation and washed with deionized water for several times until the PH value was 7，then dried at 80 oC in oven for 24 hours. The obtained white power was heated at 700 oC for 1 h in muffle furnace, the resulted light yellow powder was CeO2.  BaZr0.1Ce0.7Y0.2O3-d (BZCY) was synthesized by a gel-combustion method. Ba(NO3)2, Zr(NO3)4, Ce(NO3)2·6H2O, Y(NO3)3·6H2O were dissolved in ethylene diamine tetraacetic acid (EDTA, Sigma Aldrich) according to the stoichiometric ratio. C6H8O7·H2O and C10H16N2O8 were added to the solution with the mole ratio of cation: citric acid : EDTA = 1 : 1.5 : 1. Then we used NH3·H2O (Sigma Aldrich) to adjust the solution pH to approximately 9, until the solution became transparent. The resultant solution was continuously stirred at 120℃ for 4 h to evaporate the water, until a grey gel was obtained. Fianlly, the gel was calcined at 1000 ℃ in air for 5 h to get powders for adequately grinding to obtain the BZCY sample.

2.2 Characterization of Materials:
The phase structure was determined using a D8-FOCUS X-ray diffractometer with Cu Ka radiation source over the 2θ range of 20-90° at a wavelength of 0.15418 nm (Bruker AXS, Germany) as the source operating at 40 kV and 40 mA. The morphologies, microstructures, and energy dispersive spectroscopy of the samples were investigated by a JSM7100F field emission scanning electron microscope (FE-SEM, Japan) that was equipped with an energy dispersive spectrometer (EDS) operating at 15 kV. Additionally, X-ray photoelectron spectroscopy (XPS) analysis was conducted using an Escalab 250Xi (PANalytical B.V., Holland). Transmission electron microscopy (TEM) images and HR-TEM were obtained by a Philips CM12/STEM Transmission Electron Microscope with an accelerating voltage of 120 kV. 
To further characterize the microstructures, transmission electron microscopy (TEM) was performed using a JEOL ARM-200CF field-emission microscope with a probe corrector and Gatan imaging filter (GIF) electron energy-loss spectrometer operating under an accelerating voltage of 200 kV. Collection semi angle of 57.1 mrad was used to record the EELS line scan. The HAADF image was simulated using a multislice method implemented in QSTEM image simulation software.

2.3 Fuel cells construction
The CeO2 powers were pressed under a hydraulic press pressure of 100 MPa to get electrolyte pellets with active area of 0.64 cm2 and 1.5mm in thickness. (named as prepared) were further sintered at 600oC and 1000oC, respectively for 2 h. The as prepared and sintered CeO2 pellets were sandwiched between two NCAL (LiNi0.5-Co0.45Al0.05O2) pasted on Ni foam symmetric electrodes to fabricate fuel cell devices. The fuel cells were pre-heated at 520 oC for about 30 min before carrying out the electrochemical measurements then supplying hydrogen gas and ambient air as fuel and oxidant in a rate of 80-120 mL min-1.

2.4 Electrochemical measurements
The performance of the cell was recorded on a fuel cell tester (ITECH DC ELECTRONIC LOAD, IT8511) with the temperature range from 520 oC to 430 oC. At the same time, the impedance spectroscopy (EIS) measurements were conducted by CHI660 (Chenhua, China) over the frequency range of 0.1–106 Hz in the same temperature range. 

Table 1. The equivalent circuit analysis results of CeO2 -as pressed, CeO2 -600 and CeO2 -1000 samples at 520oC.
	
	Rb (Ω cm2)
	Rgb (Ω cm2)
	Qgb-T (F)
	Rct (Ωc m2)
	Qct-T (F)

	CeO2-as prepared
	0.546
	0.712
	0.913
	0.821
	1.127

	CeO2-600
	0.643
	0.826
	0.725
	0.954
	0.739

	CeO2-1000
	0.719
	1.153
	0.356
	1.313
	0.328



The bulk  resistance of CeO2 -as prepared is 0.546 Ω cm2，and the resistance value significantly increases to 0.643 Ω cm2 and 0.719Ω cm2 with increasing the sintering temperatures. More importantly, the grain boundary resistance has increased significantly, from 0.712Ω cm2, to 0.826 Ω cm2 and 1.153 Ω cm2.

Table 2. The equivalent circuit analysis results of CeO2 -as prepared and with BZCY interlayers at 520oC.

	
	Rb (Ω cm2)
	Rgb (Ω cm2)
	Rct (Ω cm2)

	CeO2
	0.546
	0.712
	0.821

	CeO2 + BZCY
	1.047
	2.621
	3.413




[image: ]
Figure 5f) Durability of the CeO2-as prepared electrolyte fuel cell operated at 520℃.
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