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Abstract
In recent years infiltration of materials into porous ceramic scaffolds has been shown to be an effective way of creating catalytically active components for solid oxide fuel cells (SOFCs).  However, the redox properties of these novel structures are not well understood.  Here, we use X-ray photoelectron spectroscopy (XPS) and in-situ Raman spectroscopy to investigate the oxidation properties of yttria-stabilised zirconia (YSZ) scaffolds infiltrated with ceria (CeO2), gadolinium-doped ceria (GDC) and zirconia-doped ceria (ZDC), with and without Ni. XPS shows that doping ceria with zirconia increases the ratio of Ce3+ to Ce4+, while gadolinium doping results in a decrease of Ce3+. The presence of Ni increases the Ce3+/Ce4+ ratio for CeO2 and GDC, but had little effect on ZDC. We used the shift of the F2g Raman peak to monitor in-situ, the oxidation state of ceria. In the as-made compounds, we show that while the gadolinium and zirconium dopants significantly change the oxidation characteristics of ceria, the resulting materials are only significantly reduced above 500 ˚C when co-infiltrated with Ni.  In-situ Raman monitoring during reduction as a function of temperature showed that while ZDC reduces much more readily than undoped ceria or GDC, the presence of Ni dominated the reduction dynamics.  


1. Introduction
The redox properties of ceria and doped ceria remains an area of importance given their use within a wide range of applications [1]. The high oxygen storage capacity of ceria has been exploited within catalytic converters for three-way catalysis for many years, where pollutants resulting from incomplete fuel combustion are removed [1-2]. Ceria is also of interest in solid oxide electrolysis cells [3] and more recently in the thermochemical redox cycling using concentrated solar thermal energy [4], for the production of CO and H2. Partially reduced ceria is readily reoxidised in the presence of O2 or oxygen containing molecule such as carbon dioxide or water leading to the production of CO and H2. The high oxygen mobility of doped ceria at relatively low temperatures have made them of interest as electrolytes and electrode components within solid oxide fuel cells (SOFCs), particularly for the development of so called intermediate temperature SOFCs where operating temperatures are reduced to improve material stability and costs [5]. 
As a result of the broad interest in ceria for technological applications, its redox properties have been extensively studied. Reduction of ceria by hydrogen is an endothermic reaction [6] which is strongly affected by a range of factors including the crystallinity [7], specific surface area [8], the presence of metals at the ceria surface [9] as well as any doping with suitable aliovalent dopants [10]. The effects of doping has been widely studied for a wide variety of dopants, both from an experimental [11] and theoretical perspective[12].  In broad terms, Gd is an ionic dopant, in that for every two Gd3+ ions that replace two Ce4+ ions within the lattice, an oxygen vacancy is introduced with a resultant improvement in oxygen mobility.  However, GDC is typically harder to reduce by hydrogen as a result of having excess stable vacancies.  On the other hand, Zr-doping of ceria destabilises its fluorite structure as Zr is too small for this coordination. This induces significant strain into the structure which causes the formation of oxygen vacancies [13]. As a result ZDC loses oxygen more easily and even a small amount of Zr can significantly decrease the energy required for reduction [14]. Therefore, under any given condition the number of reducible vacancies and potential Ce3+ sites will increase from GDC to undoped ceria to ZDC.
Ceria is often combined with nickel as a composite material for the SOFC anodes and a number of methods for their fabrication have been developed such as infiltration of porous ceramic scaffolds using metal salt solutions[15].  Hybrid systems consisting of not only ceria and nickel but also other oxide ion conductors such as zirconia[16] and catalysts such as gold or molybdenum[17] where the complementary characteristics of the materials can be combined are also of interest.  Such methods allow for the electrode structure and chemical characteristics to be precisely engineered on a local scale.  A number of investigations into the effect of NiO on the structural, surface and catalytic characteristics of ceria and doped cerias have been previously reported. Work investigating the influence of incorporating Ni into the CeO2 lattice are not directly relevant in our case because at the synthesis temperatures we have used the solubility is minimal [18].  Cova et al. investigated the interaction of Ni with CeO2-ZrO2 solid solutions from a theoretical viewpoint using DFT+U quantum period calculations which shows that as the Ni will be preferentially adsorbed onto the O-O bridge site where the nearest neighbouring metallic atom is the Zr [19]. It was also shown that small clusters of Ni will form on surface, and will preferentially form around the Zr dopant.
Raman spectroscopy [20] is a powerful tool ideally suited to the study of catalytic materials including the characterisation of chemical processes occurring at active surfaces [21]. We have previously applied it to investigate the reduction dynamics of GDC, nickel oxide (NiO) and their cermets using peak intensities as a probe of localised oxidation states at the active surfaces in-situ [22]. We showed that the presence of NiO in the composite cermet promoted a number of chemical processes including the dissociation of adsorbed water and hydrogen spillover to the GDC lattice resulting in the catalyisation of GDC reduction.  X-ray photoelectron spectroscopy is a workhorse technique, utilised widely in characterising the surfaces of materials. It is ideally suited to probing the effect that dopants have on the surface chemistry of CeO2, despite the complicated nature of the spectra produced (due to a result of the range of final states available during the photoemeission process.
In the current work we further investigate the reduction properties of yttria-stabilised zirconia (YSZ) scaffolds infiltrated with ceria (CeO2), gadolinium-doped ceria (GDC) and zirconia-doped ceria (ZDC) to understand better the oxidation states and reduction dynamics compared to the parent material both with and without Ni using a combination of in-situ Raman spectroscopy and XPS. 

2. Results and discussion
2.1 X-ray Photoelectron Spectroscopy (XPS)
Figure 1(a) shows the Ce 3d XPS spectra for CeO2, Zr0.1Ce0.9O2 (ZDC), and Gd0.1Ce0.9O2 (GDC) infiltrated on porous YSZ in which six main peaks are identified between 875 eV and 920 eV. This structure, well described by Kotani et al.[23], originates from the close proximity of the Ce 4f level to the O 2p valence band with which it hybridises. The ground state of CeO2 is then a mixed state between 4f0 and 4f1L, where L represents a hole in the O 2p valence band. This can lead to three different configurations 4f0, 4f1L and 4f2L2 in the final state in the case of the tetravalent form of Ce and to two configurations 4f0, 4f1L in the case of the trivalent Ce. These peaks are further doubled due to the effect of spin-orbit coupling, giving rise to 6 peaks for Ce4+ and 4 peaks for Ce3+, 10 peaks in total. In Figure 1(a), the three pairs of the tetravalent cerium are observed at a binding energy (B.E.) of 882.4 eV and 900.5 eV for the Ce 3d 4f2L, at 888.7 eV and 907.3 eV for the Ce 3d 4fL, and at 897.9 eV and 916.5 eV  for the Ce 3d  4f0L. The two pairs of the trivalent cerium are found at peak position of 880.1 eV and 884 eV for the 4fL and at 898.7 eV and 902.5 eV for the 4f0L repectively. The peak designations are shown as dotted lines for the Ce3+ and dashed lines for the Ce4+ and have been well discussed in the literature [24]. The spin orbit splitting for all samples was measured to be 18.5 eV. These results clearly demonstrate that doping the cerium oxide with zirconium leads to the deviation away from the expected stoichiometric cerium oxide, and to the creation of more Ce3+ ions at surface sites which is in good agreement with previous work done on Zr-doped ceria by Hermansson et al,[25] which shows that the addition of Zr reduces the size of the unit cell of CeO2 and lowers the reduction energy of CeO2 surfaces. While doping with gadolinium leads to more stoichiometric cerium oxide at the surface as the critical ionic radius (rc) of the Gd(III) ion (rc = 1.05 Ȧ) is very close to rc of CeO2 (rc = 1.038 Ȧ)[26]. As an example for quantitatively determined the Ce3+ concentration at the surface of the sample, a fitted spectrum of the Ce 3d core level is shown in Figure 2 for the CeO2 infiltrated on porous YSZ. The details of the components used are given in Table S1 (Supplementary Information). From the peak fitting, the concentrations of Ce3+ (CCe3+) ions can be calculated from Eq. 1 [27]
			Eq. 1
and are used to calculate the deviation δ from the ideal stoichiometry of CeO2. In the case of a mixture of Ce4+ and Ce3+, the stoichiometry of the cerium oxide at the surface can be expressed as  where  and  [28]. The calculation of the deviation for the four samples gives the following results shown in Table 1. This clearly demonstrates that doping the cerium oxide with zirconium leads to further deviation from the stoichiometric cerium oxide and to more Ce3+ ions at surface sites. Figure 1(b) provides a detailed view of the Ce 3d5/2 4f1 and 4f2 regions. A shift of the Ce 3d spectrum towards lower B.E. is observed when doping the ceria with gadolinium and towards higher B.E. when doping the ceria with zirconium. For the GDC sample this phenomena is also observed in the valence band spectra (Figure S1) and is attributed to a decrease in the concentration of Ce3+ states present above the main valence band edge.

Table 1: Estimated deviation from stoichiometry measured by XPS of ceria, ZDC and GDC samples.
	Material
	δ
	Measured stoichiometry

	Ceria
	0.16
	CeO1.84

	ZDC
	0.17
	Zr0.1Ce0.9O1.83

	GDC
	0.10
	Gd0.1Ce0.9O1.90



In the case of the samples doped with nickel, the additional peaks observed at the low B.E. side of the spectra between 850 eV and 880 eV are assigned to photoemission from the Ni 2p core levels. Similarly to results discussed previously, careful peak fitting of the Ce 3d spectra into Ce4+, Ce3+, and Ni 2p components was performed and resulted in the estimation of the concentration of nickel at the surface as well as the estimation of the deviation, δ, for each samples; Ni0.56-CeO1.84, Ni0.36-Gd0.1Ce0.9O1.90, and Ni0.35-Zr0.1Ce0.9O1.83. After the impregnation of nickel oxide, an increase of intensity is observed around Ce3+ 3d5/2f1 (B.E. of 884.2 eV) and Ce3+ 3d3/2f1  (B.E. of 902.5 eV) in the case of the undoped ceria and gadolinium doped ceria suggesting an increase of Ce3+ concentration.  This increase is not observed in the case of zirconium doped ceria. First-principles electronic structures calculations show that there is an electron transfer from the adsorbed metal particles to the ceria surface which results in a positive charge on the adsorbed metal and a reduction of the Ce4+ to Ce3+ [29]. This phenomenon has been widely reported experimentally for Ce 3d and Ce 4f photoemission following adsorption of various metals [30]. The reason as to why zirconium doped ceria surface is not altered by the adsorption of nickel is unclear. The nickel found on the anode surface is Ni(II) and Ni(III), most likely from NiO, Ni(OH)2 and Ni2O3 with the zirconium doped cerium oxide being more predominantly covered in the form of NiO [31].
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[bookmark: _Ref481002668][bookmark: _Hlk496798568][bookmark: _Hlk496798640]Figure 1 (a) Ce 3d XPS spectra from the CeO2 (blue), GDC  (black), ZDC (red), infiltrated on porous YSZ scaffold with and without depositing NiO. The position of the Ce4+ (dashed lines) and Ce3+ 3d peaks (dotted lines) are also shown for the case of the CeO2 sample. (b) Low B.E. portion of the Ce 3d5/2 XPS spectra from the CeO2 (blue), GDC (black), ZDC (red), on porous YSZ without depositing NiO.
[image: C:\Users\gwilh\AppData\Local\Microsoft\Windows\INetCache\Content.Word\8A_Ce3dG.PNG]
[bookmark: _Ref481002847]Figure 2. Ce 3d XPS spectra from the CeO2 infiltrated on porous YSZ (dots), fit (solid blue line), Shirley-type background (dashed line), and components assign to Ce4+ (light blue) and Ce3+ (light red).

2.2 Raman Spectroscopy
Figure 3 shows example normalised Raman spectra of the YSZ scaffold infiltrated with the three different ceramics, CeO2, ZDC and GDC.  The normalisation process compenstates for the effects of varying sample volumes allowing spectra collected under different scattering conditions to be compared, enabling their relative structural properties to be investigated.  The spectra shown are averages of spectra obtained from five different locations on each sample at 600 ˚C after the samples have been first reduced and then reoxidised. During the course of the investigations, the Raman spectrum obtained during the first redox cycle was found to give inconsistent results, that were not representative of the sample’s relative oxidation states. This was attributed to a non-uniformity of the initial oxidation state of the samples due to a variety of factors, such as any irregularities between conditions during cool down from sintering, time in ambient conditions before measurements and any difference in those ambient conditions each sample was exposed to. In order to remove these issues, samples were conditioned via an initial redox cycle which was accurately controlled for all samples. The main F2g oxide peak of ceria is observed at approximately 450 cm-1 while the vacancy peak is observed at approximately 600 cm-1.[32]  No peaks associated with the tetragonal phase was observed in any of the spectra collected from the samples investigated, confirming that they were all in the cubic phase.  The F2g peak is used for all analysis of the measurements not only because it is directly related to the oxidation state of the material, but because it is the sharpest and provides the best signal to noise ratio and thus the lower error. The vacancy peak is much more difficult to use for analysis because it is a combination of two peaks that are also convolved with the Raman peak of the underlying YSZ scaffold. As a result all results presented hereafter refer to the main F2g mode of ceria.  

[bookmark: _Ref481002907]Figure 3.  Normalised Raman spectra of YSZ scaffold infiltrated with either Ceria, ZDC, or GDC measured at 600 ˚C after an initial conditioning redox cycle has been applied.  Note spectra have been offset for clarity.  The F2g peak positions for the three compositions obtained without Ni vs the lattice parameter is shown in the inset.  Spectra were collected using a 514 nm laser foccussed onto the sample using a long working distance ×20 objective. 
The XPS is sensitive to the Ce valence state. The Zr addition, is a much lighter ion than Ce, and with a smaller radius. Substitution by 10% reduces the unit cell size[33] and shifts the absolute F2g peak position to a higher wavenumber. The Gd addition produces a shift in the absolute F2g peak position to a lower wavenumber. Although the Gd and Ce ion are of similar ionic radius Gd is heavier than Ce and there is a measurable increase of the lattice parameter with 10% Gd substitution [34], consistent with the peak position shift. The inset to Figure 3 shows the relationship between the F2g peak position and the lattice parameter.  The XPS also finds opposite trends for the changes of the binding energy of hybridised Ce 4f and the oxygen 2p with Gd and Zr substitution. The addition of Ni shifts the absolute position of the CeO2 Raman F2g  peak to shorter wavenumbers in all cases as set out in Table 1, similarly for Ceria and GDC but  most significantly in the case of the ZDC sample. The XPS also finds that the Ceria and the GDC samples behave comparably when Ni is added.  But for the ZDC sample when doped with Ni, no change is observed in the XPS in contrast to the large Raman peak shift observed. This demonstrates the difficulty making a direct correlation between the electronic changes reflected in the XPS measurement in the near surface of the sample, and the absolute Raman peak position., The downward shift of the Raman CeO peak in all cases when Ni is added suggests lattice relaxation, more so for the ZDC which is the most heavily strained. 
[bookmark: _Ref500926554]Table 1: Absolute peak position of the F2g peak for the infiltrated sample compositions investigated.
	Sample composition
	Absolute F2g peak position (cm-1)

	Ceria
	454.7± 0.3

	GDC
	453.9 ± 0.3

	ZDC
	458.1 ± 0.3

	Ceria+Ni
	453.35 ± 0.3

	GDC+Ni
	452.7 ± 0.1

	ZDC+Ni
	454.9 ± 0.3



Figure 4 shows the integrated intensities of the normalised ceria F2g peak as monitored for the three different ceria compositions, both with and without Ni, and when exposed to the reducing atmosphere at 600 ˚C. It is clear that these compositions do not reduce without the Ni present under these conditions. When Ni is present the intensity of the F2g Raman mode decreases rapidly upon exposure to the reducing environment to around 50% of its original intensity where it stabilises.  While there is a slight difference in the rate of the decrease in the pure ceria compared to that of the ZDC and GDC, there is very little difference in the overall behaviour of the different samples which all decrease to the same level within error – 50 ± 1 % for the ZDC, 52 ± 1 % for the ceria and 52 ± 2 % for the GDC of the initial intensity – providing very little information regarding the effect of the different dopants.  The difference in the rate of the decrease in intensity of the ceria peak between the samples was not untypical of measurements even within the same sample and as a result were attributed to local variations in the nickel coverage.

[bookmark: _Ref481002937]Figure 4. Integrated intensities of the ceria F2g Raman peak monitored as a function of time from the three samples with and without Ni infiltration when exposed to wet 90 % N2:10 % H2 flowing at 100 cm3 min-1 at 600 ˚C.  Spectra were normalised before the integrated intensities were calculated and those intensities have been normalised to the initial values to allow for direct comparison. The GDC peak intensity drops very quickly upon exposure to the reducing environment and stabilises at approximately 50 % of the initial intensity.  See text for further details.
However, peak intensity is not the only peak parameter that changes due to changes in the oxidation state. As oxygen is removed from the sample, the lattice becomes strained and this is reflected in a Raman response via a shift in the peak position. The more oxygen that is removed, the more the lattice becomes strained and the more the peak shifts as a result.   
Figure 5 shows the normalised and averaged Raman spectra, including error bars reflecting the standard error of the mean, obtained from a YSZ scaffold infiltrated with (a) only GDC  and (b) both GDC  and Ni before (black) and after (red) reduction at 600 ˚C along with the difference in the spectra (green).  Figure 5 (a) shows that there is no observable change in the spectra obtained from the YSZ scaffold infiltrated with GDC only upon exposure to the reducing environment.  This clearly demonstrates that it is stable under these conditions confirming the results shown in Figure 4.  Figure 5 (b) shows that there is a significant decrease in the intensity of both the F2g and vacancy peak in the sample with Ni.  The large decrease in the intensity of the F2g mode indicates that the majority of the oxygen removed is from the crystal structure itself while the small decrease in the vacancy peak indicates there is some loss of interstitial oxygen [22b].  There is also a significant shift in the F2g peak position – the peak shifts towards the laser by approximately 4.5 cm-1 – on reduction of the sample.  This is more evident when the spectra are normalised to the F2g  peak intensity and plotted together as shown in the inset to Figure 5 (b). This is a direct response to the strain induced in the lattice by the removal of oxygen during reduction.
[image: Figure 3]
Figure 5. Normalised and averaged Raman spectra obtained from a YSZ scaffold infiltrated (a) with GDC  only and (b) GDC  and Ni.  The black line is the initial material and the red line after reduction as well as the difference between the two (green) in wet 90 % N2:10 % H2 flowing at 100 cm3 min-1 at 600 ˚C. Only when Ni is present is there a clear decrease in the intensity of the F2g ceria peak and a shift of approximately 4.5 cm-1 in its position on reduction.  This shift is emphasised in the inset to (b) where the peaks have been normalised to the peak intensity for ease of comparison.. See text for further details. 
Each Raman spectrum obtained from the samples before and after reduction were background subtracted and fitted using Voigt functions. All of the fitted data for the three investigated samples as a function of temperature are shown in Supplemental Tables S1, S2 and S3.
Figure 6 shows the F2g  peak shift between the peak before and after reduction for each of the samples investigated, plotted as a function of temperature. Peak shifts calculated for samples without Ni are shown as open symbols while those that have been co-infiltrated with Ni are solid.  Those without Ni do not shift at the lower temperatures investigated, with only relatively small shifts observed at 700 ˚C.  Samples that were infiltrated with Ni were observed to shift significantly at all temperatures investigated clearly indicating that Ni was strongly catalysing the reduction of the solid oxides.  When comparing the behaviour of the three different ceria compositions co-infiltrated with Ni it is noticeable how much larger the shift in the peak position is for the ZDC  sample compared to the undoped ceria and GDC . This is due to the increased lability of the oxygen in the ZDC  compared to the other samples. On reduction, more oxygen is removed from the lattice compared to the other samples exposed to the same conditions. As a result the lattice becomes more strained and the peak shift is greater. Both the undoped ceria and GDC  samples have similar shifts suggesting that similar amounts of oxygen are removed from the lattice for both samples.
[image: Figure 4]
Figure 6: F2g peak shifts calculated from spectra collected before and after exposure to the reducing environment as a function of temperature for the samples investigated.  Samples without Ni (open symbols) do not reduce significantly below 700 ˚C.  Samples co-infiltrated with Ni are significantly reduced at all temperatures investigated, which strains the crystal structure and induces a peak shift relative to the fully oxidised material.  See text for further details. Lines are guide for the eye only. In the case of samples without Ni, the line indicates the baseline behaviour for the GDC sample only.
Second, it appears that the peak shifts follow a linear trend with temperature and that within error the slope is the same for each of the samples. This suggests that the dominant factor involved in the reduction process is the nickel itself. 
To investigate the role of nickel further we made further measurements on GDC infiltrated YSZ scaffold that were co-infiltrated with differing amounts of nickel. The nickel content of the samples was characterised through the XPS data based on the Ni 2p3/2 peak intensity and averaged for each sample using 5 points on each surface. In order to create samples of differing nickel contents the number of infiltrations were modified and a piece of one sample was immersed into 1 M nitric acid which was heated to 80 ˚C for 90 s.  GDC  had an average Ni 2p3/2 / Ce 4d ratio of 28:72, GDC  B had an average of 40:60 and GDC  B after the acid treatment (GDC  B AA) had an average of 20:80. It is clear from the data in Figure 6 that all the samples with different amount of Ni on GDC  behave the same, within error, as a function of temperature. This clearly shows that the reduction process is largely independent of the amount of nickel present and that the nickel dominates the reduction process.


3. Conclusions
Here we have used in-situ Raman spectroscopy combined with XPS to investigate the oxidation and redox properties of porous YSZ scaffolds infiltrated with undoped ceria, GDC and ZDC both with and without Ni.  Both characterisation methods provide valuable insight into the influence of the dopants and the catalyst on performance although a direct correlation of measurements would require a detailed theoretical framework beyond the scope of this paper.  At room temperature the XPS showed that doping ceria with zirconia increases the ratio of Ce3+/Ce4+  at the surface sites, while gadolinium doping results in a decrease.  The impregnation of NiO onto the scaffolds treated with undoped ceria and the GDC resulted in an increase in the Ce3+ concentration which was not observed for the ZDC. This increase in Ce3+ concentration is attributed to the reduction of the Ce4+ via an electron transfer from the adsorbed metal particles, although it is unclear as to why the ZDC was unaffected.  In contrast the in-situ Raman investigation of the reduction of these structures showed that the ceria component of the infiltrated structures are only significantly reduced above 500 ˚C when co-infiltrated with Ni.  The ZDC was observed to reduce much more readily than either the undoped ceria or GDC despite its valance state being unaffected by the Ni at room temperature.  The greater reduction of the ZDC is thought to be a direct result of its greater oxygen mobility compared to the undoped ceria and GDC. Although the presence of Ni was necessary to reduce the materials investigated, the reduction process was found to be largely insensitive to the amount of Ni and that wherever Ni is present it dominates the reduction process.  The study demonstrates the complementarity of information gained by using a combined XPS and Raman spectroscopy approach to study these  complex structures where the catalyst geometry has been finely controlled.


Experimental
Sample preparation
The sample preparation was similar to preparing solid oxide fuel cells. Dense 8YSZ pellets were used as electrolyte and as support for the electrodes. Commercial 8YSZ powder (Pi-KEM) was weighed and uniaxially pressed. The green disks were then fired at 1500 ˚C to form dense pellets with 20 mm diameter and 2 mm thickness. The dense pellets were then polished and cleaned on both sides. 
An YSZ scaffold were printed on one side of 8YSZ pellet. 8YSZ (Unitec, 3-5µm) powder, terpineol, dispersant and PVB binder were mixed by ball-milling, and the ink was screen-printed on one side of 8YSZ pellet and sintered at 1300 ˚C. After firing, the porosity of the resulting scaffold was ~35-40 %, and the thickness of the scaffold was roughly 30 µm.
Wet impregnation of different types of ceria, with and without Ni, into the scaffold were carried out. Pure cerium nitrate solution, a gadolinium and cerium nitrate solution (following the formula (Gd0.1Ce0.9)O2, abbreviated as GDC herein) and a zirconium and cerium nitrate solution (following the formula (Zr0.1Ce0.9)O2, abbreviated as ZDC herein) were prepared by dissolving the corresponding nitrates to make a 2 mol dm-3 solution in deionised water. Impregnation was conducted by adding nitrate solution dropwise into the YSZ scaffold, through which solution penetrated, driven by capillary force. The sample was then fired at 500 ˚C decompose the nitrate to an insoluble oxide. The impregnation and firing steps were repeated until the desired loading of ceria was reached, which is ~20wt% vs. scaffold. After the impregnation was completed, the ceria was sintered at 800 ˚C. For the samples containing Ni, nickel nitrate solution (0.25 mol dm-3) was infiltrated into YSZ scaffold, after ceria impregnation. The weight of Ni inserted was roughly 1wt% vs scaffold. 
	
Sample characterisation

To confirm phase purity, ZDC powder was prepared through co-precipitation. Zirconium oxynitrate (99% Sigma Aldrich) and cerium nitrate hexahydrate (99%, Sigma Aldrich) were dissolved into deionised water and diluted into 1 dm3. Under vigorous stirring, diluted ammonia solution was added dropwise and yellowish precipitate was generated.  When precipitation was finished, it was filtered and washed with deionized water until neutral pH value. The resulting paste was dried overnight and fired at 500-1000 ˚C. X-ray diffraction (XRD) patterns of the resulting powder were measured to confirm the desired doped ceria phases were present in  the powder. 
Raman measurements were performed using a Jobin-Jbvon LabRam HR-1000 confocal Raman microscope equipped with a 514 nm laser. Measurements were made with a ×20 long working distance objective which resulted in a laser spot with a diameter of approximately 4 µm at the focal point. The laser power and integration time was optimised prior to all real time measurements to ensure a good signal-to-noise ratio, while minimising any laser heating of the sample. As a result, the specific integration times used varied slightly between measurements, ranging from 5 to 30 seconds while the laser intensity was constant at approximately 4 mW. Specific integration times will be noted for the presented measurements.
In-situ, real time monitoring of the Raman response of the samples investigated was achieved using a high temperature catalytic stage from Linkam Scientific Instruments (UK). Raman spectra were collected between room temperature and 700 ˚C as reported by the stage controller. Controlled flows of N2, H2 and air were delivered to the sample in the stage through a system of calibrated mass flow controllers. All gases were humidified with 3% water vapor by being passed through a humidifier, which consisted of a bubble column situated inside a thermocirculator bath, before delivery to the sample. Samples were reduced using a mixture of 90 % N2: 10% H2, and oxidised using 100 % air.  All gas mixtures were flowed through the system at a total rate of 100 cm3 min-1.
Samples were subjected to two full reduction/oxidation cycles for each in-situ characterisation measurement between 500 and 700 ˚C in 50 ˚C increments. The system was purged by flowing 100% N2 over the samples for 5 minutes when switching between the reducing and oxidising atmospheres. Long integration time Raman spectra were collected before and after each oxidation or reduction procedure from five random locations of each sample to assess changes in oxidation state. Raman spectra were also continuously collected from a single point of the sample surface during the purging, reduction and oxidation procedures to monitor changes in the relative oxidation state during the measurements.
Raman spectra were analysed using a combination of the JY Labram software, Peakfit v4 and OriginLab 8.6. Spectral features of the individual spectra collected before and after each procedure were normalised, background corrected and fitted to Voigt modes using Peakfit v4 with the resulting data further analysed using OriginLab 8.6. Raman spectra collected in real time during the oxidation and reduction procedures were analysed using the LabRam software with further analysis being performed using OriginLab 8.6. Integrated intensities were normalised to the intensity of the principle CeO peak of interest where necessary to allow different spectra to be compared directly. 
[bookmark: _GoBack]The surface chemistry and the electronic structure of the ceria based oxides were characterized using high-resolution XPS. The spectra were recorded on a Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer operating at 2×10−9 mbar base pressure. This system incorporates a monochromated, microfocused Al Kα X-ray source (hν = 1486.6 eV) and a 180° double focusing hemispherical analyser with a 2D detector. The X-ray source was operated at 6 mA emission current and 12 kV anode bias providing an X-ray spot size of 400 μm2. Survey spectra were recorded at 200 eV pass energy, 20 eV pass energy for core level, and 15 eV pass energy for valence band spectra. A flood gun was used to minimize the sample charging that occurs when exposing an insulated sample to an x-ray beam. Charge neutralization was deemed to have been achieved by monitoring the C 1s signal of the adventitious carbon.  All XPS spectra were recorded using the Avantage Data System software. All quantification analysis was performed using the Avantage software. Peak fitting of the Ce 3d core level was performed using the CASA XPSTM software package as it required a more complicated background subtraction. 
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