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Abstract 
[bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK95][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK217][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK209][bookmark: OLE_LINK212][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK207]When incorporating actinides into zirconolite for high-level radioactive waste immobilization, Al3+ and Fe3+ ions generally act as charge compensators. In this study, we rationally designed a series of  (Ln=La, Nd, Gd, Ho, Yb) to unravel the dopant solubility and evolutions of the crystalline phase and local environment of cations through synchrotron X-ray methods. It was found that single zirconolite phase is difficult to obtain and the fraction of perovskite have an increase with x from 0.1 to 0.9 in . Formation of both zirconolite-2M and zirconolite-3O phases was observed in  and . Phase transformation from zirconolite-2M to 3O occurs at x=0.7 for  while x=0.9 for . The solubility of  and  to form single zirconolite-2M can reach to 0.9 f.u. and 0.7 f.u., respectively. The evolution of lattice parameters of zirconolite in  is greatly related to the ionic radii of cations and substitution mechanism among the cations. X-ray absorption near edge spectroscopy revealed that Fe3+ ions replace both 5- and 6- coordinated Ti sites and the ratio of TiO5 to TiO6 decreases when increasing dopant concentration in the . For the local environment of Zr4+, the major form is ZrO7 with a trace of ZrO8. 
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1. Introduction

[bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK86][bookmark: OLE_LINK87]The immobilization of high-level waste (HLW) has attracted much attention, both science and policy, for several decades.1-4 Many researchers put great efforts on disposing of HLW, especially for the minor actinides immobilization. Although minor actinides (e.g. Np, Am, Cm) only make up a small fraction of HLW as compared to fission products, they are mainly responsible for the long-term radiotoxicity (time>300–500 years).5 Therefore, the safe and effective disposal of minor actinides in the HLW is imperative. After decades of research, the SYNROC, glass-ceramic and single-phase ceramic minerals (zirconolite, pyrochlore, monazite and so on) have been employed to immobilize HLW which contains considerable minor actinides due to their advantages in physical-chemical properties and high solubility of actinides.1,3,6-16 As one of the advanced ceramic waste forms, zirconolite has excellent properties in radiation resistance, mechanical stability, high waste loading, high thermal conductivity and low leach rate and has been considered to be a potential candidate for the disposal of HLW.9

[bookmark: _Hlk18156158]As a promising matrix of HLW ceramic waste forms, zirconolite has several polymorphs. Generally, the ideal zirconolite (CaZrTi2O7) has a two-layer monoclinic structure (Ca-Zr layer and Ti-O polyhedral layer), namely zirconolite-2M.17 With different amounts of impurities (rare earth elements or actinides) incorporated into zirconolite, zirconolite-2M would transform to other polymorphs. For instance, zirconolite-3O (three-layer orthorhombic polytype),18 zirconolite-3T (three-layer trigonal polytype),19 zirconolite-4M (four-layer monoclinic polytype)20 and zirconolite-6T (six-layer trigonal polytype)21. In the literature, zirconolite has been intensively studied on the solubility and phase transformation when incorporating different actinides/lanthanides cations.1,14-16,22-26 Many researchers focused on doping rare earth elements (REE) (as the simulation of radioactive actinides) on both Ca and Zr site of zirconolite, i.e. Ca1-xREE2xZr1-xTi2O7 (REE=Ce, Nd, Gd, Sm, Y).1,14,25-28 Their results showed phase evolution from zirconolite-2M to zirconolite-4M and zirconolite-4M to pyrochlore when doping different amounts of REE. Single zirconolite-2M phase cannot be observed when dopants over 0.3 formula units (f.u.). In some cases, actinides present in form of tetra-valence state (such as U4+, Pu4+, Np4+, Th4+). Hence, some researchers focused on immobilizing them (or nonradioactive Ce4+ as succedaneum) into the Zr site of zirconolite to study their solubility and microstructure modification.1,22,29-31 Clark et al. found that zirconolite-4M appeared at x=0.2 and single pyrochlore phase was observed at x=1 for CaZr1-xCexTi2O7 solid solutions.30 Zhang et al. pointed out that Ce preferentially occupies the Ca site of perovskite rather than the Zr site of zirconolite when prepare the nominal CaZr1-xCexTi2O7 solid solution by self-propagating high-temperature synthesis (SHS) due to the reduction of Ce4+ to Ce3+ during SHS reaction.29,31 

In natural zirconolite, it contains not only actinides and lanthanides but also charge compensators like Al3+ and Fe3+.18,32-34 Thus, researchers proposed to immobilize actinides into Ca site of zirconolite with using Al or Fe as the charge compensator to replace Ti sites. Vance et al. reported that the solubility of Nd, Ce, U, Pu, Np in zirconolite-2M has a range from 10 to 65% when Al3+ replacing Ti4+ sites.1,22 For the Ca1-xNdxZrTi2-xAlxO7 solid solution, it was confirmed that the phase transformation from zirconolite-2M to zirconolite-3O was at x=0.6-0.7.15,23 Gilbert and co-workers found that the solubility of Pu can be up to 0.4 and the zirconolite-2M transforms to zirconolite-3T at x=0.3 in the (Ca1-xPux)Zr(Ti2-2xFe2x)O7 solid solutions.24 For the Ca1-xGdxZrTi2-xAlxO7 samples prepared at 1400℃, Stefanovsky et al. pointed out that the zirconolite-2M is stable up to x=0.2 and it is likely to form higher symmetry structure (zirconolite-3T or 6T) in the range of 0.2<x≤1.35 In our previous studies,15,16 we performed a systematical study on Ca1-xLnxZrTi2-xAlxO7 and Ca1-xLnxZrTi2-xFexO7 (Ln=La, Nd, Gd, Ho, Yb; x=0.1-1.0), respectively. These two studies revealed that there are some differences in phase evolution, solubility, lattice parameters evolution between Ca1-xLnxZrTi2-xAlxO7 and Ca1-xLnxZrTi2-xFexO7 solid solutions. Although a lot of works have been performed on investigating the charge compensator role of Al3+/Fe3+ on the phase stability, actinide/lanthanide solubility and microstructure evolution of zirconolite-2M, there are still many unanswered scientific questions in the lanthanide/actinide-doped zirconolite-2M with Al3+ and Fe3+ as charge-compensated ions. For examples, the substitution mechanisms of lanthanide and actinide ions in the Ca sites and Zr sites and the relationship between substitution mechanism and ionic radius have not been studied. Especially, the substitution of Al3+/Fe3+ in TiO5 polyhedra or TiO6 octahedra in the zirconolite-2M structure is still unclear. Furthermore, since there is a large difference in the ionic radii of Al3+ (0.48Å in 5-fold coordination and 0.535 Å in 6-fold coordination), Ti4+ (0.51Å in 5-fold coordination and 0.605 Å in 6-fold coordination) and Fe3+ (0.58Å in 5-fold coordination, 0.55/0.645 Å in 6-fold coordination),36 and using either Al3+ or Fe3+ as charge compensator can due to different substitution mechanisms, solubility of lanthanide/actinide, and microstructures in doped zirconolite-2M, it is essential to study the synergistic effects of Al and Fe on replacing Ti sites when lanthanide/actinide substitute Ca/Zr sites.

In this study, we perform further analysis of doped zirconolite-2M structure, in which both of Al3+ and Fe3+ (the Al/Fe ratio is fixed to be 1:1) ions are proposed to incorporate into TiO5/TiO6 sites when trivalent lanthanide ions replace the CaO8/ZrO7 sites. A series of  (Ln=La, Nd, Gd, Ho, Yb; x=0.1-1.0) samples were synthesized to systematically investigate the synergistic effects of Al and Fe on the phase transformations and solubility of Ln3+ in zirconolite ceramics. X-ray absorption near edge spectroscopy (XANES) of Ti, Fe and Zr K-edge was used to probe the substitution mechanisms in the doped zirconolite. Powder X-ray diffraction (XRD, in house and synchrotron facilities) and scanning electron microscopy-energy dispersive x-ray spectroscopy (SEM-EDX) were also employed to examine and discuss the phase evolution, solubility and microstructures. Pawley refinement method was used to determine the lattice parameters of zirconolite phase based on synchrotron XRD (SXRD) patterns.37

2. Experimental method
2.1 Sample preparation

[bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK255]All samples were synthesized by high-temperature solid-state reaction process using the raw materials CaCO3, ZrO2, TiO2, Al2O3, Fe2O3 and Ln2O3 (Ln=La, Nd, Gd, Ho, Yb) with purity≥99.95%. Nominally, the designed reaction for zirconolite preparation is as follow:
                         (1)
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Herein, the ratio of Al2O3 to Fe2O3 is 1:1. Raw materials were pre-heated at 900℃ for 10h for dehydration, excluding CaCO3. The well-mixed materials were pelleted and sintered at 1400℃ for 50h in muffle furnace with heating and cooling rate of 10℃/min. In order to obtain homogeneous and compacted samples, the sintered pellets were ground, pelleted and sintered at 1400℃ for 50h again.

2.2 Sample characterization

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK60][bookmark: OLE_LINK64][bookmark: OLE_LINK65]X-ray diffraction patterns of the powder samples for phase qualification were recorded on a Bruker D8 Advance diffractometer using Cu Kα source (40 kV, 40 mA) and LynxEye detector. The 2θ scanning range was 10-110° and the step size was 0.02° with 1 s step-1. The crystal structures were qualitatively identified by matching the XRD patterns with equivalent patterns retrieved from the standard powder diffraction database of the International Centre for Diffraction Data (ICDD PDF-2, RELEASE 2008). To obtain highly reliable pattern, the synchrotron x-ray diffraction (SXRD) measurements were performed at the beamline TLS-01C2 (λ=0.6888 Å) with capillary modes in the National Synchrotron Radiation Research Center (NSRRC), Hsinchu. The lattice parameters of zirconolite phase were obtained by performing Pawley refinement of the SXRD patterns with GSASII software package.37,38

[bookmark: OLE_LINK194][bookmark: OLE_LINK208]XANES experiments of Ca1-xHoxZrTi2-x(Al,Fe)xO7 ceramics were carried out in NSRRC, Hsinchu. The Fe K-edge XANES spectra were recorded at the room temperature at the beamline TLS-17C. The Ti K-edge XANES data were collected at the beamline TLS-16A with the fluorescence mode. The Zr K-edge XANES were acquired using transmission mode at the beamline TLS-01C1. Fe, Ti and Zr foils were used as energy calibration for Fe, Ti and Zr K-edge XANES spectra. Hematite (Fe2O3), Ba2TiSi2O8, TiO2 (rutile), monoclinic-ZrO2, ZrSiO4 were used as reference compounds. Data calibration and normalization was performed using the Athena software program.39 SEM-EDX experiments were performed using a Hitachi S-3400N SEM equipped with an EDX elemental microanalysis system to investigate the morphology and chemical compositions of polished samples.

3. Result and discussion
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]3.1 Complex phases for Ca1-xLaxZrTi2-x(Al,Fe)xO7 solid solutions

[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: _Hlk18229084][bookmark: _Hlk18229093][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Fig. 1 shows the laboratory XRD patterns of as-prepared Ca1-xLaxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) samples. Except for a low-intensity peak at around 2=32.5° for x=0.1 and 0.3, the diffraction peaks can be indexed by zirconolite-2M phase (PDF no. 84-0163). The unmatched peak (2=32.5°) should be assigned to the perovskite phase (PDF no. 75-0439) which commonly existed during the synthesis of zirconolite.15,16,20,23,25,40 Noted that a new peak at 2=31.6° appeared in the samples with x from 0.5 to 0.9 (Fig. 1b). This new peak belongs to the zirconia phase (PDF no. 86-1451). To investigate the microstructural features of the samples, a back-scattered SEM image of x=0.5 with EDX analysis was shown in Fig. 2. It is noted that the contrasts between perovskite and zirconia in the back-scattered SEM cannot be distinguished. However, carrying out EDX analysis on different grains (white contrast) indicates that there are two components and one of them is rich in Zr element (corresponding to zirconia), as shown in Fig. 2b and c. Thus, there are four phases in this sample, i.e. zirconolite-2M (grey contrast), perovskite (white contrast), zirconia (white contrast), Al-rich (black contrast). Herein, the Al-rich phase is determined by EDX but it is not reflected in the XRD pattern since its amount is limited. A similar result was reported in Ca1-xLaxZrTi2-xAlxO7 series (x≥0.3) in which the Al-rich (LaTi2Al9O19) phase was identified by electron back-scattering technique but not by XRD.15

[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: _Hlk20388054][bookmark: OLE_LINK92][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: _Hlk20390115]For x=0.7 (Fig. 1a, b), it is observable that there are three crystalline phases (i.e. zirconolite-3O, perovskite and zirconia) co-existing in this sample, which are similar to the nominal sample of Ca0.3La0.7ZrTi1.3Fe0.7O7 reported in our previous study.16 When x increases to 0.9, perovskite became the dominant phase with zircon impurity but no observation of zirconolite. The phase components in these two samples are also verified by their back-scattered SEM results (Fig. 3a, b). Interestingly, an Al-rich phase can also be observed in their back-scattered SEM images by EDX determined, which is not detected in the XRD patterns. Their EDX results show that the proportions of Al atom in the Al-rich phase are 52 at.%, 47 at.%, and 43 at.% for x=0.5, 0.7 and 0.9, respectively (more details referred to Table S1). Such Al-rich phase was un-observable by XRD mainly due to their small amount which is under the detection limit of powder XRD data. In fact, the fraction of Al-rich phase is much lower than shown in Fig. 2a, Fig. 3a and b. Because there is just a very small area (in micrometer scale) of these samples to demonstrate the existence of Al-rich phase. A similar phenomenon was also observed in Ca1-xLaxZrTi2-xAlxO7 with x=0.3-1.0.15 In addition, the contrasts of perovskite and zirconia phase in these two samples are not identical. To identify the perovskite and zirconia phase in the SEM results, elemental mapping of La, Zr, Ti and Al from x=0.9 was performed and shown in Fig. 3c, d, e and f, respectively. Obviously, Zr-rich grains were found in Fig. 3d, which corresponds to the zirconia phase. 

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]3.2 Zirconolite-2M to 3O phase evolution in Ca1-xLnxZrTi2-x(Al,Fe)xO7 (Ln=Nd and Gd)

[bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: _Hlk18177611]The SXRD patterns of Ca1-xNdxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) compositions were showed in Fig. 4. The almost single zirconolite-2M structure was obtained for x=0.1–0.5 samples, accomplishing with a trace of perovskite. For the nominal composition of x=0.7, the characteristic diffraction peaks of (221), (-401) and (004) indexes between 2=13.4° and 14.2° for zirconolite-2M phase disappear and two new conspicuous unique peaks at about 13.7° and 22.2° can be observed, indicating the occurrence of phase transformation. Based on the previous study, these two unique peaks contribute to zirconolite-3O.18 Therefore, it is reasonable to infer that phase transformation of zirconolite-2M to 3O should happen between x=0.5 and 0.7. This result is consistent with those reported in Ca1-xNdxZrTi2-xAlxO7 and Ca1-xNdxZrTi2-xFexO7 ceramics, in which the zirconolite-2M transforms to zirconolite-3O at x=0.6.15,16 A low-intensity peak at about 11.3° was observed, which should belong to an Al-rich phase (Al2O3).15 This Al-rich phase was also observed in the back-scattered SEM image of x=0.9 sample (Fig. 5a, c). EDX quantitative analysis demonstrates that it should be Al1.4Ca0.04Nd0.16Zr0.13Ti0.11Fe0.16O3, a solid solution of Al2O3. In Fig. 5, the back-scattered SEM and EDX results also support the co-existence of zirconolite, perovskite and Al-rich phase in the Ca0.1Nd0.9ZrTi1.1(Al,Fe)0.9O7 sample. Thus, for the samples with x=0.7 and 0.9, zirconolite-3O was the dominant phase with a trace amount of perovskite and (Al,Ca,Nd,Zr,Ti,Fe)2O3.

The lattice parameters of zirconolite-2M and zirconolite-3O were derived from Pawley refinement of SXRD data of Ca1-xNdxZrTi2-x(Al,Fe)xO7 using GSASII software and listed in Table S2. For the zirconolite-2M, the lattice parameters a, b and β increase while c decrease with the dopants increased to x=0.5. This change also can be obviously observable by the peak shift in the SXRD patterns, shown in Fig. 4b. The main peaks (221) and (-402) of zirconolite-2M overlapped gradually and the c-axis peak (004) slightly shifted to high angles. The change of parameters a, b and c with the increase of Nd and Al,Fe components could be explained as preferential incorporation of Nd into Ca site and Al,Fe into Ti sites.7,15 The lattice parameters of zirconolite-3O were increased from x=0.7 to 0.9 for Ca1-xNdxZrTi2-x(Al,Fe)xO7 ceramics, which is consistent with those in Nd-Fe and Nd-Al codoped zirconolites.15,16

[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK67][bookmark: OLE_LINK68]Fig. 6 displays the SXRD patterns of Ca1-xGdxZrTi2-x(Al,Fe)xO7 samples with x=0.1–0.9. The SXRD patterns of 0.1≤x≤0.5 samples indicated that these samples compose of a major zirconolite-2M phase with a trace of perovskite. At x=0.7, All the reflections of SXRD pattern can be indexed by zirconolite-2M and the weak peak of perovskite cannot be observed (Fig. 6a and b). The Pawley refinement of SXRD pattern demonstrated that it is single zirconolite-2M since all the diffraction lines can be well fitted (Fig. S1). This result indicated that the Gd3+ could hinder the formation of perovskite and Gd3+ preferred to incorporate into Ca2+ site in zirconolite rather than perovskite. The cause could be that the ionic radii of Gd3+ and Ca2+ in 8-fold coordination zirconolite are close to each other while those in the perovskite have a larger difference.36 For the nominal composition with x=0.9, some peaks of zirconolite-3O phase were detected, suggesting the co-existence of zirconolite-2M and zirconolite-3O in Ca0.1Gd0.9ZrTi1.1(Al,Fe)0.9O7 ceramic. Consequently, the solubility of Gd in zirconolite-2M could close to 0.9 f.u. to form Ca1-xGdxZrTi2-x(Al,Fe)xO7. 

[bookmark: OLE_LINK153][bookmark: OLE_LINK154]The SXRD reflections shifting of zirconolite-2M is shown in Fig. 6b. The peaks of (221) and (-402) overlapped gradually when x increases from 0.1 to 0.5. Such peak overlap phenomenon was also observed in the Ln-Fe co-doped zirconolite, and it can be ascribed to the change of d-spacing value in these two peaks.16 According to the SXRD data, the lattice parameters of zirconolite-2M were determined by Pawley refinement,37 as summarized in Table S3. The lattice parameters a and β increased with the incorporated of dopants. In contrast, the lattice parameters of b and c decreased with increasing x from 0.1 to 0.7. The variation of lattice parameters a and b in zirconolite-2M with x can be explained the peak shifting of (221) and (-402) peaks. The lattice parameters variation tendency of zirconolite-2M type in Ca1-xGdxZrTi2-x(Al,Fe)xO7 is similar to that in Ca1-xGdxZrTi2-xAlxO7 ceramics,15 which may imply that the incorporation mechanism of Al3+ and Fe3+ in zirconolite-2M was similar to that for only Al3+ when Gd3+ was used as co-dopant.

3.3 Solubility of Ca1-xHoxZrTi2-x(Al,Fe)xO7 and Ca1-xYbxZrTi2-x(Al,Fe)xO7 in zirconolite-2M structure

[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK163][bookmark: OLE_LINK164]Fig. 7 presents the SXRD patterns of the Ca1-xHoxZrTi2-x(Al,Fe)xO7 ceramics in the range of 0.1≤x≤0.9. Comparing the standard diffraction pattern of zirconolite, nearly single zirconolite-2M was identified in all Ca1-xHoxZrTi2-x(Al,Fe)xO7 samples (Fig. 7a). In other words, the zirconolite-2M structure can capture Ho3+ with Al3+ and Fe3+ as charge compensators and its solubility can be reached to 0.9 f.u.. Similar results were also observed in Ho-Fe co-doped zirconolite Ca1-xHoxZrTi2-xFexO7.16 However, for the Ca1-xHoxZrTi2-xAlxO7 solid solution, zirconia phase exists when x=0.9.15 In Fig. 7b, the characteristic peak (004) of zirconolite-2M shifted to high angle when increasing x from 0.1 to 0.9. Moreover, it is likely that the (-402) peak moves to low angle while (221) peak shifts to high angle. Such shifting lead to a gradual overlap of (221) and (-402) peaks, and finally merge as one peak when x>0.5. This phenomenon also is observed in the XRD patterns of Ca1-xHoxZrTi2-xFexO7 series, but the peak merging occurs at x=0.8.16 Evolution of lattice parameters of zirconolite-2M in Ca1-xHoxZrTi2-x(Al,Fe)xO7 ceramics was identified by Pawley refinement (Table S4 and Fig. S2). The results reveal that the lattice parameters a and β increased with dopants increased. However, the lattice parameter b, c and V obviously displayed linear decreasing with dopants added. These lattice parameters evolution results are consistent with the peak merging phenomenon described above.

[bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK85][bookmark: OLE_LINK88][bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK177]Fig. 8 displays the SXRD results of the samples with nominal compositions Ca1-xYbxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) and the peak shifting of their major characteristic peaks. Results from patterns indexing and Pawley fitting reveal that Ca1-xYbxZrTi2-x(Al,Fe)xO7 (x=0.1-0.7) belong to single zirconolite-2M. For the nominal composition of x=0.9, although the major peaks can be indexed by zirconolite-2M, there are some additional reflections (9.74°, 13.36°, 14.59°, 17.78° and 20.04°) which cannot be assigned to zirconolite-2M. In comparison with the standard powder diffraction data, the weak peak at 13.36° can be attributed to zirconia. In addition, the SXRD reflections of Ca0.1Yb0.9ZrTi1.1(Al,Fe)0.9O7 sample are similar to zirconolite-3T from Gilbert et al. research.24 Furthermore, the diffraction lines are also similar to XRD patterns of Ca1-xYbxZrTi2-xFexO7 for x=0.8-0.9.16 Consequently, it is zirconolite-2M (and/or 3T) with trace zirconia in the nominal Ca0.1Yb0.9ZrTi1.1(Al,Fe)0.9O7 ceramic. Overall, the solubility of Yb3+ in zirconolite-2M for combination of Al3+ plus Fe3+ co-doped Ti4+ site was better than only Fe3+ or Al3+ incorporated into Ti4+ site.15,16 With considering zirconolite-2M as the main crystalline phase for x=0.9, the lattice parameters were determined by Pawley refinement and presented in Table S5 and Fig. S3. Results showed the lattice parameters a, b, c and V decreasing linearly in the zirconolite-2M type Ca1-xYbxZrTi2-x(Al,Fe)xO7 with x from 0.1 to 0.7. The similar phenomenon appeared in Ca1-xYbxZrTi2-xAlxO7 (x=0.1-0.7) ceramics.15 The evolutions of lattice parameters may due to the substitutions of Yb3+, Al3+ and Fe3+ into zirconolite and the radius difference among Ca2+, Zr4+, Ti4+, Yb3+, Al3+ and Fe3+.

3.4 Occupancy evolution of cations Fe3+, Zr4+ and Ti4+

[bookmark: OLE_LINK37][bookmark: _Hlk20411328]Fig. 9 shows the normalized Fe K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 compounds, which reveal the oxidation state and local coordination environment of Fe atoms in the samples. Since the oxidation state of Fe atoms can be determined from the edge of Fe XAS spectra, it is inferred that Fe3+ ions remain in the samples after high-temperature sintering (Fig. 9a). Fig. 9b shows the normalized pre-edge spectra extracted from the Fe K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 compounds. The pre-edges were deconvoluted into pseudo-Voigt components to derive normalized height, position, half-width, and integrated intensity (as shown in Table S6). The centroid of all the pre-edges are located near 7114.1(1) eV further confirming the valence state of ion is +3. With considering both centroid position and integrated intensity, it can be concluded that the local environment of Fe3+ is a mixture of 5- and 6-coordination.41-44 Furthermore, it should be noticed that there is no obvious change of the pre-edge intensity when increasing x from 0.1 to 0.9, indicating the ratio of Fe3+ bearing 5- and 6-coordination is nearly fixed. These results indicate that the Fe3+ ions replace both TiO5 and TiO6 sites and there is no preferential occupation when increasing Fe contents. 

In Fig. 10a and b, Ti K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 compounds and model compounds Ba2TiSi2O8 (TiO5 coordination) and rutile-TiO2 (TiO6 coordination) were shown in order to determine the Ti coordination environment. As reported by researchers, the TiO4, TiO5 and TiO6 coordination can be distinguished via the combination of peak position and normalized height in the pre-edge spectra.45-48 As shown in Fig. 10a, the peak position and normalized height of the pre-edges of Ca1-xHoxZrTi2-x(Al,Fe)xO7 compounds (x=0.1, 0.5 and 0.9) are located between those of Ba2TiSi2O8 and rutile-TiO2, suggesting Ti has both 5- and 6- coordinated environments. This is consistent with the reported coordination environment of tetravalent Ti in zirconolite (CaZrTi2O7) structure (TiO5:TiO6≈1:3).17,40,49 In Fig. 10b, the normalized height decreases and the pre-edge peak shifts to higher energy (height from 0.18 to 0.14, energy from 4970.7 eV to 4971.2 eV). That means the ratio of TiO5 to TiO6 decreases when increasing dopant concentration.

Fig. 10c shows that the Zr K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 for both x=0.3 and 0.7 are similar to each other, which indicates the local environment of Zr has no change when increased x from 0.3 to 0.7. In order to further determine the local coordination number around Zr, comparison of Zr K-edge (main-edge) XANES spectra of Ca0.3Ho0.7ZrTi1.3(Al,Fe)0.7O7 with model compounds monoclinic-ZrO2 and ZrSiO4 was taken. Monoclinic-ZrO2 and ZrSiO4 are typical pure ZrO7 and ZrO8 coordination, respectively and employed as reference compounds in many researches.49-53 The reason for only using these two coordination environments is that there are only 7- and 8- coordinated sites for Zr in the zirconolite-2M structure.10,11 According to the results shown in Fig. 10d and the studies to differentiate ZrO7 and ZrO8 environments in the literature,49,51-53 it is concluded that the Zr has a major 7-fold oxygen environment with a trace of 8-coordinated environment. This conclusion is consistent with those reported by Rossell who used Rietveld structural XRD to study the cations occupancy in zirconolite-2M structure and revealed that 2~7.5% of Ca2+ sites (in forms of CaO8) was replaced by Zr4+ in zirconolite-2M structure.54, 55 Therefore, the local environment of Zr is ZrO7 with a trace of ZrO8 in Ca1-xHoxZrTi2-x(Al,Fe)xO7 zirconolite ceramics, and the ratio of ZrO7 to ZrO8 had no change with x increasing.

4. Conclusion

[bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK111][bookmark: OLE_LINK112]In this study, a series of  (Ln=La, Nd, Gd, Ho, Yb; x=0.1-0.9) ceramics were successfully synthesized by solid-state reaction. In the  samples (x<0.7), single-phase zirconolite cannot form, instead of co-existence of other crystalline phases, such as perovskite, zirconia and Al-rich phase. For  samples (0.1≤x≤0.5), it is almost single zirconolite-2M phase. Near single zirconolite-3O was observed in x=0.7-0.9. Furthermore, almost single zirconolite-2M phase was identified in the  ceramics with x=0.1-0.7. A phase transformation of zirconolite-2M to zirconolite-3O was detected at x=0.9 for   while this phenomenon appeared at x=0.7 for , indicating that the ionic radius of lanthanides affects the phase transformation. Substitution of smaller Ho3+ coupling with trivalent Al and Fe as charge compensator can yield single-phase zirconolite-2M with x up to 0.9 in the . For nominal  ceramics, single zirconolite-2M was only observed with x=0.1-0.7. The lattice parameter c of zirconolite-2M structure in all  (Ln=Nd, Gd, Ho, Yb) ceramic decreases with increasing x from 0.1 to 0.9 because of the incorporation of Ln into the Ca-Zr plane which stacks along c-axis. The changes of the lattice parameters a and b in these four zirconolite-2M ceramics may relate to the stretching and bending of both 5- and 6- coordinated polyhedra along with a-b directions, which result from the substitution of Al and Fe in these two polyhedra. Studies of XANES spectra of the Ca1-xHoxZrTi2-x(Al,Fe)xO7 samples indicate that Fe3+ ions replace both TiO5 and TiO6 sites and there is no preferential occupation when increasing Fe contents. The ratio of TiO5 to TiO6 has a decrease but the ratio of ZrO7 to ZrO8 has no change when increasing dopant concentration. Combination of both SXRD and XANES results, the proposed occupation of the cations in the zirconite-2M should be: (1) Ca2+, Ln3+ and Zr4+ ions in both 7- and 8- coordinated sites, and the Zr4+ and Ca2+ ions are the major occupants for 7-fold oxygen and 8-fold oxygen, respectively; (2) both 5- and 6- coordinated sites are occupied by Ti4+, Fe3+ and Al3+ ions. 
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Figure Captions:
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]Fig. 1 Phase identification results of the laboratory powder XRD patterns of Ca1-xLaxZrTi2-x(Al, Fe)xO7 (x=0.1-0.9) samples (a), and details of the XRD patterns among 29°≤2θ≤35° to indicate peaks difference (b).
[bookmark: OLE_LINK40]Fig. 2 Back-scattered SEM image of the nominal Ca0.5La0.5ZrTi1.5(Al,Fe)0.5O7 sample (a), the corresponding EDX spectra of zirconia (Zr0.88Ca0.05Ti0.20Al0.05Fe0.02O2) (b) and perovskite (Ca0.22La0.48Zr0.23Ti0.83Al0.14Fe0.10O3) (c). (2M: zirconolite-2M, P: perovskite, Z: zirconia)
[bookmark: OLE_LINK41]Fig. 3 Back-scattered SEM images of the nominal Ca1-xLaxZrTi2-x(Al,Fe)xO7 for x=0.7 (a) and 0.9 (b), Element mapping results of La (c), Zr (d), Ti (e) and Al (f) from (b). The zirconolite-3O, perovskite and zirconia phases are marked with “3O”, “P” and “Z”, respectively.
[bookmark: OLE_LINK42]Fig. 4 Representative SXRD patterns (λ=0.6888 Å) of the Ca1-xNdxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) ceramics (a). Details of the SXRD patterns among 11.1°≤2θ≤15° to indicate the shifting of the characteristic peaks of zirconolite-2M and 3O (b).
[bookmark: OLE_LINK43]Fig. 5 Back-scattered SEM image of bulk Ca0.1Nd0.9ZrTi1.1(Al,Fe)0.9O7 (a), and the corresponding EDX spectra of perovskite (Nd0.64Ca0.08Zr0.28Ti0.66Al0.16Fe0.18O3) (b) and Al-rich (Al1.40Ca0.04Nd0.16Zr0.13Ti0.11Fe0.16O3) (c). The zirconolite-3O and perovskite phases are marked with “3O” and “P”, respectively.
[bookmark: OLE_LINK44][bookmark: OLE_LINK89][bookmark: OLE_LINK90]Fig. 6 Representative SXRD patterns (λ=0.6888 Å) of the Ca1-xGdxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) solid solutions (a). Details of the SXRD patterns among 12.5°≤2θ≤15° to indicate the shifting of the characteristic reflections of zirconolite-2M (b).
[bookmark: OLE_LINK91]Fig. 7 Representative SXRD patterns (λ=0.6888 Å) of the Ca1-xHoxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) samples (a). Details of the SXRD patterns among 12.5°≤2θ≤15° to indicate the shifting of the major peaks of zirconolite-2M (b).
[bookmark: OLE_LINK93]Fig. 8 Representative SXRD patterns (λ=0.6888 Å) of the Ca1-xYbxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) samples (a). Details of SXRD patterns among 12.5°≤2θ≤15° to indicate the shifting of the major peaks of zirconolite-2M (b).
[bookmark: OLE_LINK94]Fig. 9 The normalized Fe K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 samples with Fe foil, FeO and Fe2O3 as references (a), and the normalized pre-edge spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 (x=0.1-0.9) samples (b).
Fig. 10 The pre-edge region of Ti K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al, Fe)xO7 (x=0.1, 0.5, 0.9) with model compounds Ba2TiSi2O8 (TiO5 coordination) and rutile-TiO2 (TiO6 coordination) (a), and the trends of the pre-edge regions of Ca1-xHoxZrTi2-x(Al,Fe)xO7 (x=0.1, 0.5, 0.9) (b). The Zr K-edge XANES spectra of Ca1-xHoxZrTi2-x(Al,Fe)xO7 (x=0.3, 0.7) (c), and the Zr K-edge (main-edge) XANES spectra of Ca0.3Ho0.7ZrTi1.3(Al,Fe)0.7O7 with reference compounds monoclinic-ZrO2 (ZrO7 coordination) and ZrSiO4 (ZrO8 coordination) (d).
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