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ABSTRACT: Bimetallic Ce/Zr-UiO-66 MOFs proved to be 
promising materials for various catalytic redox applications, 
representing, together with other bimetallic MOFs, a new 
generation of porous structures. However, no direct proof for the 
presence of both metals in a single cornerstone of UiO-type MOFs 
was reported so far. Employing element-selective XAS techniques 
herein we demonstrate for the first time that our synthesis route 
allows obtaining Ce/Zr-UiO-66 MOFs with desired Ce content and 
bimetallic CeZr5 cornerstones. Performing multiple-edge EXAFS 
analysis we determine the exact stoichiometry of the cornerstones, 
which explains the dependence of thermal and chemical stability of 
the materials on Ce content. 

Among the numerous families of metal-organic frameworks 
(MOFs),1-2 zirconium-based UiO-66, built of hexanuclear [Zr6(µ3-
O)4(µ3-OH)4]12+ clusters connected by 1,4-benzene-dicarboxylate 
(BDC) linkers (Figure 1a) is known for its exceptional stability.3-5 
However, Zr clusters (Figure 1b) are chemically inactive due to the 
limited redox capabilities of zirconium. In contrast, cerium is 
known for applications in catalysis.6 Recently synthesized Ce-UiO-
66 and Ce-UiO-67 MOFs have already been successfully studied 
in various catalytical applications, exploiting Ce redox properties.7-

11 At the same time, temperature stability of Ce-UiO-66 MOFs is 
inferior compared to the original Zr-UiO-66 material. However, it 
increases for bimetallic Ce/Zr-UiO-66 MOFs containing low 
amounts of Ce(IV) ions, reaching up to 350 °C for the 
Ce0.5Zr5.5UiO-66 compound12 and thus opening new perspectives 
for catalysis.13-14 

Although metal substitution in different MOFs is widely 
discussed in the literature,15-25 to the best of our knowledge, no 
direct proof for the existence of mixed-metal cornerstones in UiO-
family MOFs have been presented so far. The cornerstones in 
mixed-metal compounds were only assumed to be either pure26 or 
truly bimetallic13 (Figure 1c,d). However, these chemically 
different cases were never discriminated. 

The key to the quantitative determination of the cornerstone 
composition is the use of element-selective techniques, since the 
fine non-periodic variations of local atomic structure can hardly be 
detected by non-selective scattering-based methods. In this study, 
we provide the first direct proof of the existence of mixed-metal 
Ce/Zr cornerstones in CexZr6-x-UiO-66 MOFs, possible due to the 
combined analysis of Zr and Ce K-edge EXAFS data for the series 
of samples with different Ce content. 

 

Figure 1 (a) Fragment of UiO-66 MOF structure; (b) Closeup on 
UiO-66 cornerstone (M atoms only); (c-d) representation of mixed-
metal CexZr6-x-UiO-66 structure with pure (c) and bimetallic 
cornerstones (d). 

The synthesis of the pure and mixed-metal Ce/Zr-UiO-66 
compounds was performed following the previously reported 
procedures (SI, Section 1).3,7,12 Ce content in the MOFs was 
determined by energy-dispersive X-ray spectroscopy (SI, Section 2 
and Table S2). The mixed-metal samples will be referred to as 
CeXX in the discussion of the EXAFS results, XX being the 
fraction of Ce in the total metal content (in mol. %) determined by 
EDX.  
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Synchrotron PXRD measurements for desolvated pure Zr-, pure 
Ce- and bimetallic Zr3.54Ce2.46-UiO-66 MOFs were performed at 
ID22 beamline of the European Synchrotron Radiation Facility 
(ESRF) to determine with high precision their structural 
parameters, further used as the initial guess for the EXAFS 
refinement. 

As a general tendency, the PXRD peak width decreases upon 
incorporation of Ce into the structure, thus the narrowest peaks 
were observed in the patterns of Ce-UiO-66 while Zr-UiO-66 
exhibited the broadest ones, indicating the progressive increase of 
crystallite size with the rise of Ce content. The patterns indicate no 
symmetry-forbidden additional peaks due to nano-regions 
containing correlated lattice defects with reo topology27 and are in 
perfect agreement with the Fm-3m space group (Figures S1-3 and 
Table S3). Hence, both Ce and Zr atoms, as well as the cluster 
and/or linker vacancies for all the investigated samples are 
randomly distributed throughout the crystal. The occurrence of 
large domains with lower crystalline symmetry, as well as the 
formation of crystalline extra-phases, is thus ruled out. 
Concomitantly, TGA and BET measurements previously reported 
for analogous Ce/Zr-UiO-66 MOFs evidenced that substitution of 
Zr with Ce is not accompanied by a significant rise of missing 
linker defects, resulting in maximum one missing linker per 
cornerstone.12 Thus, it is not the defects, but the local composition 
of the clusters that has the major influence on the EXAFS data 
discussed below. 

 
Figure 2 Closeup on the second shell peak in the modulus (a,c) 

and imaginary part (b,d) of not-phase-corrected Fourier transforms 
of k3-weighted EXAFS data collected at Zr (a,b) and Ce K-edges 
(c,d) for the pure and mixed-metal UiO-66 MOFs. 

Ce and Zr K-edge EXAFS as well as Ce L3 XANES spectra were 
collected at BM3128 and BM2329 beamlines of ESRF, measuring 
as-prepared compounds at room temperature. Ce L3-edge XANES 
data for all Ce-containing samples show the pure Ce(IV) phase 
(indicatively more than 95% of Ce content), confirming the success 
of the synthesis (Figure S4a). Differences between the XANES 
spectra of all MOFs at the three edges were minor, indicating that 
the electronic structure of neither Ce nor Zr species was 
significantly altered at different Ce:Zr ratios and excluding the 
possibility to draw structural conclusions from the in-depth 
XANES analysis (Figure S4). 

Fourier-transformed Zr and Ce K-edge EXAFS data for all 
MOFs are shown in the Figure S6. The spectra are in agreement 
with those reported previously for Zr-UiO-66 MOFs4,30 and for Ce 
clusters with the geometry similar to the UiO-type cornerstones.31 
The shape of the peaks in 1.2-2.5 Å range, originating mainly from 
M-O scattering (M being Zr or Ce), does not change significantly 
upon the increase of Ce content, which evidences rather small 
variations in O-coordination of Zr and Ce atoms. However, very 

pronounced changes are observed in the position and intensity of 
the second peak (2.8-3.8 Å), which appears due to the M-M 
scattering from the members of M6 cornerstones (Figure 1b). It 
clearly indicates that the average values of M-M interatomic 
distances and the corresponding disorder depend on Ce:Zr ratio, 
which confirms the formation of mixed-metal CexZr6-x 
cornerstones. 

Figure 2a,c presents a closeup on the second EXAFS peak of all 
the studied MOFs. Changes that take place upon introduction of Ce 
may be explained by assuming the preferential formation of CeZr5 
clusters, accompanied by pure Zr6 or Ce6 cornerstones in the 
proportion dictated by the total stoichiometry of the sample. This 
implies a coexistence of CeZr5 and Zr6 clusters for Ce contents 
lower than 17% (i.e. 1/6) and a mixture of CeZr5 and Ce6 for higher 
Ce loadings.  

For the pure Zr MOF, the Zr-Zr distances in the cornerstones are 
highly homogeneous, leading to the maximum intensity of the Zr-
Zr peak in the absence of static disorder. Upon the introduction of 
Ce, the formation of CeZr5 clusters would cause progressive loss of 
intensity at Zr K-edge compared to the pure Zr MOF due to the 
splitting of the Zr-Zr coordination shell into Zr-Ce and Zr-Zr 
subshells with significantly different Zr-M distances, in agreement 
to the data for Ce10 and Ce22 samples (Figure 2a). The minimum 
should be reached at Ce content around 17%, where all 
cornerstones are represented by the CeZr5 clusters. At the same 
time, at the Ce K-edge the intensity of the Ce-M peak would be at 
its maximum for low-Ce samples, since static and dynamic disorder 
of the Ce-Zr distances in the CeZr5 clusters is expected to be quite 
low and comparable to the one of Zr-Zr in pure Zr clusters, while 
the Ce-Zr distance is likely to be shorter than the Ce-Ce one. For 
Ce loadings higher than 17%, the data evidence against the 
formation of mixed clusters with more than one Ce atom, but rather 
suggest that mainly pure Ce6 cornerstones are formed from the 
excess of Ce, in addition to the CeZr5 clusters. Indeed, that would 
explain the lack of major changes at the Zr K-edge between Ce22, 
Ce45 and Ce84 samples, since in such case all the Zr atoms in the 
material would be present as a part of CeZr5 cornerstones and it is 
only the abundance of such cornerstones that would change with 
the increase of Ce content, but not their composition. 
Concomitantly, pure Ce6 clusters are expected to have longer and 
less homogenous Ce-Ce distances compared to Ce-Zr and Zr-Zr 
ones in Zr6 and CeZr5 clusters, resulting in a shift of the second 
EXAFS peak at Ce K-edge to higher R and a decrease of its 
intensity. 

Imaginary parts of the Ce K-edge EXAFS Fourier transforms 
(Figure 2d) indicate that it is the relative abundance of contributing 
Ce-Zr and Ce-Ce paths that changes at different Ce content rather 
than the lengths of these paths. Indeed, no significant shift of the 
oscillations is observed upon the increase of Ce content, but rather 
the redistribution of intensity from R = 3.1 Å region, where 
contribution of Ce-Zr scattering should be dominant, to R = 3.6 Å, 
where Ce-Ce signal is the strongest (given distances are not phase-
corrected). 

Hypothesis about the preferential formation of CeZr5 
cornerstones, put forward after the qualitative analysis of the 
EXAFS data was confirmed by quantitative EXAFS fitting at Zr 
and Ce K-edges. All ten EXAFS datasets (five at each edge) were 
fitted together, leading to the calculation of a global R-factor. 
Degeneracies of M-M paths for bimetallic MOFs were calculated 
from the elemental composition data provided by EDX analysis 
assuming preferential formation of the CeZr5 cornerstones (SI, 
Section 4.4). Results of the combined EXAFS fitting of ten 
independent datasets are shown in Figure 3, while the values of the 
obtained fitting parameters are reported in Table 1. 
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Figure 3 Results of the EXAFS fitting. Experimental data are shown as white circles, fitted curves are presented as full lines. Zr-Zr 
contribution – blue, Ce-Ce contribution – yellow, Zr-Ce and Ce-Zr contribution – green. For mixed-metal MOFs, the sum of the two 
contributions is shown in black. Bottom panels summarize the cornerstone composition employed for fitting the spectra of each sample. 

Table 1 Best-fit parameters obtained by combined EXAFS 

fitting of ten datasets at both Zr and Ce K-edges. M-M 

interatomic distances obtained from PXRD refinement are 

shown in parentheses. 

Parameter Value 

R-factor 0.012 

Nind 63.1 

Npar 11 

S0
2 1.0 ± 0.1 

ΔECe, eV 0.9 ± 1.1 

ΔEZr, eV 0.6 ± 0.7 

RCe-Zr, Å 3.653 ± 0.004 

σ2
Ce-Zr, Å2

 0.0050 ± 0.0002 

RCe-Ce, Å2 3.784 ± 0.004 (3.78) 

σ2
Ce-Ce, Å2

 0.0060 ± 0.0002 

RZr-Zr, Å 3.529 ± 0.003 

σ2
Zr-Zr, Å2

 0.0050 ± 0.0002 

RZr6, Å 3.525 ± 0.003 (3.51) 

σ2
Zr6, Å2

 0.0046 ± 0.0002 

 

The fit shows excellent overall agreement with the experiment 
(see SI Section 4.4 for details). Obtained DW factors demonstrate 
that the extent of structural disorder depends on the composition of 
the cluster. The lowest DW factor σ2

Zr6 = 0.0046 Å2 was obtained 
for the Zr-Zr path in pure Zr6 cornerstones, which were expected to 
be the most rigid and ordered ones. Inclusion of one Ce atom in the 
cornerstone increases very slightly the inhomogeneity of the Zr-Zr 
and Zr-Ce distances, justifying the small rise of the corresponding 
DW factors to σ2

Zr-Zr = σ2
Ce-Zr = 0.0050 Å2. For the Ce-Ce path, the 

EXAFS fit results in DW factor σ2
Ce-Ce = 0.0060 Å2, which is 

roughly 20% higher compared to those for Zr-Zr and Zr-Ce pairs.  

The preferential formation of CeZr5 cornerstones explains the 
trends in the stability of bimetallic UiO-66 MOFs with different Ce 
content reported by Lammert et al.12 Indeed, while at low Ce 
loadings stability was decreasing linearly with the increase of Ce 
content, at around 20% it stabilized at the value observed for pure 
Ce-UiO-66 MOF. According to the current EXAFS analysis, this 
coincides with the disappearance of pure Zr6 cornerstones, which, 
due to lower disorder and higher stability compared to Ce6 and 
CeZr5 cornerstones, increase the decomposition temperature of the 
material.  

The preferential formation of CeZr5 cornerstones over other 
mixed-metal clusters is partially in line with the recent theoretical 
calculations, that show that as a general trend, the mixing energy of 
the bimetallic cluster increases with the number of bimetallic 
edges.32 However, the mixing energy for all possible structures of 
CexZr6-x cornerstone was reported to be positive,32 suggesting that 
the most favorable configuration of Ce/Zr-UiO-66 MOF would 
contain only Zr6 and Ce6 cornerstones. Our DFT calculations also 
evidence that energetically the most favorable way to 
accommodate Ce atoms in the structure would be the formation of 
Ce6 cornerstones (SI Section 5). In such case, though, the Ce and 
Zr K-edge EXAFS spectra would not be changing with Ce content. 
Therefore, the formation of the MOF structure must have more 
complex drivers, requiring the inclusion of additional factors 
(temperature, pressure, solvent effects) into the computational 
model. The high level of complexity of this computational task 
highlights the value of experimental methods for the determination 
of the composition of bimetallic MOFs. 

To summarize, combined Ce and Zr K-edge EXAFS analysis 
demonstrates that in bimetallic Ce/Zr-UiO-66 MOFs mixed-metal 
CeZr5 cornerstones coexist with pure Zr6 (at Ce content lower than 
ca. 17%) and Ce6 ones (at higher Ce content). The relative 
abundance of pure and bimetallic cornerstones is in both cases 
determined primarily by sample stoichiometry. Such observation 
serves as the first direct proof for the existence of mixed ZrCe 
cornerstones in the Ce/Zr-UiO-66 MOFs and allows to explain the 
previously-reported non-trivial dependence of temperature stability 
of these MOFs on Ce content. 
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