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Abstract 

Zinc-doped zirconia catalytic properties, promising towards CO2 and CO hydrogenation, are 

commonly ascribed to the synergic interaction between Zn and Zr. Yet, an atomic-scale perspective 

on how this synergy is structurally realized remains elusive. In this work, to address this ongoing 

challenge, we deeply investigated the structure of three Zn-doped ZrO2 catalysts by combining 

Powder X-Ray Diffraction (PXRD) and X-Ray Absorption Spectroscopy (XAS). PXRD showed the 

complete formation of a tetragonal solid solution, undistinguishable by Rietveld Refinement from the 

cubic polymorph. Fit of Extended X-Ray Absorption Fine Structure (EXAFS) spectra at Zr and Zn 

K-edges unveiled the presence of hexagonal/cubic ZnO nanoclusters embedded and chemically 

bonded to the tetragonal ZrO2 matrix. Concentration of Zn dopant was evaluated from both PXRD 

and EXAFS analysis. In situ EXAFS study of the catalyst during activation further confirmed the 

presence of a chemical interaction at ZnO/ZrO2 interface, most probably the active site towards CO2 

hydrogenation. ZnO cluster radius was found in the 11-13 Å range, using the Greegor and Lytle 

spherical model. Taken together, the results demonstrate how the combination of X-ray techniques 
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probing both long-range and local structural properties could unlock an unprecedent level of 

understanding in mixed-metal oxide catalysts.  

 

1 Introduction 

Zirconium oxide, commonly prepared in the monoclinic (m-), tetragonal (t-) and cubic (c-) 

polymorphs, is the only metal oxide potentially displaying acid or basic, as well as oxidising or 

reducing properties at its surface.1 For this reason it is widely used as a catalyst1,2 or catalyst support.3 

ZrO2 surface can be generally described as formed by coordinatively unsaturated (CUS) cationic sites 

(Lewis acid sites, such as Zr4+ and Zr3+), CUS Zr4+-O pairs, oxygen vacancies (VO) and terminal and 

multi-coordinated hydroxyls.4 These wide variety of acid/basic sites makes ZrO2 a versatile catalyst 

able to promote many different reactions. Due to the drastic increase of CO2 anthropogenic 

emissions,5 catalytic reactions of major interest involve CO and CO2.6 Carbon mono and dioxide are 

activated on the ZrO2 surface throughout carbonates formation.4 Doping with aliovalent cations can 

tune the surface physicochemical properties, i.e., inducing formation of VO (Zn2+, Cu2+, Y3+)7,8 

neighbouring a CUS Zr4+, which act as strong basic and acid sites, respectively.9 

Among all the dopants, Zn has been recently investigated for several reactions.8,10–18 Its ionic radius, 

comparable to the Zr4+ one (0.60 vs 0.84 Å),19 permits to Zn ions to easily dissolve in the ZrO2 lattice. 

The addition of Zn2+ likely creates oxygen vacancies, modifying oxygen mobility and tuning the 

surface physicochemical properties. In the last decade, Zn-doped ZrO2 (ZZR) has been studied for its 

properties in CO/CO2 hydrogenation13,18,20,21 and ethanol/propene dehydrogenation.11,12,17 As H2 can 

be activated through an heterolytic dissociation on ZnO, the presence of Zn-O pairs or ZnO clusters 

enhances the hydrogenation/dehydrogenation properties of the catalyst. In the last years, ZZR was 

also investigated for its catalytic activity and selectivity when used as the oxidic component forming 

bifunctional catalysts for the direct conversion of CO or CO2 with H2 to olefines and 
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aromatics.16,18,20,21 Particularly, a balanced Zn:Zr ratio allows to strongly activate CO2 and CO 

forming carbonates which are selectively hydrogenated to methanol by H2 activated over Zn-O.4,20,21  

However, if much is known about ZZR catalytic properties, detailed information about its structure 

is still largely lacking. According to DFT calculations, substitution of ZrO2 units with ZnO induced 

VO formation which favoured the simultaneous CO2 adsorption and H2 dissociation,20 suggesting that 

the catalyst becomes active when Zn maintains a ZnO-like coordination. While in case of Zn-

impregnated ZrO2, its structure was unchanged,10,12 t-ZrO2 has been mostly observed in ZZR obtained 

by coprecipitation,20–23 showing that the presence of VO stabilizes the tetragonal polymorph. The 

effective presence of ZnO-ZrO2 solid solutions was observed by several laboratory techniques, based 

on the following lines of evidence: i) the substitution of Zr by Zn causes a shrink of the tetragonal 

lattice, observable by PXRD from the (101) Bragg reflection systematic shift;20,21 ii) UV-Vis spectra 

of ZrO2 is modified by the dopant, indicating the probable presence of isolated Zn2+;11 iii) FTIR bands 

around 500 and 600-700 cm-1 were associated to the Zn-O-Zn and Zn-O-Zr vibrations.14 By EXAFS 

fitting, Han et al.12 showed that in Zn-impregnated ZrO2, ZnO aggregates are formed. Nevertheless, 

when the two oxides are coprecipitated, it is unclear what is the chemical environment surrounding 

Zn in the ZrO2 lattice. Due to the indirect effects on the ZrO2 lattice, Zn2+ has been considered as 

bonded to it, forming a solid solution with the host matrix.21 However, it is still not clear whether it 

is present as single isolated Zn sites or as small ZnOx clusters invisible to PXRD.  

We recently investigated CO2 hydrogenation over the oxidic catalyst for ZrO2 doped with 5, 15 and 

30 wt.% of Zn showing 7, 7.5 and 8% of CO2 conversion, respectively, at 300°C/15 bar.20 Even if 

these performances are lower than those of the conventional Cu-based catalysts,24 ZZR showed 

excellent properties when combined with a zeolite/zeotype (SAPO-34 and H-ZSM-5) for the direct 

conversion of CO2 to light olefines.20 We investigated catalytic properties for olefines production in 

a previous work where we also reported the stability of ZZR/zeolite physical mixture under reaction 

conditions.20   
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The XAS data, measured during a catalysis-oriented in situ experiment, are hereafter critically 

compared with the complementary results from PXRD and thoroughly analysed to unveil Zr and Zn 

local structure. ZnO nanoclusters chemically bonded and embedded in the ZrO2 matrix are 

unambiguously identified, leading to a consistent structural picture further on validated by Zr and Zn 

K-edge EXAFS fits performed on the data collected at both room temperature and during the 

activation protocol, i.e., heating up to 400°C under H2 flow. ZnO cluster dimension is evaluated using 

the Greegor and Lytle spherical model,25 and hypothesis on VO location and reaction active site are 

made.  

 

2 Experimental and Theoretical methods 

2.1 Sample preparation 

The three ZrZn-X samples were prepared by colloidal impregnation from Zr and Zn inorganic salts 

solutions. The -X suffix represents the Zn loading quantified by ICP analysis. The complete synthesis 

procedure together with detailed elemental analysis results can be found elsewhere.20 

2.2 Powder X-ray Diffraction 

All the Powder X-Ray diffraction patterns (PXRD) here reported were measured with a PW3050/60 

X’Pert PRO MPD Diffractometer from PANalytical working in Bragg-Brentano geometry, equipped 

with a Cu Kα1,2 X-ray source. The three samples were measured in the as-prepared form in 

transmission mode using a glass capillary (Ø=0.5mm) in the 10-90° 2θ range. The as-prepared ZrZn-

5 sample was further measured at room temperature (RT) in reflectance mode with a flat sample 

holder in the 10-140° 2θ range using ¼’’ slits and 0.008 s time/step in order to minimize peaks 

overlaps. Lattice parameters, phases composition (ZrO2/ZnO) and peak profile were refined using the 

Rietveld method implemented in the FullProf software.26 Thompson-Cox-Hastings approximation27 

was used to describe peak shape following the procedure reported in a previous work.20 
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2.3 X-Ray Absorption Spectroscopy 

Zr and Zn K-edges were collected quasi-simultaneously in transmission mode at the Quick-XAS 

ROCK (Rocking Optics for Chemical Kinetics) Beamline28 of the French Synchrotron SOLEIL using 

two quick-XAS monochromators, i.e., Si(111) for Zn K-edge (9659 eV) and Si(220) for Zr K-edge 

(17998 eV). The two monochromators were mounted on a cam-driven tilt table oscillating 

periodically around a fixed Bragg angle. Ionization chambers were employed to measure incident (I0) 

and transmitted (I1) beam. Zn and Zr metal foils were measured simultaneously with all the acquired 

spectra by a third ionization chamber (I2) in order to achieve a precise energy calibration. Sample 

thickness was optimized in order to compromise absorption length at both edges. As the measurement 

was part of a previous catalytic experiment under in situ conditions (high pressure/high temperature) 

the three catalysts were mortar grounded with H-ZSM-5 zeolite and loaded in a quartz capillary 

reactor (ø=1 mm). The full catalytic experimental procedure was already described in the same 

work.20 We hereby report a deeper structural data analysis concerning the XAS spectra measured: i) 

at RT for the three samples in He atmosphere, ii) under activation, i.e, heating (RT to 400°C, 5°C 

min-1) at 1 bar in pure H2 flow, and a qualitative interpretation of spectra collected iii) under reaction 

conditions, i.e., feed of CO2 : H2 : He = 1.25 : 7.5 : 1 (mL min-1) at 300°C and 15 bar pressure. As 

previously discussed, the presence of the zeolite did not alter the structure of the ZrZn-X phase, so 

therein it will be safely considered as a spectroscopically-silent spectator. The RT dataset was 

obtained as the average of 190 scans for an exposure time of 47.5 s and a total time/scan of 95 s while 

the time-resolved dataset throughout activation and reaction was obtained as average of 50 scans for 

an exposure time of 12.5 s and a total time/scan of 25 seconds. Energy sampling of 2 eV was used 

for the two edges and it was intensified in the main edge region to 0.2 eV for Zn (9530-9780 eV) and 

0.4 eV for Zr (17971-18120 eV). Pure hexagonal ZnO and tetragonal ZrO2 powder reference 

compounds, were measured at the same beamline, in the form of self-supporting pellets. XAS spectra 

were aligned in energy, background subtracted and normalized to unity edge jump using the Athena 
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software from the Demeter Package.29 All the structures and pictorial representation of scattering 

paths provided in this work were prepared using the Vesta software.30 

2.3.1 EXAFS analysis details 

The χ(k) EXAFS function and its Fourier transform (FT) were extracted and calculated, respectively, 

using the Athena software from the Demeter package.29 EXAFS fitting was performed using the 

Artemis code within the same package, according to the strategy separately detailed in the following 

for each investigated absorption edge. EXAFS fitting procedure of RT-spectra was applied to the 

average of two sequentially measured datasets (each consisting of the average of 190 scans), merged 

after checking reproducibility among the two acquisitions. For clarity, the original k-space spectra 

for the three samples are reported in Fig. S1. 

2.3.1.1 Zr K-edge at RT under He. Fits were performed in R-space in the ∆R = 1.15 – 4.00 Å range, 

on the FT of the k2-weighted χ(k) EXAFS spectra transformed in the 2.5 – 12.0 Å-1 range. FEEF631,32 

code implemented in the Artemis software was used to calculate theoretical amplitudes and phases. 

As input for all the FEFF6 calculation we employed a tetragonal ZrO2 crystallographic information 

file (CIF) available in the literature.33 ZnZr-X lattice parameters were taken from PXRD Rietveld 

refinement (Table S1).  

Zr K-edge EXAFS spectra for the ZrZn-X series were fit considering all the single scattering (SS) 

paths contributing to the analysed R-space range. A triangular multiple scattering (MS) path between 

Zr-O(1)-O(2), where O(1) and O(2) are the two oxygens in the Zr first coordination shell (Fig. S4b) 

was also included. We attributed independent radial shift (∆R) and Debye Waller factor (σ2) to O(1), 

O(2) and Zr while the same energy shift parameter (∆E) was used to optimize all the scattering paths. 

To reduce the number of optimized variables and evaluate a physically meaningful Zr-Zr coordination 

number (CN), we considered chemical transferability to import the amplitude reduction factor as S02 

(0.97 ± 0.13) from the optimized EXAFS fit of a reference tetragonal ZrO2 (see SI, Fig. S5 and Table 
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S2). As underlined by the Krӧger-Vink notation34 in eq. (1) below, in ZrZn-X the Zr neighbourhood 

is modified by an oxygen vacancy (VO) by the dopant ZnZr. 

(1 − 𝑥𝑥)𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑥𝑥 (𝑥𝑥)𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍′′ (2 − 𝑥𝑥)𝑂𝑂𝑂𝑂𝑥𝑥(𝑥𝑥)𝑉𝑉𝑂𝑂°°   (1) 

Zn doping was then considered by including an extra Zr-Zn SS path at the same distance of the Zr-

Zr one (3.587 Å) and by describing the associated coordination number with an extra variable “Zn”. 

This variable was also used to describe Zr nearest neighbour (NN) VO (i.e., expressing oxygen 

degeneracy of the first coordination shell as 4-Zn/2 for O(1) and 4-Zn/2 for O(2)) and next nearest 

neighbour (NNN) Zn (i.e., changing Zr coordination to 12-Zn).  

2.3.1.2 Zn K-edge at RT under He. Fits were performed in R-space in the ∆R = 1.0 – 3.3/1.0 - 3.5 

Å range, on the FT of the k2-weighted χ(k) EXAFS spectra transformed in the 2.5-13.0 Å-1 range. 

FEEF6 code implemented in the Artemis software from the Demeter package was used to calculate 

amplitudes and phases. As input for FEFF6 calculation we employed standard geometries available 

in the literature35,36 and an ad hoc Zn-doped tetragonal ZrO2 CIF file described in the SI (Table S4). 

At the Zn K-edge the most informative sample was ZrZn-15. It presented the best balance between 

Zn loading (best signal-to-noise ratio) and phase purity (absence of segregated bulk ZnO, as described 

in the following Section 3.1). FT-EXAFS extraction and fitting were therefore conducted only for 

this sample. S02 (0.86 ± 0.10) optimized for reference h-ZnO (see SI Section 3, Fig. S8 and Table S3) 

was exported to the fit while different geometries were considered as input structures for theoretical 

paths calculations: i) t-ZrO2 (P42nmc) with the Zr4+ substituted by Zn2+ (t-ZnZrO2) (Table S4), ii) 

ZnO in the hexagonal (P63mc) wurtzite polymorph (h-ZnO)35, iii) ZnO in the cubic (F4-3m) zinc 

blende polymorph (b-ZnO),36 and, iv) in the most advanced fitting model (h-ZnO/ZrO2), ZnO 

nanoclusters chemically bonded to the ZrO2 matrix. Structures and fit procedures are described in the 

SI Section 5. 



8 

2.3.1.3 Cluster size evaluation. Considering the uncertainties intrinsically affecting our XAS 

measurements (i.e., Debye-Waller (DW) thermal contribution, edge jump optimized for both Zr and 

Zn edges), ZnO nanocluster shape has been approximated to a sphere. Greegor and Lytle formula, 

eq. (2),25 was used to evaluate average nanoparticle dimension from the Zn-Zn coordination number 

resulting by EXAFS fit.  

𝐶𝐶𝐶𝐶 (𝑅𝑅) = 1
𝑅𝑅3
�(𝑅𝑅 − 𝑅𝑅𝑖𝑖)3 ∗ 𝐶𝐶𝑖𝑖 + ∑ (3∆𝑅𝑅𝑛𝑛2 + 3∆2𝑅𝑅𝑛𝑛 + ∆3)𝐹𝐹𝐶𝐶𝑖𝑖𝑛𝑛 �  (2) 

Where CN is the coordination number, evaluated as a function of the radius R of the particle (assumed 

to be spherical) by summing unterminated coordination spheres in the inner regions R-Ri with a 

summation over successive terminated coordination spheres of radius RK in the outer regions (R-

Ri)<RK≤R.  

For a more detailed description of eq. (2) and of the related parameters employed in this work, the 

reader is referred to SI Section 6 (eq. S1). 

2.3.1.4 Fit of in situ EXAFS data during catalyst activation under H2. During catalyst activation, 

100 spectra (each consisting of the average of 50 scans) were collected at Zr and Zn K-edges. EXAFS 

analysis was carried out on 10 spectra selected at constantly spaced temperatures from 310K to 673K. 

For clarity, the original k-space spectra are reported in Fig. S2. To find the structure describing the 

whole temperature evolution, the 10 spectra for the same absorption edge were collectively fit. To 

reduce the number of fitting variables, DW factors were described with the Einstein model introduced 

by Sevillano et al.37 and already applied in literature for describing catalysts during thermal 

treatments.38,39 Briefly, the model allows describing a single scattering path with three parameters: i) 

a fixed temperature factor, defined as the sample experimental temperature, ii) the reduced mass of 

the absorber-scatterer pair, calculated by IFEFFIT (implemented in the Artemis software) and iii) the 

Einstein temperature. As the latter one is temperature independent, it does not change between 

datasets but only among scattering paths, allowing a drastic reduction in the number of fitting 

variables. High values of Einstein temperature are associated to a lower DW value. For the sake of 
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clarity, considering the complexity of the Einstein model, and the presence of intrinsic temperature 

measurements errors, we considered out of the scope of this work the evaluation of the errors affecting 

the so found DW factors.40 Since the Einstein model cannot describe a possible structural phase 

evolution during the analysed spectral series, as hereafter described, we assumed the absence of phase 

transitions during the in situ experiment, as supported by the overall limited variations observed in 

both XANES and EXAFS regions at both Zr and Zn K-edges. 

3 Results and discussion 

3.1 Powder X-ray Diffraction (PXRD) 

As already discussed in a previous work,20 PXRD diffractograms for the ZrZn-X series, shown in 

Fig. 1, contain the same Bragg reflections, despite for a series of extra peaks in the ZrZn-30 sample 

associated to a hexagonal ZnO extra phase. The common Bragg reflections were initially ascribed to 

both cubic (Fm-3m) and tetragonal (P42/nmc) ZrO2 polymorphs. The two structures are not simply 

discernible from their diffractograms, especially in the case of nanosized crystallites, as evidenced by 

Rietveld refinement (Fig. 1b, Table S1). Indeed, in this case, peak broadening causes a substantial 

overlap of reflections, e.g. the (110)t and (002)t Bragg peaks which occur at 35.18 and 35.28°, 

respectively, are convoluted in a single peak not distinguishable from the (002)c  potentially occurring 

at 35.12°. 
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Figure 1. a) PXRD patterns measured for the three ZrZn-X samples in transmission mode using glass 

capillary sample holder (Ø=0.5mm). Diffractograms for ZrZn-5 (blue curve), ZrZn-15 (red curve) 

and ZrZn-30 (yellow curve) are reported together with the corresponding refined curves (dark grey) 

and difference functions (light grey) between observed and calculated curves. t-ZrO2 was used as 

input structure for the refinement. t-ZrO2 and h-ZnO Bragg reflections are indicated by red and blue 

vertical sticks, respectively. b) Unit cell volume (full symbols) and crystallite size (empty symbols) 

obtained from refined lattice parameters and peak shape, respectively, for ZrZn-5 (blue square), ZrZn-

15 (red diamond) and ZrZn-30 (yellow triangles). 

As showed elsewhere,20 in the view of the presence of XANES features at the Zr K-edge (Fig. 3) 

related to the tetragonal ZrO2 polymorph (t-ZrO2), this structure was used to evaluate lattice 

parameters, phase composition and crystallite size for the three catalysts by Rietveld refinement of 

PXRD patterns measured in transmission mode (Fig. 1a). h-ZnO (P63mc) phase35 was added to refine 

the extra reflections in the ZrZn-30 pattern. The obtained results, published in a previous work,20 are 

reported in Table S1 for clarity. The effective Zn doping in the ZrO2 structure can be simply verified 

from the interplanar spacing dt-101/dc-111 (where t- and c- stands for tetragonal and cubic, respectively) 

and the refined lattice parameters. As the Zn2+ ionic radius (0.60 Å) is smaller than the Zr4+ one (0.84 

Å),19 higher Zn loading consistently translates into a larger shift of the reflection to higher 2θ value 
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(Fig. S3) and a smaller unit cell volume (Fig. 1b). The amount of Zn effectively doping ZrO2 lattice, 

also reported in Table S1, was obtained combining Zn wt% from ICP (dopant and segregated) with 

ZnO wt% (segregated) refined with Rietveld method.  

In this work we focused on the laboratory PXRD strengths/limits when investigating cubic/tetragonal 

ZrO2 polymorphs, in combination with the Zn influence on lattice parameters. As it presented the 

most intense/less broadened peaks, ZrZn-5 diffractogram was remeasured in reflection mode to avoid 

self-absorption phenomena and to enhance the detectability of weak reflections (Fig. 2). Both cubic 

(Fm-3m)41 and tetragonal (P42/nmc)33 ZrO2 were used as input geometries to refine the pattern by 

Rietveld method. Starting values for the lattice parameters were simply calculated from the (002)t/c 

and (200)t Bragg reflections at 34° and 50° respectively. Refined curve in Fig. 2 shows a good data/fit 

agreement factor for both the input geometries. Nevertheless, the diffractogram displays a weak peak 

at 43° (Fig. 2 inset), which is not expected in the cubic structure whilst it is indexed as (102) using 

the tetragonal polymorph. Nevertheless, the aforementioned fingerprint is intrinsically weak and 

close to the noise level. A more careful analysis of the XAS data previously reported was necessary 

to complementary solve the catalyst structure. 
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Figure 2. PXRD pattern of ZrZn-5 measured in reflection mode using a glass flat holder collected in 

the 10-140° 2θ range. Experimental data (dark curve) and calculated curve for a) tetragonal (red 

curve) and b) cubic (yellow curve) structures are compared. Difference function between observed 

and calculated curves is reported below each diffractogram (thin grey curve). Tetragonal (102) 

reflection is showed in the inset. t-ZrO2 and c-ZrO2 Bragg reflections are indicated by green vertical 

sticks. 

3.2 X-ray Absorption spectroscopy (XAS) 

3.2.1 Zr K edge XAS 

3.2.1.1 XANES. XAS spectra of the three samples measured at RT in He atmosphere are reported in 

Fig. 3, together with those of monoclinic and tetragonal ZrO2 polymorphs, as references. Edge 

position, giving important information on the absorber atom oxidation state, is observed at energy 

typical of Zr4+ for all the samples. White-line peak is split into B and B’ features while multiple-

scattering feature C occurs in the post-edge region. These two latter fingerprints allow to safely 

distinguish between tetragonal and monoclinic polymorphs, confirming PXRD results. Moreover, 

based on previous literature reports,42,43 it is possible to distinguish tetragonal/cubic polymorphs from 

the presence/absence of a pre-edge shoulder (labelled as ‘A’ in Fig. 3), more visible considering the 
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XANES first derivative (Fig. 3, bottom inset). This feature was initially attributed from electron-

energy loss spectroscopy,42 and subsequently confirmed from the Zr K-edge XANES studies by Li et 

al.43 to stem from a 1s→4d transition, characteristic of t-ZrO2. In the latter polymorph Zr coordination 

changes from ZrO7 centrosymmetric unit, typical of pyrochlore-like structures (i.e., c-ZrO2), to a 

distorted ZrO8 one. To incorporate the extra oxygen, Zr-O forms two non-equivalent tetrahedra, 

where four oxygens are closer (O(1)) to the Zr atom and four are farther (O(2)) (Fig. S4a). As showed 

in the inset in Fig. 3, the pre-edge peak is observed for all the ZrZn-X catalysts, confirming, 

throughout the series of samples, the tetragonality of the ZrO2 matrix. Notably, these indications from 

Zr K-edge XANES corroborate those from PXRD, with respect to the weak (102) reflection observed 

in the higher-quality pattern of ZrZn-5 (Fig. 2, inset). 

The main edge width in the Zr K-edge (Fig. 3, top inset) spectra could be also indirectly associated 

to the presence of Zn as Zr NNN, as confirmed later on by Zr and Zn K-edge EXAFS fit (Sections 

3.2.1.2 and 3.2.2.2). The main edge width, also described as the FWHM of the first derivative main 

peak (Fig. 3, bottom inset), is an indicator of the absorber symmetry. In particular, a higher 

coordination symmetry is expected to reflect into a smaller first derivative main peak FWHM. In Fig. 

3 inset and Fig. S6 (SI, Section 2) we observed a FWHM increase at higher Zn loading, showing that 

the presence of Zn distorts Zr NNN environment.  
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Figure 3. Stacked representation of Zr K-edge XANES measured at RT (He atmosphere) for the three 

ZrZn-X samples. ZrZn-5 (blue), ZrZn-15 (yellow) and ZrZn-30 (red) are represented together with 

reference tetragonal (grey) and monoclinic (brown) ZrO2 polymorphs. Top left inset: non-stacked 

detail of the white-line peak. Bottom right inset: XANES first derivative enhancing the pre-edge 

feature related to the 1s→4d transition.  
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shell peak displays a lower intensity than that observed for the reference t-ZrO2, unveiling an 

enhanced structural disorder in the Zr local coordination environment. Most importantly, the peak 

intensity is progressively abated as Zn doping increases (Fig. 4a). A comparison of the imaginary 

parts of the Zr-Zr and Zr-Zn scattering contributions (Fig. 4c) extracted after EXAFS fitting in the 
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representative case of ZrZn-30 (vide infra) shows that they cancel each other out perfectly, linking 

the chemical Zn doping in the ZrO2 structure with the intensity observed decrease of the second-shell 

peak in Zr K-edge EXAFS.  

 

Figure 4. a) Magnitude and b) imaginary parts of k2-weighted phase-uncorrected FT-EXAFS 

extracted in the k-range 2.5-12.0 Å-1 for ZrZn-5 (blue), ZrZn-15 (red), ZrZn-30 (yellow) and 

reference t-ZrO2 (dashed grey). c) Imaginary part of the individual Zr-Zr (black) and Zr-Zn (green) 

scattering paths generated by FEFF6 optimized after the fit of ZrZn-30. 

EXAFS fits started from a tetragonal ZrO2 model, used as initial geometry input for the refinement. 

The whole procedure, described in detail in Section 2.3.1.1 and in the SI, Section 2, led to the best-

fit curves reported in Fig. 5. A good agreement was observed for both magnitude and imaginary part 

of the FT-EXAFS spectra when comparing experimental and calculated curves. Physically 

meaningful values for energy shifts, radial shifts and DW factors (σ2) were found in all cases. Notably, 

a higher σ2 value for NN O(2) was observed in all the samples, as well as in the reference t-ZrO2 

(Table S2). This result, already documented in previous literature for t-ZrO2,43,44 is ascribable to the 

farther spatial position of this oxygen from the Zr absorber. In fact, even if O(1) and O(2) positions 

are crystallographically equivalent and indistinguishable from PXRD, the Zr-O(2) distance is higher 

(2.37 Å vs 2.06 Å of Zr-O(1))33 lowering the bond strength and thus leading to a slight increase in 
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the corresponding σ2 value.43 Zr-Zr and Zr-Zn SS paths starting with the same distance were 

considered for second-shell fitting. It is worth noting the higher value for the Zn σ2 factor in ZrZn-5, 

in line with the low Zn concentration in this sample, complicating the optimization of the Zr-Zn 

scattering contribution in the corresponding EXAFS spectrum. The contribution of each path was 

modulated by refining Zr coordination number (CN) with NNN Zr/Zn using the ‘Zn’ variable as 

described above. Even if EXAFS CNs have a limited accuracy (≈20%), the obtained EXAFS results 

yielded amounts of Zn chemically doping zirconia in substantial agreement with those obtained by 

combining elemental analysis and complementary insights from PXRD (Table 1). Yet, a general 

underestimation of Zn-loading is observed, which will be rationalized in the following (Section 3.2.3), 

in the view of EXAFS analysis at Zn K-edge.  

The Zr-O(1)/O(2) bond lengths are ca. 2.10 Å and 2.24-2.28 Å, respectively, with each sub-shell 

including 4 ─ (Zn/2) O atomic neighbours. Considering that the obtained values for Zr-O(1) and Zr-

O(2) significantly differ within their fitting errors, we can consider the distances information obtained 

by EXAFS as reliable.  

 

Figure 5. Experimental (coloured lines) and best fit (dashed grey lines) a) magnitude and b) 

imaginary parts of the k2-weighted, phase-uncorrected FT-EXAFS spectra for ZrZn-5 (blue), ZrZn-

15 (red) and ZrZn-30 (yellow).  
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Table 1. Results from EXAFS fit of the ZrZn-X samples using tetragonal (t-ZrZn-X) and cubic (c-

ZrZn-5) structures as input geometries. Fit was performed in R-space, in the range 1.15-4.00 Å, on 

FT-EXAFS spectra transformed in the 2.5-12 Å-1 k-range, resulting in a number of independent 

parameters π∆R∆k/2>16. Amplitude reduction factor (S02 = 0.97 ± 0.13) imported from reference t-

ZrO2 was fixed in all cases. R-factor, number of parameters, Zn-O/Zr/Zn radial distance are reported. 

Zr-O radial distance and σ2 contains two values for t-ZrZn-X and a single one for c-ZrZn5 as in the 

cubic polymorph Zr is surrounded by eight equidistant oxygens while in the tetragonal one four 

oxygen are closer, O(1), and four farther, O(2). The optimized average number of Zn atoms occurring 

as Zr NNN is reported though the ‘Zn’ parameter, while related Zn weight percentage for each ZrZn-

X catalyst is calculated from this value. 

Sample t-ZrZn5 t-ZrZn15 t-ZrZn30 c-ZrZn5 

Fit R-factor 0.017 0.013 0.0086 0.035 

Npar (Nind) 10(16) 10(16) 10(16) 8(16) 

∆E(eV) -3.3 ± 1.3 -2.9 ± 1.2 -3.4 ± 1.1 -5.8 ± 1.5 

RZr-O (Å) 2.100 ± 0.011 

2.28 ± 0.03 

2.100 ± 0.014 

2.25 ± 0.02 

2.094 ± 0.013 

2.240 ± 0.019 

2.133 ± 0.015 

σ2O (Å2) 0.004 ± 0.002 

0.011 ± 0.005 

0.0023 ± 0.0017 

0.006 ± 0.003 

0.0023 ± 0.0015 

0.005 ± 0.003 

0.009 ± 0.002 

RZr-Zr (Å) 3.62 ± 0.02 3.61 ± 0.02 3.60 ± 0.03 3.62 ± 0.03  

σ2Zr (Å2) 0.008 ± 0.003 0.007 ± 0.004 0.010 ± 0.004 0.004 ± 0.003 

RZr-Zn (Å) 3.56 ± 0.10 3.58 ± 0.03 3.57 ± 0.04 3.58 ± 0.04 

σ2Zn (Å2) 0.0017 ± 0.0019 0.003 ± 0.003 0.005 ± 0.004 -0.0007 ± 0.004 

Zn 1.9 ± 1.1 2.6 ± 0.6 3.0 ± 0.5 2.5 ± 0.7 

Zn-loading 

(wt.%) EXAFS 

8 ± 9 12 ± 5 15 ± 4 
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Zn loading 

(wt.%) 

ICP/PXRD 

5 15 30 (22) - 

 

We also attempted a test fit of the ZrZn-5 EXAFS spectrum using as starting input the c-ZrO2 model. 

Even if the calculated curve satisfactorily matched the experimental one (Fig. S9), fit results also 

reported in Table 1 (last column) show a substantially higher R-factor and a negative value for σ2Zn, 

making the fit unphysical. Additionally, from a structural point of view we can observe that the Zr-

Zr distance resulted from this test fit is significantly elongated with respect to the starting input value, 

underlying that the cubic structure is distorted to approach the tetragonal one. In fact, in stabilized 

cubic ZrO2, Zr-Zr distance evaluated by EXAFS was reported by Li et al. 43 to be ca. 3.55 Å, while 

3.62 Å is a value more usual for t-ZrO2.  

3.2.2 Zn K-edge 

3.2.2.1 XANES. In order to deeply understand the local coordination and structure of Zn atoms 

doping the ZrO2 lattice, we initially focused on the XANES region of Zn K-edge XAS spectra, 

measured quasi-simultaneously with the Zr K-edge ones. The spectra of the three ZrZn-X samples 

are reported in Fig. 6, together with Zn K-edge XANES spectra of h-ZnO and Zn metal foil references. 

The edge position, reflecting the oxidation state of the absorber, highlights the presence of Zn2+ in all 

the samples. Typical h-ZnO spectral features, such as main absorption peak B and post-edge 

resonance C, are recognized in the XANES spectra of all the ZrZn-X samples. However, shoulder-

like features (A, D, E in Fig. 6) present in h-ZnO are substantially dampened in the ZrZn-X catalysts, 

pointing out a higher defectivity. While for ZrZn-30 the presence of bulk h-ZnO was observed by 

PXRD (Fig. 1a), in the case of ZrZn-5/15 we cannot specifically connect the ZnO phase to wurtzite 

or zinc blende, since their XANES spectra are very similar to each other.45  
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Figure 6. Zn K-edge XANES (main panel) and phase-uncorrected k2-weighted FT-EXAFS (inset) 

transformed in the 2-12 Å-1 k-range measured at RT (He atmosphere) for the three ZrZn-X samples. 

Spectra of ZrZn-5 (blue), ZrZn-15 (yellow) and ZrZn-30 (red) are shown together with those of 

reference h-ZnO (dashed-black) and Zn metal foil (dashed-grey). FT-EXAFS of ZrZn-5 is missing 

due to the low absorber concentration as observable from Fig. S1b. 

3.2.2.2 EXAFS. Detailed information on Zn local environment can be retrieved by a careful analysis 

of the EXAFS region. As mentioned above, within the limitations dictated by quasi-simultaneous 

data collection at Zr and Zn K-edges, analysable FT-EXAFS spectra were obtained for the ZrZn-

15/30 samples (Fig. 6, inset). In the specific case of ZrZn-30, the contribution from segregated bulk 

ZnO, highlighted by PXRD (Fig. 1), cannot be easily excluded. Noteworthy, as reported in the 

introduction, the catalytic properties of the three samples are not drastically different.20 Hence, 

considering k-space data quality (Fig. S1b) and absence of segregated phases, for quantitative EXAFS 

refinement we focused on the ZrZn-15 sample in order to selectively access information on Zn atoms 

effectively doping the ZrO2 matrix.  

As observed in the Zr K-edge FT-EXAFS (Fig. 4,5), the unit cell volume decrease (Fig. 1b), and the 

(101) Bragg peak shift (Fig. S3), Zn2+ effectively dopes ZrO2 while locally maintaining a ZnO-like 

geometry. In order to describe Zn local coordination environment, two main scenarios have to be 
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considered: i) Zn2+ substitutes Zr4+ located in position (¼ ¾ ¼) in t-ZrO2 (P42nmc) adapting its 

interatomic distances to the host lattice, thus forming an ideal t-ZnZrO2 solid solution (Fig. 7a) and 

ii) Zn2+ does not adapt its interatomic distances and forms a ZnO cluster embedded and chemically 

bonded to the t-ZrO2 matrix (Fig. 7b,c). 

 

Figure 7. Structures used as input geometries in Zn K-edge EXAFS fits for ZrZn-15. Unit cell of a) 

tetragonal ZrO2 (space group P42nmc; lattice parameters a = 3.60 Å and c = 5.10 Å33 from Table S1) 

substituted with Zn; b) h-ZnO (P63mc; a = 3.25 Å and c = 5.21 Å35) and c) c-ZnO (F-43m, a = 4.63 

Å36). Zinc (grey), Zirconium (green) and Oxygen (red) atoms are represented by coloured spheres. 

Oxygen partial occupancy in model a) is represented by non-filled colours. 

The first case seems unreasonable as, to enter in the t-ZrO2 lattice, Zn should dramatically enlarge its 

interatomic distance (RZn-Zn=3.20 Å and RZr-Zr=3.59Å). From qualitative analysis of the relevant FT-

EXAFS spectra, we note that Zn-Zr interatomic distance does not reflect the value obtained from the 

Zr K-edge fit (RZr-Zn ≈ 3.5 Å). Indeed, the Zn-K edge phase-uncorrected EXAFS second-shell peak 

position (Fig. 6, inset) occurs 0.3 Å below the one at the Zr K-edge (Fig. 5). Furthermore, an EXAFS 

fit performed using the t-ZnZrO2 structure to reproduce the EXAFS of ZrZn-15 (Table S5) led to 

meaningless results, including excessively high radial shifts and a negative σ2Zn value. Taken 

together, these lines of evidence allowed us to safely rule out the ideal solid solution scenario. 
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In the second case we should assume that the cluster dimension consists of only few ZnO unit cells, 

smaller than the PXRD detection limit. We initially described the cluster structure using i) hexagonal 

(wurtzite) ZnO (P63mc), h-ZnO and ii) cubic (zinc blende) ZnO (F-43m), c-ZnO, where in both cases 

Zn maintains ZnO4 tetrahedral coordination (Fig. 7b,c).  

EXAFS fit in this case yielded physically meaningful results (Fig. S11, Table S5). While the oxygen 

tetrahedra in the first shell of the two structures are very similar (h-RZn-O = 1.99 Å and c-RZn-O= 2.00 

Å), the main difference arises from the scattering contributions in the second shell. Indeed, in h-ZnO 

the 12 NNN Zn are located at two different distances (h-RZn-Zn(1) = 3.20 Å and h-RZn-Zn(2) = 3.24 Å), 

while they are equidistant in c-ZnO (c-RZn-Zn=3.27 Å), see also Fig. S7 and Table S3 in the SI. 

Anyhow, based on previous reports,46 in case of nanostructured h-ZnO only one Zn-Zn SS path with 

CN = 12 could be safely considered. Fit results in Fig. S11 and Table S5 show an almost identical 

fitting quality using both the h- and c-ZnO structures. Best-fit σ2Zn values are acceptable, yet rather 

high, in both cases. This is not surprising considering the inherently disordered nature of the proposed 

ZnO nanoclusters chemically bonded in the ZrO2 matrix. Zn-Zn CN was refined to 4 ± 3, a value far 

from the ideal bulk condition, corresponding to CN = 12, consistently with the surface-to-bulk ratio 

increase in nanosized clusters. As previously reported, presence of ZnO nanoparticles on the surface 

of the ZrZn-X samples investigated here, as well as in other works adopting equivalent synthesis 

methods, was not observed neither from Raman spectra nor from STEM-EDX analysis.20,47 We then 

considered the ZnO clusters as embedded in the ZrO2 matrix with only part of the surface potentially 

exposed. Dimensions of ZnO clusters with a given shape can be estimated based on Zn-Zn CNs 

measured by EXAFS. According to Agostini et al.,48 only by extending the EXAFS fit at least to the 

third coordination shell we could obtain a reliable three-dimensional information. In our case, within 

the available data quality, typical of a catalysis-oriented in situ experiment, we preferred to limit the 

EXAFS fit to the second-shell region. Thus, for the following analysis, we approximated the cluster 

shape to a sphere. As reported in several previous works,48–51 under this plausible assumption for the 

cluster shape, EXAFS CN is univocally correlated to the cluster size. As illustrated in Fig. 8, using 
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the Greegor and Lytle25 equation, eq. (2), we determined an average cluster radius of 13 ± 7 Å for the 

ZrZn-15 catalyst, consistent with a PXRD-silent nanosized phase. 

 

 

Figure 8. Relation between coordination number and cluster radius evaluated using the Greegor and 

Lytle equation within the spherical approximation (SI, Section 6). Zn-Zn distance found by EXAFS 

fit was used as shortest atomic distance. The box indicates the area where our experimental data are 

located (CN = 4 ± 3). Dashed line indicates the coordination number bulk limit (12). 

 

As observed in Fig. S11, even if h-ZnO gave the best fit for the experimental spectra, it does not fully 

describe the scattering features located in the 3-3.4 Å range in the phase-uncorrected FT-EXAFS 

spectrum. Having assessed the presence of h-ZnO clusters embedded in a ZrO2 matrix, a more careful 

fit of Zn K-edge EXAFS spectra implies to consider the interface between ZnO cluster and ZrO2 

matrix. Since the Zr-Zn scattering path was consistently observed from the Zr K-edge EXAFS fit 

(section 3.2.1.2), it is straightforward to consider the presence of this path also in the Zn EXAFS fit. 

As pictorially represented in Fig. S10 (h-ZnO/ZrO2 model), we then described the Zn K-edge second-

shell region considering one contribution at shorter distance from i) a Zn scatterer located in the ZnO 

cluster core (Zn-ZnI) and two contributions at longer distance from ii) a Zn scatterer on the surface 

of the cluster and chemically connected to Zr (Zn-ZnII), and iii) a Zr scatterer (Zn-Zr). As showed in 
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Figure 9 and Table S7, considering these two paths globally improved the fit quality, while the 

relevant fit variables are comparable with those previously obtained using the simpler h-ZnO model. 

h-ZnO cluster dimension was again evaluated from Zn-ZnI CN (Table S7), resulting in 11 ± 5 Å, 

which is in line with the 13 ± 7 Å value priorly obtained (Table S5). At the same time the so obtained 

radial distances, coordination numbers and DW factors have physically reliable values i.e., Zn-Zr and 

Zn-ZnII paths are longer than the Zn-ZnI one, confirming the presence of a h-ZnO/ZrO2 interface, 

which catalytic role will be discussed in the following sections.  

 

Figure 9. Experimental (solid coloured line) and best fit (dashed grey line) a, c) magnitude and b, d) 

imaginary parts for k2-weighted FT-EXAFS of ZrZn-15 using a, b) h-ZnO and c, d) h-ZnO/ZrO2 (Fig. 

S10) as input structure. 

3.2.3 In situ EXAFS during activation in H2 

Zr and Zn K-edge EXAFS analysis of data obtained at RT in He enabled a thorough description of 

the as prepared catalyst. Yet, in a catalysis-oriented perspective, it would be of paramount interest 

also understanding the material structure right before the reaction i.e., after an activation treatment at 

high temperature under H2. As aforementioned, the ZrZn-15 catalyst showed the best compromise 

between signal quality (Fig. S1b and Fig. S2b) and catalysis properties. We then extended our analysis 

focusing on the in situ XAS spectra obtained at Zr and Zn K-edges during activation for this sample. 

Despite subtle intensity losses, the XANES region of Zr and Zn K-edges of ZrZn-15 catalyst did not 

change upon the activation procedure (Fig. S12), indicating that oxidation state of both Zn and Zr 
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was not modified by the activation protocol. In the following, we then describe the results and 

additional insights obtained from the analysis of the EXAFS region of Zr and Zn K-edges. 

3.2.3.1 Zr K-edge 

During activation, the phase-uncorrected FT-EXAFS spectra at Zr K-edge in Fig. 10a,c showed a 

constant intensity decrease, consistent with the increase of the thermal contributions to DW factors. 

The same t-ZrO2 structural model described in Section 3.2.1.2 and SI Section 2 (considering Zr-OI/II 

and Zr-Zr/Zn scattering paths), was applied to each dataset at the ten different temperatures. Complete 

details on the fit parameters can be found in SI Section 7. Best-fit spectra in Fig. 10b,d and Fig. S13a,b 

are in good agreement with the experimental data, well describing the Zr-OI/II and Zr-Zr/Zn shells 

intensity loss and shift. DW factors (Fig. S14a) showed a linear trend rising with temperature while 

Zr-OI/II radial distances (Fig. S14b) remained constant. Considering the antiphase effect involving Zr-

Zr and Zr-Zn scattering paths (Fig. 4c) and the increase of their mean square displacement, directly 

related to the DW factor, we can justify that their radial distances slightly increase up to reaching the 

same value, showing that at high temperature we cannot safely distinguish between their relative 

position. Evaluated Einstein temperatures for Zr-O confirmed the presence of stronger Zr-OII and a 

weaker Zr-OII bonds, in line with the results discussed in section 3.2.1.2. Consistently with the 

graphical comparison between experimental and best-fit curves (Fig. 10, Fig. S13), the corresponding 

R-factor values (Fig. S14c) confirm the reliability of the adopted fitting model.  
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Figure 10. Zr K-edge a, c) experimental and b, d) best fit a, b) magnitude and c, d) imaginary parts 

of k2-weighted phase uncorrected FT-EXAFS of ZrZn-15 measured at increasing temperatures (black 

to red lines) in the RT-400 °C range under H2 gas flow. Fits are performed in the k-range 2.5-13 Å-1 

and R-range 1.0-4.0 Å. Details on the fit results are reported in Fig. S13, S14 and Table S6. 

3.2.3.2 Zn K-edge 

Phase-uncorrected FT-EXAFS at Zn K-edge recorded during thermal activation in Fig. 11a,c showed 

a constant decrease of the first and second shell intensity related to the increase in DW factors. 

However, the second shell presents a non-trivial dynamic involving two distinct features. The feature 

at lower radial distance (≈ 2.8 Å, phase-uncorrected), previously associated to Zn-ZnI scattering path, 

slightly loses intensity. Conversely, the one at higher distance (≈ 3.2 Å), stemming from Zn-Zr and 

Zn-ZnII scattering paths according to the h-ZnO/ZrO2 model described in the previous section, shifts 

to lower values until it convolutes with the former one at high temperature. As shown in Fig. S17 and 

Fig. S18, considering the simpler h-ZnO model for fitting the spectra during activation, the second 

shell temperature evolution would not be described, leading to unphysically high DW factors, larger 

errors for the radial distances and not reliable R-factors. The presence of Zn-Zr/Zn-ZnII scattering 

paths originated from the h-ZnO/ZrO2 interface must then be considered to describe the temperature 

dependent evolution of EXAFS signal in the second-shell region. Assuming a constant dimension of 
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the ZnO cluster during the activation, a single CN for each path was fit for all the dataset while radial 

distances were left independent for all the paths in the dataset. The fit in Fig. 11c,d and S15 shows a 

good agreement with the experimental data, especially in reproducing the second-shell dynamics. 

Here, despite of a little of mismatch in the reproduction of the final intensity, the three contributions 

of Zn-ZnI, Zn-ZnII and Zn-Zr well described the intensity variation of the two features during heating, 

up to their convolution at high temperatures. The so-obtained DW factors (Fig. S16a) showed a linear 

increase with temperature leading, in the case of Zn-ZnI/II, to quite high values but still comparable 

with those obtained at RT. Noteworthy, during heating there is not net radial distance variation in the 

first coordination shell. Conversely, at high temperature the Zn-ZnII/Zr scattering paths in second 

shell are optimized to almost the same interatomic distance (Fig. S16b), while a distinction is 

maintained between scattering paths originating from the core of the ZnO cluster (Zn-ZnI) and from 

its surface (Zr-ZnII/Zr). As showed for the Zr K-edge (see section 3.2.1.2), the so introduced Zn-Zr 

scattering path is in anti-phase with the Zn-ZnII, which would have led to a strong correlation between 

their CN, DW factors and radial distances if the Einstein model would have not been applied. The 

evaluated Zn-ZnI CN (5.6 ± 1) (Table S7, S8) is associated to a ZnO cluster radius of 13 ± 3 Å, in 

good agreement with values obtained from EXAFS analysis of RT data. Reliability of the fit is 

furthermore confirmed by comparable Einstein temperatures for Zr-Zn (226 ± 26 K) and Zn-Zr (269 

± 24 K) and for Zn-ZnI (174 ± 25 K) and Zn-ZnII (174 ± 26 K) scattering paths (Table S8). The latter 

one is matching literature values as well.52 As showed in Table S7, fit reliability is additionally 

confirmed as values obtained at 312K/H2 and 300K/He from fits performed with and without the 

Einstein model, respectively, are entirely comparable. 
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Figure 11. Zn K-edge a, c) Experimental and b, d) best fit of a, b) magnitude and c, d) imaginary 

parts of k2-weighted FT-EXAFS of ZrZn-15 measured at increasing temperatures (black to red lines) 

in the RT-400 °C range under H2 gas flow. A magnification of the second-shell region is reported in 

the insets. Fits are performed in the k-range 2-12 Å-1 and R-range 1.0-4.0 Å. Details on the fit results 

are reported in Fig. S15, S16 and Tables S7, S8. 

Noteworthy, the same Zn K-edge second shell dynamic was observed in the FT-EXAFS of ZrZn-30 

catalyst reported in Fig. S19. The spectra, collected under the same conditions as for ZrZn-15, showed 

a thermal DW factor-induced intensity loss for the first and second shell peaks. In the latter, even if 

a stronger Zn-Zn contribution originating from the segregated ZnO phase is present, it is clear that at 

high temperature the signal structure follows the same dynamic discussed for ZrZn-15. In the ZrZn-

30 case, we could not safely fit the EXAFS spectra, since segregated bulk h-ZnO was observed by 

PXRD (Fig. 1). However, the quantitative results obtained using ZrZn-15 allowed us to qualitatively 

interpret the EXAFS spectral evolution for ZrZn-30, the most active catalyst, as originating from the 

interplay between scattering paths involving the core (Zn-ZnI) and the surface (Zn-ZnII/Zr) of the 

ZrO2-embedded ZnO nanoclusters.  

3.2.4 Implications for ZnO clusters and Vo location 
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By combining ICP analysis and Rietveld refinement of PXRD data, we quantitatively evaluated the 

amount of Zn loaded in the ZrO2 structure excluding the bulk ZnO contribution (Table S1). In parallel, 

by Zr K-edge FT-EXAFS we obtained an indirect information of the Zn doping from second-shell 

intensity loss (Table 1). Zn coordination number extracted from Zr-Zn second shell fit is associated 

with its wt.% (Table 1) which, despite of a slight underestimation, falls in line with the values in 

Table S1. The information found by coupling ICP and PXRD refinement is easily accessible by 

widespread laboratory methods, but it does not provide chemical insights on the Zn dopant nature. 

Conversely, the Zn-loading-dependent intensity variations in Zr K-edge second-shell peak shows that 

EXAFS is sensitive to the guest-host structural/chemical proximity, proving that the Zn atom is not 

simply segregated or impregnated on zirconia but it is chemically bonded to the oxidic matrix.  

The presence of embedded ZnO nanoclusters (Section 3.2.2.2) explains the underestimation in Zn 

wt.% obtained from Zr K-edge FT-EXAFS fit (Table 1) with respect to what was found by ICP and 

PXRD Rietveld refinement. In fact, the shell intensity can be influenced only by those Zn atoms 

which are located on the ZnO cluster surface: the bigger the ZnO cluster, the higher the Zn wt.% 

underestimation by FT-EXAFS.  

As mentioned in Section 3.2.1.2, in our Zr K-edge EXAFS analysis, the variable “Zn” used to 

describe Zr-Zn and Zr-Zr CNs was also simultaneously used for Zr-O CN (i.e., 8 – Zn). CN and DW 

factors strongly correlate in the EXAFS equation, however, the simultaneous fit of Zr-O and Zr-Zr/Zn 

with the same variable Zn increases the latter reliability. The nature of the catalysis-oriented in situ 

XAS experiment does not allow us to quantify VO. Nevertheless, as showed in eq. (1), each Zn 

generates a VO, leading to an average Zr-O coordination of ZrO8-Zn (where Zn is the same variable 

refined in the EXAFS fit), which would unlikely form a stable t-ZrO2 phase. We should then consider 

that the average ZrO8-Zn configuration detected by EXAFS must be realized by combinations of ZrO8 

and ZrO8-x (where x = 1, 2, 3, 4) polyhedra which host the VO, most likely localized at the periphery 

of ZrO2-embedded ZnO clusters. The FWHM of the XANES feature A (Fig. 3), sensitive to Zr local 
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geometry, shows that a higher concentration of Zn distorts the ZrO8 double tetrahedra, supporting 

this hypothesis. 

EXAFS spectra at Zr and Zn K-edges of the catalyst are described considering the presence of Zr-Zn 

and Zn-Zr scattering paths, respectively, for both measurements at RT in He and in situ temperature-

dependent data collected during activation in H2. These results confirm that Zn doping occurs with 

formation of ZnO clusters which surface is chemically bonded to the ZrO2 matrix. This finally led us 

to critically observe the variations in Zn K-edge EXAFS spectra of the activated catalysts after 

exposure to the reaction mixture (CO2/H2) under catalysis-relevant conditions. With this respect, 

some inherent limitations should be considered, mainly related to the following facts: i) the catalysts 

presented relatively low surface area (46 m2/g),20 ii) CO2/H2 interactions are limited to the material 

surface, and iii) XAS is a mainly bulk-sensitive technique. Nonetheless, as shown in Fig. S20, subtle 

modifications can be noted in the Zn K-edge EXAFS spectra collected before and after the reaction, 

carried by sending a CO2/H2 feed at 300°C/15 bar over activated ZrZn-15 and ZrZn-30. Notably, the 

scattering features previously assigned to the Zn-ZnI shell, originating from the ZnO cluster core, is 

unaltered under reaction conditions. Conversely, the EXAFS feature stemming from the Zn-ZnII/Zr 

contributions varies after the reaction, suggesting that these scattering paths are those influenced by 

the coordination of adsorbed reactants and products. These observations, guided by the quantitative 

analysis of in situ EXAFS data presented in Section 3.2.3, consistently suggest that the interface 

between the ZnO cluster and the ZrO2 matrix represent the active site towards CO2 hydrogenation, 

where molecular events involving CO2 adsorption/activation, H2 splitting and CH3OH production 

ultimately take place.  

4 Conclusions 

In the present work, we combined PXRD and XAS to make a step further in the fundamental 

understanding of Zn-doped ZrO2 catalysts, active towards CO and CO2 hydrogenation. The XAS 

dataset, even if measured in a catalysis-oriented experiment (i.e., on pressed and sieved catalyst 
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powders hosted in a capillary reactor, at RT or higher temperatures), showed a great potential for 

clarifying the Zn-doped ZrO2 atomic-scale structure through parallel analysis of data at Zr and Zn K-

edges. While the ZrO2 d(101) Bragg reflection shift was related to the presence of Zn in the ZrO2 lattice, 

the t-ZrO2 fingerprint peak identified by PXRD, close to the dataset noise, cannot unambiguously 

identify the ZrO2 polymorph. However, by coupling analysis of Zr K-edge XANES pre-edge features 

with EXAFS fitting, we safely confirmed the presence of t-ZrO2. In addition, Zr K-edge EXAFS fit 

revealed Zn atoms chemically bonded to Zr, while Zn K-edge EXAFS unveiled the presence of h/c-

ZnO clusters. Since previous measurements20,21 did not show the presence of ZnO nanoparticles on 

ZrO2 surface, we assumed the ZnO cluster to be largely embedded in the ZrO2 matrix, with only a 

minor fraction exposed at the catalyst surface. Broadening of the size distribution cannot be accessed 

by EXAFS, whilst details on cluster shape could be only accessed considering a fit extended to the 

third and fourth coordination shell, which would be unreliable within the available data quality. Yet, 

under the spherical shape approximation, we were able to estimate the average radius of ZrO2-

embedded ZnO clusters. In particular, a Zn-Zn CN value far from the ideal bulk condition, was refined 

from Zn K-edge EXAFS analysis of ZrZn-15 (15 wt.% of Zn doping). Relation between EXAFS-

determined CN and cluster dimension was calculated by the Greegor and Lytle equation, showing an 

average radius of 11 ± 5 Å (or 13 ± 3 Å, evaluated from the analysis of in situ XAS data), small 

enough to escape detection by PXRD. Careful analysis of the in situ EXAFS data shows the presence 

of Zn-O-Zr interaction from both Zr and Zn K-edges, supporting the hypothesis that Zn-doped ZrO2 

catalysts consist of ZnO clusters chemically bonded to the ZrO2 matrix. It is then the ZnO/ZrO2 

interface, where VO are mostly located, the active phase towards CO2 hydrogenation. More than 

increasing the Zn content, improving ZnO/ZrO2 interface area, is then envisaged as an effective way 

to maximize the catalyst activity. Taken together, this evidence provides, to the best of our 

knowledge, the deepest structural picture available so far on Zn-doped ZrO2 catalysts. While 

highlighting the richness of information accessible from a wise combination of X-ray methods 
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probing long-range order and local structure in mixed-metal oxides, the obtained insights pave the 

way to the rational design of improved catalysts for CO2 valorisation. 
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