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Visualization of Heterogeneous Oxygen Storage Behavior in 
Three-Way Catalyst Pt/Ce2Zr2Ox Particles by Hard X-ray Spectro-
Ptychography 
Makoto Hirose,[a,b] Nozomu Ishiguro,[b] Kei Shimomura,[a,b] Nicolas Burdet,[b] Hirosuke Matsui,[c]          
Mizuki Tada,*[b,c] and Yukio Takahashi*[a,b] 
Abstract: The cerium density and valence in micrometer-size 
Pt/Ce2Zr2Ox (x=7–8) three-way catalyst particles were successfully 
mapped by hard X-ray spectro-ptychography (ptychographic-XAFS). 
The analysis of correlation between the Ce density and valence in 
ptychographic-XAFS images suggested the existence of several 
oxidation behaviors in the oxygen storage process in the Ce2Zr2Ox 
particles. Ptychographic-XAFS will open up the nanoscale chemical 
imaging and structural analysis of heterogeneous catalysts. 

Heterogeneous solid catalysts are key materials in various 
chemical processes in modern industry, and the intrinsic 
complexity of their heterogeneous structures has led to various 
discussions on their structure-activity relationship. The most 
typical form of solid catalysts is powder, which is an assembly of 
non-uniform particles with different sizes, morphologies, atomic 
components, surface structures, and mesoscopic domains. The 
complexity of their structural parameters is considered to be the 
reason for their unique catalytic performances; however, it is 
highly difficult to evaluate these heterogeneous structures in real 
space. Conventional characterization of average for a powder 
assembly obscures active parts in a heterogeneous solid catalyst. 
 Ce-based mixed oxides such as CeZrOx are efficient oxygen 
storage/release materials and are widely used as a co-catalyst in 
three-way automobile exhaust systems to expand the narrow 
operation window. In particular, Ce2Zr2Ox (7≤x≤8) solid-solution 
oxide with an ordered arrangement of Ce and Zr has been 
reported to exhibit stoichiometric oxygen storage/release 
capacities (OSC), where approximately 90% of the bulk Ce atoms 
are used in the redox process between k-phase Ce2Zr2O8 and 
pyrochlore Ce2Zr2O7,[1] and the synthesis of pure Ce2Zr2Ox has 
been recently proposed.[2] The origin of the high OSC of Ce2Zr2Ox 
has been widely investigated and is considered to be due to the 
small vacancy formation energy by local relaxation between ZrO8 
coordination and ZrO6[V]2 (V: vacancy), on the basis of 

crystallographical studies,[3] theoretical  calculations,[4] and time-
resolved XAFS analysis.[5] However, the heterogeneity of the 
mixed-oxide particles has prevented understanding of the real 
reaction behavior of OSC in the material. 
 X-ray imaging techniques, such as transmission and 
scanning X-ray microscopy using highly focused beams, are 
particularly promising tools in the field of microspectroscopy,[6] in 
which the use of X-rays as a probe makes it possible to image 
both structures and chemical states through the absorption edges 
of a target element with a resolution of 30–100 nm. Also, an X-ray 
probe induces less radiation damage than a transmission electron 
microscope with an electron energy loss spectroscopy.[7] The 
minimum probe size of the X-rays in practical use is ~30 nm in the 
soft X-ray region and ~100 nm in the hard X-ray region, which is 
limited by the difficulty of fabricating optical devices. So far, 
scanning spatially resolved X-ray absorption fine structure 
(XAFS) using Kirkpatrick–Baez (KB) focusing mirrors was applied 
to Ce2Zr2Ox particles, whose average size was 750 nm, and the 
heterogeneity of the Ce oxidation state and oxygen diffusion 
inside an individual particle was visualized for the first time.[8] 
However, the focused beam size (a few hundred nm) was limited 
in principle, and a practical imaging technique with much higher 
spatial resolution is required for the further exploration of their 
structural correlation. 
 X-ray ptychography[9] can in principle overcome the 
limitations of X-ray optics, in which a sample is scanned across a 
coherent X-ray probe, the coherent diffraction pattern is observed 
at each beam position, and then images of both the sample and 
probe are reconstructed using iterative phase retrieval calculation. 
X-ray ptychography using multiple energies including the 
absorption edge of a specific element, which is often referred to 
as X-ray spectro-ptychography, has been demonstrated in the 
soft X-ray region, which has been applied to the study of 
delithiation in LiFePO4 nanoplates[10] to understanding Fe  
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Figure 1. Schematic of X-ray spectro-ptychography (ptychographic-XAFS). A 
focused coherent X-ray beam is scanned across the specimen at multiple X-
ray energies. Phase and amplitude images are reconstructed from diffraction 
patterns by phase retrieval calculation. By analyzing the energy dependence 
of the reconstructed images, spatially resolved X-ray absorption spectra are 
derived. 
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deposition in fluid catalytic cracking catalysis.[11] Extending this 
approach to the hard X-ray region enables us to visualize the 
chemical state of nanostructures buried within thick samples. 
However, the absorption of incident X-rays is weak in the hard X-
ray region, which results in the deterioration of convergence in the 
phase retrieval calculation. Recently, a phase retrieval algorithm 
with a constraint based on the Kramers–Kronig relation (KKR) has 
been proposed and more quantitative images as well as X-ray 
absorption spectra have been experimentally obtained.[12]  
 In this paper, we demonstrate the visualization of Ce density 
and valence distribution of micron-sized Pt/Ce2Zr2Ox (7≤x≤8) 
particles at better than 50 nm resolution by hard X-ray spectro-
ptychography (ptychographic-XAFS) with phase retrieval using 
the KKR constraint (Fig. 1). The statistical analysis of correlation 
between the cerium density and valence in the ptychographic-
XAFS images suggested the existence of several oxidation 
behaviors in the oxygen storage process in the material. 
 1 wt% Pt-supported Ce2Zr2Ox particles (average Ce2Zr2Ox 
particle size = 750 nm)[1,8a] were treated with H2 or O2 to prepare 
(1) Pt/Ce2Zr2O7 (denoted as Pt/CZ-7), fully reduced by H2 at 873 
K; (2) Pt/Ce2Zr2O8 (denoted as Pt/CZ-8), fully oxidized by O2 at 
773 K; (3) Pt/Ce2Zr2O7.6 (denoted as Pt/CZ-7.6), prepared by the 
reaction of Pt/CZ-7 with O2 at 423 K (details in SI 1). Average 
oxygen composition in Pt/CZ-7.6 were estimated by the analysis 
of the (440) peak positions of their XRD patterns (Fig. S1). The 
prepared particles were dispersed on 500-nm-thick Si3N4 
membranes, and the hard X-ray ptychographic-XAFS 
measurements were performed using X-rays (5.717-5.817 keV, 
including the Ce L3 edge) at the BL29XUL beamline, SPring-8 (Fig. 
S2 and details in SI 2). The amplitude and phase images were 
reconstructed using the ePIE algorithm[13] with the KKR 
constraint[12] (details in SI 3). 
 Figure 2(a) shows field-emission scanning electron 
microscopy (FE-SEM) images of the Pt/CZ particles. Figures 2(b) 
and (c) show phase and amplitude images at 5.732 keV above 
the Ce L3 edge, respectively, of the Pt/CZ particles. Making use 
of the small-angle-geometry approximation, the real-space pixel 

size of the reconstructed images is 13 nm. Based on the phase 
retrieval transfer function, the full-period spatial resolution was 
estimated to be better than 50 nm (Fig. S3). The spatial resolution 
obtained here is one order of magnitude higher than that of 
previous results.[8] The shapes of the individual particles are in 
good agreement with the FE-SEM and X-ray ptychography 
images. XAFS spectrum can be derived using the relation μt=-
2ln|T|, where μ is the mass absorption coefficient, t is the local 
sample thickness, and |T| is the amplitude image. X-ray 
absorption near-edge structure (XANES) spectra of Pt/CZ-7 and 
Pt/CZ-8 particles were averaged over all the particles present in 
the field of view and then normalized at the isosbestic point of 
5.7697 keV (Fig. S4). Ce L3-edge XANES is sensitive to valence 
and the obtained XANES spectra of Pt/CZ-7 and Pt/CZ-8 are in 
good agreement with those in previous reports (Fig. 2(f)).[8bc] 
 The Ce density and valence maps of the Pt/CZ-7.6 particles 
were then estimated by the analysis of the ptychographic-XAFS 
images. The XANES spectra of Pt/CZ-7.6 can be approximately 
expressed by a linear combination of the normalized XANES 
spectra of Pt/CZ-7 and Pt/CZ-8 as 

(μt)CZ7.6 = a(μt)CZ7 + b(μt)CZ8  [Eq. (1)], 
where a and b are coefficients. The parameters a and b at each 
pixel were determined by a least-squares fit (details in SI 4). a+b 
and (3a+4b)/(a+b) correspond to the Ce density and valence, 
respectively (Figs. 2(d) and (e)).  
     We investigated correlation between the Ce density and 
valence in the two-dimensional images (Figs. 2(d) and (e)) to 
visualize differences in the oxygen storage behaviors in local 
domains in the heterogeneous Ce2Zr2Ox particles (details in SI 5). 
The two-dimensional images of Pt/CZ-7.6 were divided into 
domains with particular sizes, e.g., 65 ×	65 nm2 (5 ×	5 pixels) and 
130 ×	130 nm2 (10 ×	10 pixels), and the Ce density and valence in 
a domain were independently plotted (Figs. 3(b), S7, and S8). For 
example, a domain with 5 × 5 binning has the 25 data sets of the 
Ce density and valence. If the density-valence plot of the 25 data 
sets shows a particular correlation, a reaction behavior in the 
domain of 65 ×	65 nm2 can be discussed. Judging from the facts 

 
Figure 2. (a-e) Images of the Pt/CZ-7, Pt/CZ-8, and Pt/CZ-7.6 particles. The scale bar is 1 µm. (a) FE-SEM images. (b and c) Phase and amplitude images at 
5.732 keV (d) Ce density maps. (e) Ce valence maps. The pixel size of the images in (b-e) is 13 nm.  (f) One-pixel XANES spectra at particular positions (i)-(iv) 
marked in (e) of Pt/CZ-7.6. Red, blue, and green lines present the fitted spectra of Pt/CZ-7, Pt/CZ-8, and their linear combination, respectively.  
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that 10 x 10 binning provided a blurred image with a large ratio of 
no-correlation domains (20.8%) (Fig. S8) and 5 x 5 binning was 
similar to the actual spatial resolution of the spectro-ptychography 
(Fig. S3), we decided to use 5 ×	5 binning for further analysis.  
  Note that there are several types of the correlations in the 
density-valence plots, which are classified into five groups by the 
different trends: (i) positive correlation; (ii) negative correlation; 
(iii) quasi-constant Ce density; (iv) quasi-constant Ce valence; 
and (v) no correlation as shown in Fig. 3. Considering the fact that 
the Ce density reflects the thickness of the sample in the two-
dimensional projection image, a part with a large Ce density 
contains the information of bulk and that with a small Ce density 
shows that of surface. Group (i) presented in red in Fig. 3(a) 
shows a positive gradient in the density-valence plot Fig. 3(b-i), 
suggesting that the bulk of Ce2Zr2Ox was oxidized rather than the 
surface. The red domains assigned to group (i) accounted for 41% 
of the particles in Fig. 3(a) and was mainly found at the core of 
the particles. In addition, most of the domains assigned to group 
(i) were observed to have low Ce valence states of between 3 and 
3.5 as shown in Fig. 3(b-i). 
 On the other hand, the majority of group (ii) with negative 
correlation was distributed in the subsurface region of the 
particles presented in blue in Fig. 3(a). The fraction of group (ii) 
was 7%. It was found that the Ce valence state of the domains 
assigned to group (ii) tended to be higher than 3.5, showing a 
different trend from group (i) (Fig. 3(b-ii)). 
 Group (iii) with a quasi-constant Ce density spread between 
Ce3+ and Ce4+ was distributed at particular parts with low Ce 
density (green domains in Figs. 3(a) and (b-iii)), for example, 
bridging parts between particles. The wide range of the Ce 
valence of group (iii) suggests the heterogeneity of the oxidation 
behavior in the domains, showing the complexity of interface 
structures of the particles. Group (iv) presented in yellow 
accounted for a small area and showed a quasi-constant Ce 
valence state between Ce3.4+ and Ce3.6+, indicating the existence 
of a metastable phase of Ce3.5+. The ratio of domains with high 
error range of Ce valence (> 0.5) was only 1.7% of all domains by 
5 x 5 binning and they were located at regions with low Ce density. 

 As the Pt/CZ-7.6 sample was prepared by the partial 
oxidation of reduced Pt/CZ-7 with O2 at 423 K, it is reasonable 
that the Ce valence was higher at the particle surface exposed to 
O2, accounting for the negative gradient of group (ii). In contrast, 
if oxygen diffusion in Ce2Zr2Ox bulk is faster than O2 dissociation 
at surface, the correlation between the Ce density and valence 
should be assigned to group (i) with the positive gradient. A report 
of the low activation energies (Ea) of Zr-O bond formation (4 kJ 
mol-1) estimated by time-resolved XAFS suggests smooth oxygen 
diffusion in Ce2Zr2Ox bulk for oxygen storage process.[5]  
 Temperature-programmed oxidation (TPO) and 
thermogram (TG/DTG) analysis of Pt/CZ-7 showed two peaks at 
approximately 422 and 582 K[3bc], suggesting the existence of the 
metastable phase of Ce2Zr2O7.5, which was also confirmed by 
XRD analysis.[3ab] The first oxidation peak at around 420 K 
corresponds to the oxidation of Ce2Zr2O7 à Ce2Zr2O7.5 and the 
further oxidation (Ce2Zr2O7.5 à Ce2Zr2O8) proceeds at around 580 
K. Thus, two different reaction behaviors crossing the metastable 
phase of Ce2Zr2O7.5 can be observed at the oxidation temperature 
(423 K) of Pt/CZ-7.6, which is between the above temperatures. 
 In the first oxidation from Ce2Zr2O7 to Ce2Zr2O7.5, smooth 
oxygen diffusion in the phase with x<7.5 proceeding at 420 K 
provides the reaction trend of group (i), which was mainly 
observed in the core of the CZ particles. In contrast, at surface 
parts with a low Ce density, sufficient oxygen supply brings about 
oxidation beyond the phase of Ce2Zr2O7.5. As a result, relative 
decrease in the oxygen diffusion rate provides the different 
reaction behaviors of group (ii). Oxygen diffusion has been 
reported to proceed along the three-dimensional network in the 
<100>, <010>, and <001> directions.[14] Oxygen may readily 
diffuse when vacancy sites are reasonably abundant (x~7), while 
it may cause a jam in the network if the oxygen vacancies are 
already filled (x>7.5). The differences in the reaction behaviors of 
groups (i) and (ii) would be related to the oxygen diffusion in the 
bulk. Group (v) without significant correlations accounts for 
several parts of the CZ particles and the improvement of spatial 
dissolution would decrease the fraction of group (v).  

 
Figure 3. (a) Distribution of domains (65×65 nm2) assigned to five groups by the statistical correlation analysis of the Ce density and Ce valence of Pt/CZ-7.6. 
(i) Positive correlation (red), (ii) negative correlation (blue), (iii) quasi-constant Ce density (green), (iv) quasi-constant Ce valence (yellow), and (v) no correlation 
(gray). (b) Ce density-Ce valence plots of the domains belonging to the correlation groups (i)-(iv). The positions of the domains in (b) are marked in (a). 
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 In this study, we successfully reconstructed the amplitude 
and phase images of ptychographic-XAFS at 27 X-ray energies 
to obtain two-dimensional mappings of the Ce density and 
valence of Pt/Ce2Zr2Ox particles. The statistical analysis of the 
correlation between the Ce density and valence clearly showed 
the existence of four different reaction behaviors in the oxygen 
storage process of Ce2Zr2Ox. Although structural differences in 
each domain are not yet clear, the heterogeneity of the mixed-
oxide particles such as the boundaries of crystals, the location of 
defects is considered to be the cause of the different behaviors of 
the oxygen storage process in the solid particles. Three-
dimensional imaging by a combination of computed tomography 
and ptychographic-XAFS is promising to elucidate the detail 
intrinsic heterogeneous reaction behaviors of the material. The 
spatial resolution of X-ray ptychography is decided only by the 
angular extent of scattered photons, while that of full-field 
transmission X-ray microscopy (FF-TXM), which achieves much 
faster measurements in a similar X-ray regime, is limited by the 
fabrication accuracy of X-ray optical devices which reaches 
technical limit. If we can use high coherent flux by the two orders 
of magnitude in the next-generation synchrotron facilities, X-ray 
ptychography will be a more promising and powerful tool to 
provide wide field-of-view and high spatial resolution with shorter 
exposure time compared with lens-based microscopy such as FF-
TXM. 

Experimental Section 

Data collection: Ptychographic-XAFS experiment was performed in 
SPring-8 BL29XUL. 27 X-ray energies between 5.717 and 5.817 keV were 
selected and the finest energy gaps were 1 eV between 5.727 and 5.744 
keV. Incident X-rays were two-dimensionally focused to a 500 nm (full 
width at half maximum) spot size by a pair of KB mirrors. The samples 
were placed in the focal plane and mounted on a piezoelectric stage inside 
a high-vacuum chamber. The Pt/CZ-x samples on 500-nm-thick Si3N4 
membranes (SI 1) were scanned in 81 overlapping field of view with a step 
width of 400 nm. Multiple diffraction patterns were collected using an in-
vacuum pixel array detector (Dectris EIGER 1M). The exposure time at 
each position was 4.0 s.  
Image reconstruction and correlation analysis: The image 
reconstruction was performed by the ePIE algorithm using the KKR 
constraint. Initial guesses of the object function were unity, and initial 
guesses of the probe function were calculated in consideration of our 
experimental parameters. Iteration was continued for up to 2000 cycles, 
and the KKR constraint was used every 100 cycles to improve the quality 
of the reconstruction (SI 3). The detail of the correlation analysis of the Ce 
density and valence is presented in SI 5.  
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