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Introduction

Bimetallic nanoparticles are critically important in the design

Atomic-scale elucidation of formation and structure
in high-performance Re—Ge nanocatalysts

2 Ryuichi Shimogawa, (2 @ Takeshi Matsuo,
*¢ and Ayako Hashimoto

Masahiko Shimizu, (2 *5< Yuta Inami,
Yu Fujikata, ¢ @ Hajime Matsumoto,*® Kazutaka Mitsuishi *bc
Rational design of high-performance bimetallic nanocatalysts requires an understanding of the unique
atomic structures governing their performance. This study focused on the Re-Ge/TiO, catalyst, which
exhibits high performance for carboxylic acid hydrogenation. We analyzed structural and electronic state
changes occurring during its multistep preparation involving calcination in air, hydrogen reduction, and
oxidative stabilization to elucidate the key structural factors responsible for its high performance. To this
end, a complementary approach combining in situ X-ray absorption fine structure analysis and ex situ
scanning transmission electron microscopy (STEM) was employed. In particular, the STEM measurements
utilized an air-free transfer holder to track the same individual nanoparticles throughout all preparation
steps, thereby addressing two issues: the challenge of distinguishing true structural changes from par-
ticle-to-particle variations among different particles and electron beam damage associated with long
exposure times. It was revealed that the highly active catalytic state after hydrogen reduction is associated
with approximately 1 nm crystalline Re—Ge alloy nanoparticles. The crystal structure of the nanoparticles
was a unique, low-energy, and face-centered cubic fragment, verified by density functional theory calcu-
lations. Furthermore, quantitative STEM image analysis demonstrated that the nanoparticles formed a Re—
Ge random alloy. This atomic-level mixing, as detected by the spatially averaged X-ray absorption, is con-
sidered to stabilize the metallic Re(0) state, rendering Re electron-rich. These findings not only provide a
new strategy for designing high-performance nanocatalysts but also establish a correlative methodology
as a way to identify performance-determining factors in complex nanomaterials.

reactions.”° To enhance its performance, functional optimiz-
ation through combinations with other elements is essential.
Indeed, alloying Re with elements such as Pd, Pt, Ru, Fe, and

of next-generation functional materials. They exhibit unique
properties attributed to interactions between constituent
elements."” This strategy is particularly powerful for catalysis,
where combinations of different elements can precisely
control activity and selectivity at the atomic level via geometric
and electronic effects.>* Rhenium (Re) is a crucial catalytic
element exhibiting excellent activity in various hydrogenation
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Ni has been reported to improve catalytic activity."' >

We recently developed a novel nanocatalyst by combining Re
with germanium (Ge).'®" It exhibits higher selectivity in direct
hydrogenation of carboxylic acids compared with monometallic
Re catalysts and has high activity and selectivity comparable to
commercial Ru-Pt-Sn catalysts.'"® Furthermore, its precious-
metal-free composition and low-cost preparation make it a prom-
ising candidate for industrial applications. However, the atomic-
level structural and electronic origins of this performance
enhancement remain unclear. Understanding these factors is
essential for further enhancements and for rational design of
next-generation nanomaterials. This requires accurately tracking
atomic-level structural changes throughout multistep thermal
treatments during catalyst preparation, which is difficult to
achieve with conventional methods. For example, in situ X-ray
techniques provide spatially averaged information under reaction
conditions'®" but do not resolve the local structures of individ-

20,21

ual active sites. Atomic-resolution scanning transmission

electron microscopy (STEM) enables local structural analysis.**>°
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However, since structural changes associated with each prepa-
ration step are typically assessed by observing different samples,
the effects of sample inhomogeneity—such as variations in par-
ticle size and shape—cannot be excluded. Therefore, it is challen-
ging to distinguish whether observed structural differences orig-
inate from changes during the catalyst preparation or reflect
simply particle-to-particle variations. Although in situ STEM
enables dynamic imaging, prolonged electron beam exposure
can cause significant beam damage to the sample.””*®

We addressed these challenges through a complementary
multi-scale approach. Using in situ X-ray absorption fine struc-
ture (XAFS) analysis, we tracked the spatially averaged chemical
state changes across the entire sample. We then used ex situ
STEM with an air-free transfer holder to directly image the
corresponding structural changes of individual nanoparticles at
the atomic scale. This approach enabled us to elucidate the
changes that occur in both the structural and electronic states
occurring during each preparation step of Re-Ge catalysts and
to identify the key structural factors responsible for the high
performance. Unique crystalline nanoparticles of approximately
1 nm in diameter were observed in their highly active state after
hydrogen reduction. Furthermore, XAFS analysis indicated that
Re-Ge alloy formation stabilized the metallic Re(0) state, render-
ing Re electron-rich. These results not only confirm a new strat-
egy for designing high-performance nanocatalysts but also
demonstrate an effective analytical methodology for the struc-
tural analysis of various complex nanomaterials.

Materials and methods
Sample preparation

The TiO,-supported Re-Ge catalyst (Re-Ge/TiO,) was prepared
with a co-impregnation method that was previously reported."”
An aqueous solution of NH,ReO, and GeO, impregnated the
support; this was followed by drying and calcination in air at
300 °C. The nominal loadings of Re and Ge were 5 wt% and
3 wt%, respectively. A portion of this calcined powder was
directly used for in situ XAFS measurements and as the start-
ing material for ex situ STEM imaging. To analyze the reduced
catalyst, another portion of the powder was exposed to hydro-
gen at 500 °C. The reduced sample was then stored in an
argon-filled glove box.

X-ray diffraction analysis

Powder X-ray diffraction (XRD) patterns of TiO, and the hydro-
gen-reduced Re-Ge/TiO, catalyst were recorded using a diffr-
actometer (D8 Advance, Bruker AXS) with Cu Ka radiation (40
kv, 40 mA). Data were collected over a 26 range of 15-90° with
a step size of 0.02°. To prevent exposure to air during the
measurement, the sample was sealed in a Si-based airtight
holder filled with argon.

For the calcined and oxidized Re-Ge/TiO, catalysts, powder
XRD patterns were re-measured using a diffractometer
(Empyrean, Malvern Panalytical) with Cu Ka radiation (45 kV,
40 mA) in reflection mode. Data were collected over a 26 range
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of 10-80° with a step size of 0.008°. Each sample was
measured by four repeated scans.

In situ XAFS measurement

XAFS measurements were performed at the BL-9C beamline of
the Photon Factory at KEK (Tsukuba, Japan). Re L; edge
(10535 eV) and Ge K edge (11 103 eV) spectra were obtained in
transmission mode. In situ measurements were performed
using an electric furnace cell equipped with an automated gas
mixing system. The Re-Ge/TiO, or Re/TiO, sample was loaded
into the cell, and spectra were first recorded in air. The sample
was then reduced under flowing hydrogen as the temperature
was increased from room temperature to 500 °C at 10 °C
min~'. XAFS spectra were recorded continuously during the
temperature ramp. After holding it at 500 °C, the sample was
then cooled to 50 °C under hydrogen. The gas atmosphere was
then switched sequentially from H, to N,, 5% O,/N,, and 20%
0,/N, at 50 °C to investigate the oxidation behavior. For com-
parison, Re/TiO, (without Ge) was analyzed under identical
conditions.

XAFS data processing was performed with the Larch soft-
ware package.”® Energy calibration was conducted using Re
and Ge metal references, where the edge energy (E,) was
defined as the first zero-crossing point of the second derivative
of the absorption spectrum. This was 10 535 eV for the Re Lj
edge and 11 103 eV for the Ge K edge. Extended XAFS (EXAFS)
fitting was performed in R-space with FEFF8.5L software
bundled with Larch. Details of the fitting procedure are pro-
vided in the SI.

Ex situ STEM observation

Prior to sample loading, multiple 2 pm-diameter pores were
created in the heating silicon nitride membrane of the micro-
electromechanical chip (Hummingbird Scientific) using a
gallium focused ion beam (JIB-4000, JEOL) to minimize back-
ground signals from the support membrane for high-resolu-
tion STEM imaging. The Re-Ge/TiO, powder was then loaded
onto the chip, which was subsequently mounted onto an air-
free transfer TEM holder (Hummingbird Scientific). Prior
to imaging, the sample surface was subjected to plasma
cleaning (GV10x, Ibss Group, Inc.) to remove contaminants. All
images were acquired using an aberration-corrected TEM
(JEM-ARM200F, JEOL) operated at 200 kV. To minimize beam-
induced changes, probe alignment (e.g., focusing) was per-
formed in a different area from the observation target, and the
target nanoparticles were exposed only during image acqui-
sition. The probe current was kept at approximately 20 pA. For
ex situ processing, the sample mounted in the air-free holder
was transferred from the TEM to a vacuum chamber. Inside
the chamber, the sample was heated using the membrane
chip under a sealed atmosphere of selected preparation gases
at approximately 0.5 atm. The procedure consisted of hydrogen
reduction (500 °C, 30 min hold), followed by oxidative stabiliz-
ation (5% O,/N, at room temperature). After each step, the
holder was returned to the TEM without exposure to air, which
allowed imaging of structural changes in the same nano-

This journal is © The Royal Society of Chemistry 2026
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particles. High-angle annular dark-field STEM (HAADF-STEM)
images were acquired with a convergence angle of 20.8 mrad, a
pixel size of 2048 x 2048, and a dwell time of 5 ps per pixel.

High-resolution STEM observation of nanoparticles after
hydrogen reduction

To analyze the composition and crystal structure of the nano-
particles in their high-performance state after hydrogen
reduction, high-resolution STEM images were acquired. The
hydrogen-reduced Re-Ge/TiO, powder was handled under an
inert atmosphere to prevent exposure to air. Inside an argon-
filled glovebox, the powder was dispersed onto a copper TEM
grid (EM Japan), which was then loaded onto an air-free trans-
fer holder (JEOL) for insertion into an aberration-corrected
TEM (JEM-ARM300F, JEOL). All imaging was performed with
an acceleration voltage of 300 kV. HAADF-STEM images were
acquired with a convergence semi-angle of 23.6 mrad and a
collection range of 73-175 mrad. The image size and dwell
time were 2048 x 2048 pixels and 5 ps per pixel, respectively.
For elemental mapping, STEM combined with energy disper-
sive X-ray spectroscopy (STEM-EDS) was performed with an
acquisition time of 300 s.

Density functional theory calculations

To examine the possible stable structures of Re nanoclusters,
we performed structural optimization calculations based on
those reported previously.®® Thirty structurally different
55-atom clusters with high symmetry were used as initial struc-
tures. Their relative stabilities were evaluated by comparing
their total energies after structural optimization. Density func-
tional theory (DFT) calculations were performed with the
Quantum ESPRESSO package,*! with plane-wave basis sets and
projected augmented-wave pseudopotentials.®*?® The energy
cutoff of the plane-wave basis set was 51 Ry. The exchange-cor-
relation functionals were treated within the generalized gradi-
ent approximation using the Perdew-Burke-Ernzerhof*! form.
The finite-size clusters were placed in a cubic supercell having
an edge length of 25 A, which was sufficiently large to avoid
interactions between clusters in neighboring cells. To account
for the large size of the unit cells, all calculations were
restricted to the I" point of the Brillouin zone. During the geo-
metric optimization, the convergence threshold was 10™° Ry
for self-consistent electronic minimization, and all atoms were
allowed to relax until the forces were below 10~ Ry A™".

HAADF-STEM image simulation

To determine the atomic mixing pattern within the nano-
particles, HAADF-STEM image contrast simulations were per-
formed to reproduce the experimental images. All atomic
models were constructed based on the crystal structure deter-
mined from the STEM images and DFT calculations. The
models were initially created as spherical clusters, with their
diameters set to match the experimentally observed particle
sizes, and their central coordinates were set to align with the
arrangement of atomic columns in the experimental images.
We then generated several atomic models for major mixing pat-
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terns, including core-shell, subcluster-segregated, ordered alloy
and random alloy structures, as described previously."? The
overall composition of each model was Re-rich, in accordance
with STEM-EDS results. Finally, the models were cut into hemi-
spheres to match the observed particle shape. To reproduce the
intensities of each atomic column in the experimental images
(as obtained by two-dimensional Gaussian fitting), the substitu-
tional Re and Ge sites were optimized. The HAADF-STEM image
simulations were performed with the multi-slice method
implemented in the abTEM code.*® All simulation parameters,
including the accelerating voltage, convergence angle, and
HAADF detector collection angles, were set to match the experi-
mental conditions. Thermal vibrations were accounted for
using a frozen phonon model with 100 configurations.

Results and discussion

Electronic and local structure analyses of hydrogen reduction
and oxidative stabilization

The standard preparation method for the Re-Ge catalyst con-
sists of three sequential gas-phase treatments after the impreg-
nation of Re and Ge precursors onto the TiO, support: (1) cal-
cination in air to decompose supported salts, (2) hydrogen
reduction for catalyst activation, and (3) oxidative stabilization
to enable safe handling in air."” While the Re-Ge catalyst pre-
pared by hydrogen reduction (step 2) exhibits high hydrogen-
ation activity and selectivity, the subsequent oxidative stabiliz-
ation step (step 3) can decrease both catalytic activity and
selectivity, despite being essential for safe handling at the
industrial scale.?® Understanding this deactivation mechanism
and identifying the primary cause of performance loss are
crucial for improving catalyst production. To elucidate the
local structure and electronic state of the Re-Ge nanoparticles
during these preparation steps, in situ XAFS measurements
were performed during both the reduction and oxidative stabi-
lization steps.

Fig. 1 shows the XAFS spectra of Re-Ge/TiO, at different
treatment stages, while Fig. S1 shows the temperature-depen-
dent changes in the X-ray absorption near edge structure
(XANES) spectra during the reduction step. Fig. S2 presents the
XANES spectra in Fig. 1 overlaid with reference compounds: Re
metal, ReO,, ReO3, and NH,4ReO, for the Re L; edge and Ge(0)
and hexagonal GeO, for the Ge K edge. Before reduction, the
Re L; edge spectrum exhibited a peak position comparable
with that of Re(wv), Re(vi), and Re(vu) references, confirming
the presence of oxidized Re compounds (Fig. S2a). The corres-
ponding Fourier transform spectrum (Fig. 1c) matches well
with that of NH,ReO, in R space. After hydrogen reduction at
500 °C, the white line intensity significantly decreases, and the
edge position shifts to lower energy. However, the position
remains higher than that of Re(0), indicating partial reduction
toward the metallic state (Fig. S2a). The Fourier transform
spectrum shows that the intensity of the peak corresponding
to the first coordination shell decreases as the reduction pro-
ceeds (Fig. 1c).
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Fig. 1 X-ray absorption fine structure (XAFS) analysis of Re—Ge/TiO, at different treatment stages. Top row: Re Lz edge data showing (a) X-ray
absorption near edge structure (XANES), (b) k*-weighted extended XAFS (EXAFS) oscillations, and (c) Fourier transform magnitude. The NH,ReO,
reference is shown as a dashed line. Bottom row: Ge K edge data showing (d) XANES, (e) k2-weighted EXAFS oscillations, and (f) Fourier transform
magnitude. Data are shown for four conditions: before reduction (blue), after hydrogen reduction at 500 °C (orange), after exposure to 20% O, at

50 °C (green), and the GeO, reference (dashed line).

Similarly, for the Ge K edge, the XANES spectrum before
reduction matches well with that of GeO,, confirming that Ge
exists in the Ge(wv) oxidized state (Fig. S2b). The Fourier trans-
form spectrum (Fig. 1f) also shows good agreement with that
of GeO, in R space. After hydrogen reduction, the edge posi-
tion shifts to lower energy, and the intensity of the first-shell
peak decreases. However, the white line intensity remains
higher than that of Ge(0), indicating partial reduction, as
observed for Re.

The temperature-dependent XANES spectra (Fig. S1) provide
insight into the reduction mechanism. For the Re L; edge
(Fig. S1a), the absence of an isosbestic point during reduction
indicates that the transformation involves more than two
chemical compounds. This suggests that the reduction of Re
proceeds through multiple intermediate oxidation states, from
Re(v) and/or Re(vi) through Re(iv) to Re(0), rather than
through a simple two-state conversion. Such reductions invol-

ving multiple intermediate species have also been reported in
the Re/TiO, system.'® In contrast, the Ge K edge spectra
(Fig. S1b) exhibit behavior consistent with a two-component
system, suggesting that the reduction of Ge proceeds directly
from Ge(v) to Ge(0) without detectable intermediate oxidation
states.

To quantitatively analyze the structural evolution during
each preparation step, EXAFS curve-fitting analyses were per-
formed, as summarized in Tables 1 and 2. Fig. 2, Tables S2
and S3 show the temperature dependences of the structural
and fitting parameters during hydrogen reduction. The indi-
vidual fitting results in R-space are presented in Fig. S3-S5.

A significant difference was observed in the EXAFS spectra
in R-space for Re-Ge/TiO, and Re/TiO, at 500 °C under hydro-
gen (Fig. 3b), indicating the presence of Re-Ge bonds in the bi-
metallic catalyst. A two-shell fit with Re-O and Re-Ge paths
reproduced the EXAFS signals, yielding a Re-Ge bond distance

Table 1 Re Lz edge extended X-ray absorption fine structure fitting results for the Re—Ge/TiO, samples

Sample Path N R(A) o (x107% A?) AE, (eV) R-Factor v

Re-Ge/TiO, before reduction Re-O 5.3+2.7 1.775 £ 0.032 0.0+ 1.9 7.5+8.3 2.9% 557.0

Re-Ge/TiO, H, 500 °C Re-O 1.2+1.4 1.899 + 0.074 0.1+11.9 —-11.0 £12.3 4.9% 135.1
Re-Ge 2.8+3.3 2.448 + 0.066 10.7 £ 8.8

Re-Ge/TiO, O, 50 °C Re-O 1.3+1.4 2.067 £ 0.055 0.1+5.0 14.6 £10.0 5.4% 81.7
Re-Ge 1.8+2.3 2.554 + 0.051 6.0 +£10.3
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Table 2 Ge K edge extended X-ray absorption fine structure fitting results for the Re—Ge/TiO, samples
Sample Path N R(A) o (x107° A?) AE, (eV) R-Factor e
Re-Ge/TiO, before reduction Ge-O 4.7 £2.2 1.729 + 0.034 0.0 +5.1 -1.0+7.2 5.0% 1092.0
Re-Ge/TiO, H, 500 °C Ge-O 1.5+04 1.735 £ 0.018 0.0 £ 3.6 —-10.0 £ 4.0 1.8% 29.8
Ge-Re 3.0+2.1 2.547 + 0.029 12.7+7.0
Re-Ge/TiO, O, 50 °C Ge-O 3.2+1.4 1.738 £ 0.032 0.6 £5.0 0.7 £ 6.6 4.6% 881.3
10 30 adequately reproduce the experimental data owing to the
a b 8- RiRe-0) )
\ 28 e longer bond distance of the Re-Re shell.
[ - RiRe-Ge)

I HH e

100 200 300 400 500 100 200 300 400 500
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Fig. 2 Temperature dependence of extended X-ray absorption fine
structure fitting parameters for Re—Ge/TiO, during hydrogen reduction.
(a) Coordination numbers from Re Lz edge fitting: N(Re—0O) (blue circles)
and N(Re—Ge) (green squares). (b) Bond distances from Re L; edge
fitting: R(Re—0O) (blue circles) and R(Re—Ge) (green squares). (c)
Coordination number N(Ge-0) from Ge K edge fitting. (d) Bond distance
R(Ge-0O) from Ge K edge fitting. The transition at ~335 °C corresponds
to the onset of Re reduction and Re-Ge alloy formation. The 500 °C
data point is from the merged spectra to improve the signal-to-noise
ratio.
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edge structure spectra and (b) Fourier transform magnitude. Re—Ge/
TiO, H, 500 °C (blue), Re/TiO; H, 500 °C (orange), Re—Ge/TiO, 20% O,
(green), and Re/TiO, 20% O, (red).

of 2.448 + 0.066 A, which is significantly shorter than the Re-
Re bond distance reported for Re/TiO,*° (2.76 + 0.01 A). In
contrast, a two-shell fit with Re-O and Re-Re paths did not

This journal is © The Royal Society of Chemistry 2026

For the Re L3 edge (Fig. 2a and b), the Re-O coordination
number, N(Re-O), and the Re-O bond distance, R(Re-O)
(~1.7 A) remain consistent with the tetrahedral ReO,~ struc-
ture of NH,ReO, below 280 °C. Above this temperature, N(Re—
0) begins to decrease, indicating the onset of Re reduction. At
intermediate temperatures (approximately 335 ©C), EXAFS
fitting required both short and long Re-O paths (Fig. S4l,
Table S2), indicating the coexistence of multiple Re-O coordi-
nation environments consistent with the multi-step reduction
suggested by the XANES data. Above 335 °C, the model with a
long Re-O bond provided physically reasonable parameters.

Above 335 °C, N(Re-Ge) begins to increase as N(Re-O) con-
tinues to decrease, indicating the formation of Re-Ge bonds
concurrently with the loss of Re-O coordination. However,
owing to the strong correlation between the coordination
number and the Debye-Waller factor (¢7) in the EXAFS fitting,
the error bars associated with N(Re-Ge) and ¢°(Re-Ge) are too
large to allow a quantitative comparison; therefore, only a
trend of increasing N(Re-Ge) can be inferred. At 500 °C, the
fitting results show N(Re-Ge) = 2.8 + 3.3 with R(Re-Ge) = 2.448
+0.066 A (Table 1).

For the Ge K edge (Fig. 2c and d), N(Ge-O) and R(Ge-O)
(~1.73 A) remain consistent with those of GeO, below 300 °C
(Fig. S5). Above this temperature, N(Ge-O) decreases similarly
to Re, suggesting concurrent reduction and alloy formation. It
is noteworthy that even after 500 °C reduction under hydrogen,
a significant Ge-O contribution remains with N(Ge-O) = 1.5 +
0.4 (Table 2), indicating that a substantial fraction of Ge exists
as oxides on the TiO, support.

For the spectrum at 500 °C, fitting with a two-shell model
including Ge-O and Ge-Re paths yielded N(Ge-Re) = 3.0 + 2.1
and R(Ge-Re) = 2.547 + 0.029 A (Table 2). This spectrum could
also be fitted with a two-shell model including Ge-O and Ge-
Ge paths, yielding N(Ge-Ge) = 1.2 + 1.3 and R(Ge-Ge) = 2.431 =
0.033 A (Table S1). This Ge-Ge bond distance is comparable to
that in Ge bulk (2.45 A).?” Although the Ge-Re model provided
a marginally better fit (R-factor = 1.8% vs. 3.3%), both struc-
tural models remain plausible given the similar fit quality, and
the Ge K-edge data alone do not allow us to exclude Ge-Ge
bonding. The fitted Ge-Re bond distance (2.547 A) is slightly
longer than the Re-Ge distance obtained from the Re L; edge
analysis (2.448 A). Nevertheless, these values are comparable
within experimental uncertainty. Considering the clear Re-Ge
contribution observed from the Re L; edge, we conclude that
Ge-Re bonds are present in the reduced catalyst. However, the
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Ge-Ge contribution may also be significant, suggesting that
both Ge-Re and Ge-Ge coordination environments coexist in
the reduced catalyst.

The XANES spectra of Re-Ge/TiO, and Re/TiO, were com-
pared to investigate the effect of Ge addition on the electronic
state of Re. Fig. S6 shows the Re L; edge XAFS analysis of the
Re/TiO, catalyst at different treatment stages and Fig. 3 pre-
sents a direct comparison between Re-Ge/TiO, and Re/TiO,.
After hydrogen reduction at 500 °C, the Re L; edge XANES
spectrum of Re-Ge/TiO, exhibits a lower white line intensity
and a slight shift to lower energy compared with that of Re/
TiO, (Fig. 3a). This decrease in white line intensity indicates
that Re in the bimetallic catalyst has a higher electron density,
suggesting that the formation of the Re-Ge alloy stabilizes the
metallic Re(0) state more effectively than in the monometallic
catalyst. This electron-rich Re is closely related to the
enhanced Re-Ge catalytic performance.

The structural changes were investigated to understand the
origin of the decreased catalytic performance after oxidative
stabilization. Upon exposure to 20% O, at 50 °C, distinctly
different behaviors were observed for Re-Ge/TiO, and Re/TiO,
catalysts (Fig. 3). For Re/TiO,, significant changes in both the
XANES spectrum and the Fourier transform magnitude were
observed after oxidation (Fig. S6), indicating substantial re-oxi-
dation of Re(0). In contrast, Re-Ge/TiO, exhibited relatively
minor changes in the Re L; edge spectra after oxidative stabi-
lization (Fig. 1a-c), with the white line intensity remaining
lower than that of Re/TiO, (Fig. 3a). This suggests that the
Re-Ge alloy structure provides enhanced oxidation resistance
when compared with Re/TiO,.

The EXAFS fitting results (Tables 1 and 2) also support this
interpretation. For the Re L; edge, the Re-Ge bond remains
detectable after oxidative stabilization with N(Re-Ge) = 1.8 =+
2.3 and R(Re-Ge) = 2.554 + 0.051 A (Table 1). Although no
definitive conclusion can be drawn regarding the coordination
number owing to the strong N-¢> correlation in the fit, the per-
sistence of the Re-Ge contribution suggests that the Re-Ge
alloy structure formed at high temperature is at least partially
preserved, indicating that the Re-Ge alloy layer has higher re-
sistance to oxidation. In contrast, at the Ge K edge, the coordi-
nation number N(Ge-O) increases from 1.5 + 0.4 (H,, 500 °C)
to 3.2 £ 1.4 (O,, 50 °C) after oxidation (Table 2), while the
second shell peak corresponding to the Ge-Re (or Ge-Ge)
bonds significantly decreases in intensity (Fig. 1f, comparing
the green and red curves). This indicates that the reduced Ge
compounds have been substantially re-oxidized.

These observations suggest that the addition of Ge leads to
the formation of a stable Re-Ge alloy layer that confers oxi-
dation resistance, thereby stabilizing the Re(0) state.
Meanwhile, most of the Ge exists as Ge-Ge-rich regions or
oxide species on the support and are readily converted to GeO,
under oxidizing conditions. The re-oxidation of Ge compounds
within the alloy nanoparticles upon oxidative stabilization is
expected to disrupt the atomic-level mixing of Re and Ge that
characterizes the active state. This would potentially lead to
structural degradation of the nanoparticles.
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Observation of structural changes during catalyst preparation
stages

To elucidate the structural changes corresponding to chemical
state changes detected by in situ XAFS, further analyses were
performed. First, XRD measurements were conducted on the
catalyst at each preparation stages, including after calcination,
after hydrogen reduction, and after oxidative stabilization
(Fig. S7). In all cases, only diffraction peaks from the TiO,
support (anatase) were observed, and no crystalline phases of
Re, Ge, or their alloys were detected. Therefore, we performed
ex situ STEM imaging to track the structural changes at each
preparation step at the atomic scale. The preparation con-
ditions (calcination in air, hydrogen reduction, and oxidative
stabilization) were reproduced using the air-free transfer TEM
holder combined with the vacuum chamber. This enabled
tracking of the same nanoparticles throughout all preparation
steps without air exposure.

Fig. 4a—-c show the ex situ HAADF-STEM images of the same
field of view at each preparation step. After calcination in air
(Fig. 4a), both Re and Ge species were found to be highly dis-
persed on the TiO, support, primarily as sub-nanometer clus-
ters and some individual atoms. In contrast, nanoparticles
were formed after hydrogen reduction (Fig. 4b). The particle
size distribution of approximately 700 particles, according to a
reported method,*® yielded an average diameter of 1.3 =
0.3 nm (see the histogram in Fig. S8). The nanoparticles
remain clearly visible after the oxidative stabilization step
(Fig. 4c), with no observable changes in their size or position.
These observations directly demonstrate that approximately
1 nm nanoparticles are formed from the dispersed species
during hydrogen reduction. Furthermore, their size and posi-
tion on the support remain unchanged at the atomic scale
during oxidation stabilization. Fig. 4d and e show the
HAADF-STEM images of the same particle after hydrogen
reduction and after oxidation stabilization, respectively. The
highly active particles after hydrogen reduction exhibit lattice
fringes. In contrast, the fringes disappear for the low-activity
particles after oxidative stabilization. This loss of crystallinity
was also confirmed by the disappearance of the diffraction
spots from the nanoparticles in the corresponding fast Fourier
transform (FFT) images (Fig. 4f and g and Fig. S9). Under our
imaging conditions, control electron beam irradiation experi-
ments confirmed that these crystallization/amorphization
changes were not beam-induced but resulted from the respect-
ive preparation steps (Fig. S10).

The Re-Ge/TiO, catalytic performance differs between the
post-hydrogen-reduction state (high activity and selectivity)
and the post-oxidative stabilization state (low activity and
selectivity).>® The results shown in Fig. 4b and c indicate that
this performance decline cannot be explained by the changes
in particle size or dispersion. Therefore, the loss of nano-
particle crystallinity, revealed in Fig. 4d-g, is likely the primary
cause of catalyst deactivation. This is consistent with the
in situ XAFS results, which showed that Ge in the nanoparticles
was re-oxidized upon oxygen exposure, as evidenced by the
increased Ge-O coordination number and decreased Ge-Re

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Ex situ high-angle annular dark-field scanning transmission electron microscopy images of the Re—Ge/TiO, catalyst at each preparation
stage. A series of images showing the same field of view after (a) calcination in air, (b) hydrogen reduction, and (c) oxidative stabilization. High-mag-
nification images of the same nanoparticle after (d) hydrogen reduction and (e) oxidative stabilization. (f and g) Corresponding fast Fourier transform
patterns obtained from the images shown in (d) and (e), respectively. The red and green circles indicate the diffraction spots from the nanoparticle
and the TiO, support, respectively. Note that the spots from the nanoparticle are not observed in (g) after oxidative stabilization. Scale bars: 5 nm in

(a=c); 2nmin (d and e); and 5 nm~tin (f and g).

contributions. This Ge oxidation disrupts the atomic-level Re—
Ge mixing essential for stabilizing the metallic Re(0) state,
thereby explaining both the loss of crystallinity and the accom-
panying decline in catalytic performance. Thus, the ability to
clearly decouple multiple structural factors affecting catalytic
performance was made possible by the complementary
approach of combining spatially averaged XAFS with direct
atomic-resolution STEM imaging.

Atomic-scale structural analysis of nanoparticles in the
catalytically active state

We then investigated the atomic structure of the nanoparticles
in their active state after hydrogen reduction. Re is considered
to be the primary active site, while Ge serves as a co-catalyst that
enhances selectivity.'®> If the stabilization of the metallic Re(0)
state through Re-Ge alloy formation suggested by in situ XAFS is
key to the co-catalyst effect, elucidating the atomic arrangement
within the nanoparticles is crucial. Therefore, a detailed ana-
lysis of the composition, crystal structures, and atomic mixing
patterns of the catalytically active nanoparticles was performed.
First, the elemental composition of the nanoparticles was
investigated using STEM-EDS. Fig. 5a shows an elemental map
overlaying Re M (red) and Ge L (green) maps (the individual
maps for Re and Ge are shown in Fig. S11). The nanoparticles
contain Re and Ge, as shown for the representative particles
highlighted by the frames. Quantitative analysis of approxi-
mately 50 particles indicated that both Re and Ge were

This journal is © The Royal Society of Chemistry 2026

detected in every particles, with an average Ge/Re atomic ratio
of 0.53 + 0.25 (see the histogram in Fig. S12). This is consistent
with the overall ratio of 0.51 obtained from the entire mapped
area. The observed Ge/Re ratio is significantly lower than the
nominal Ge/Re loading ratio of approximately 1.5, indicating
that only a small fraction of the total loaded Ge is incorporated
into the Re-Ge nanoparticle alloys. The remaining Ge most
likely exists as highly dispersed GeO, compounds on the TiO,
support that are below the STEM-EDS detection limit. This
interpretation is consistent with the substantial Ge-O coordi-
nation number detected by XAFS after hydrogen reduction.
This Re-rich composition, combined with the in situ XAFS
finding that both elements are in the metallic state, indicates
that the nanoparticles are Re-based Re-Ge alloys. The formation
of this Re-rich alloy is inconsistent with the bulk Re-Ge equili-
brium phase diagram, where only a Ge-rich intermediate phase
is considered thermodynamically stable.***° Therefore, the
nanoparticles exist in a nanoscale-specific metastable phase.
The crystal structure of the nanoparticles was investigated
based on the HAADF-STEM images. Fig. 5b shows an image
acquired from an area nearly identical to that shown in Fig. 5a,
while Fig. 5c is a magnified image of a representative nano-
particle selected for analysis. This particle reflects the average
characteristics of the nanoparticle ensemble in terms of both
size (1.5 nm in diameter) and composition (Ge/Re = 0.47). The
FFT pattern obtained from the image of this particle (Fig. 5c,
inset) shows hexagonal reflections. This characteristic structure
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Fig. 5 Scanning transmission electron microscopy (STEM) analysis of the Re-Ge/TiO, nanoparticles after hydrogen reduction. (a) STEM energy dis-
persive X-ray spectroscopy elemental map overlaying Re M (red) and Ge L (green) maps. Representative particles are indicated by frames. (b) High-
angle annular dark-field STEM (HAADF-STEM) image of an area nearly identical to (a). (c) Magnified HAADF-STEM image of the particle indicated by
the sky-blue frame in (a and b) and the corresponding fast Fourier transform pattern (inset). (d) Atomic model of the Re—Ge nanoparticle based on
the face-centered cubic fragment structure obtained from density functional theory calculations and a simulated diffraction pattern (inset). The
model is displayed slightly tilted from the zone-axis orientation for clarity. The atom colors indicate Re (beige) and Ge (purple). Atoms whose
elemental assignment was unclear owing to positional overlap with the support are displayed in both colors. Scale bars: 5 nm in (a and b); 0.5 nm in

(c); and 5 nm~tin the insets of (c and d).

was commonly observed among the nanoparticles of this cata-
lyst (Fig. S13). However, the FFT pattern did not match those of
the hexagonal close-packed (HCP) structure of bulk Re,** the
diamond structure of Ge,*! or the theoretically calculated icosa-
hedral structure of Re nanoparticles.’® Based on the EDS ana-
lysis indicating that this nanoparticle is Re-rich, we focused on
Re-based structural models and first tested whether a distorted
HCP Re structure could reproduce the experimental FFT
pattern. We therefore examined anisotropically distorted HCP
Re models by varying the ag-axis strain (g,) and c-axis strain (e.);
however, none of them could reproduce the experimental FFT
patterns or the real-space atomic arrangement (Table S4 and
Fig. S14). To explore alternative Re-based structural models that
could explain the experimental results, DFT calculations were
performed. The calculations revealed that, in addition to the
previously reported icosahedral structure,®® the face-centered
cubic fragment (FCCf) structure®>*” is also identified as a low-
energy candidate (Fig. S15). Therefore, a hemispherical atomic
model based on this FCCf structure was constructed, reflecting
the experimentally observed particle size. Fig. 5d shows the
atomic model and the corresponding simulated diffraction.
This model showed good agreement with the experimental
results (Fig. 5¢) in both the real-space atomic arrangement
(HAADF-STEM image) and the reciprocal-space diffraction
pattern. It should be noted that the present DFT calculations
were performed for free-standing Re clusters without explicitly
considering the TiO, support. Although support interactions
may affect cluster stability and structure, such an analysis is
beyond the scope of this study.

To elucidate the atomic mixing pattern of Re and Ge within
this FCCf structure, the Z-contrast in the HAADF-STEM images
was quantitatively analyzed.***® The experimental intensity pro-
files were compared with those simulated based on the major
atomic ordering models for bimetallic nanoparticles, including
core-shell, subcluster-segregated, ordered alloy and random
alloy structures"? (see Fig. S16). The results demonstrated that

Nanoscale

the random alloy model, in which Re and Ge are atomically
mixed, as depicted in Fig. 5d, best reproduced the experimental
image. This finding was consistent with the spatially averaged
XAFS results, which indicated that Re and Ge are present within
the first coordination spheres of each other. These results
directly demonstrate, through complementary spectroscopic
analysis and atomically resolved STEM imaging, that the Re-Ge
nanoparticles form random alloys with a unique FCCf crystal
structure. Although the present results of this study do not
allow a clear distinction between the individual contributions of
electronic effects (the electron-rich Re(0) state) and geometric
effects (the shortened bond distances, the FCCf structure and
random alloy mixing), both are likely to play important roles in
the enhanced catalytic performance.

Conclusions

This study focused on Re-Ge catalysts, which exhibit excellent
activity and selectivity for the direct hydrogenation of car-
boxylic acids. The aim was to elucidate the changes in struc-
tural and electronic state occurring during the preparation
steps and thereby identify the key structural factors respon-
sible for the high catalytic performance. To this end, a comp-
lementary approach combining in situ XAFS and ex situ STEM
was employed. The results revealed that the highly active cata-
Iytic state is associaed with approximately 1 nm crystalline
nanoparticles formed during the hydrogen reduction step. The
unique crystal structure of the nanoparticles was identified as
the low-energy FCCf structure, based on DFT calculations.
Furthermore, Re and Ge mixed at the atomic level to form a
random alloy within the nanoparticles. This alloy formation
stabilized the metallic Re(0) state, rendering Re electron-rich.
Although the present results do not allow a clear distinction
between the individual contributions of electronic and geo-
metric effects, both are likely to play important roles in the

This journal is © The Royal Society of Chemistry 2026
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high catalytic performance. It was also found that the perform-
ance degradation accompanying the oxidative stabilization
step was attributable not to changes in particle size or dis-
persion but to the re-oxidation of Ge within the nanoparticles,
as revealed by the increased Ge-O coordination number
detected by XAFS and the consequent loss of crystallinity
observed by STEM. This close correlation between the changes
in the chemical state and the physical structure highlights the
critical importance of preserving the reduced Re-Ge alloy
phase for maintaining high catalytic performance. This study
not only elucidated the high-performance mechanism but also
demonstrated the importance of stabilizing the unique meta-
stable nanoscale phases and the resulting beneficial electronic
interactions between the constituent elements. The present
approach for directly linking spatially-averaged chemical state
changes obtained by XAFS with the atomic-scale structural
changes of individual nanoparticles revealed by STEM provides
an effective strategy for identifying the performance-determin-
ing factors in complex nanomaterial systems, thereby facilitat-
ing the rational design of high-performance catalysts.
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