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THE BIGGER PICTURE Downsizing noble-metal particles to subnanometric clusters and ultimately to single
atoms allows the geometric exposure of almost all noble-metal atoms for catalysis but concomitantly alters
theelectronicstructureof theactivesiteandhencecompromises the intrinsicactivityand/orselectivity.Coupling
twonoble-metalatomsviaabase-metalatominbimetalliccatalystscreateselectron-enrichedandelectron-defi-
cient sites that could distinguishably activate the functional groups in the reacting molecules. However, exper-
imental fabrication of such an atomically precise active site poses a significant challenge. This work reports an
approach todenselypopulatingandpreciselyarrangingPtatoms in the formofPt-Fe-PtoveranFeparticleviaH2

reduction at 673 K of a Pt-Fe2O3 particle pair, wherein a 3.3 nmPt particle sits on a 9.8 nm Fe2O3 particle. The Fe
nanoparticle thus formeddisperses the Pt particle into spatially isolatedPt atoms that are chemically bridgedby
an Fe atom in intermetallic bonds. The Pt-Fe-Pt active site not only catalyzes preferential hydrogenation of the
C=O bond, leaving the conjugated C=C bond intact, but also enhances the activity by 35-fold, circumventing
the selectivity-activity trade-off that is commonly encountered in selective heterogeneous hydrogenation. The
concurrent enhancement in activity and selectivity stems from the fine-tuned coordination environment of the
Pt-Fe-Pt active site interacting with the reacting molecules in a site-bond recognition manner, analogous to
enzyme catalysis. The left-end Pt atom anchors the C=C bond, whereas the central Fe atom activates the
C=O bond, which is further hydrogenated by H atoms supplied by the right-end Pt atom. This finding demon-
strates that elegant catalysis necessitates site-bond recognitions between the metal atoms in the active site
and the functional groups in the reactingmolecules. Itwouldbeapplicable to awide rangeof bimetallic catalysts
for selectivity control in the production of fine and specialty chemicals by active-site design at atomic precision.
SUMMARY
Dispersing the catalyticallymore active noblemetal at the single-site scale ensuresmaximumatom efficiency
for selective heterogeneous hydrogenation over bimetallic particles. However, the low density and random
location of the noble-metal atoms compromise the intrinsic activity and/or selectivity because of the resulting
altered electronic structure. Here, we report that densely populating and precisely arranging Pt atoms in the
form of a Pt-Fe-Pt heterotrimer not only catalyzes preferential hydrogenation of the C=O bond in crotonalde-
hyde (CAL) but also increases the reaction rate by 35-fold, circumventing the activity-selectivity trade-off. The
Pt-Fe-Pt active site is fabricated by H2 reduction at 673 K of a Pt-Fe2O3 particle pair, wherein a 3.3 nm Pt par-
ticle sits on a 9.8 nm Fe2O3 particle. It interacts with the CAL molecule in a site-bond recognition manner: the
left-end Pt atom anchors the C=Cbond, whereas the central Fe atom activates the C=Obond, which is further
hydrogenated by H atoms adsorbed on the right-end Pt atom.
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INTRODUCTION and electronic structures between the metal atoms in the active
Active and selective heterogeneous hydrogenation necessitates

accurate site-bond recognition at the molecular level, wherein

the active sites interact specifically with the functional groups

in the reacting molecules.1 Ideally, only the target functional

group is hydrogenated, whereas all other unsaturated bonds

are preserved. Bimetallic nanoparticles, consisting of a noble

metal and a base metal, feature unique catalysis for selective

heterogeneous hydrogenation reactions.2–4 The distinct geo-

metric and electronic structure of the active site, stemming

from the metal-metal interaction, favors the facile activation of

H2 and facilitates the preferential adsorption of the reacting

molecule. They traditionally present as bulk alloys, wherein the

two types of metal atoms arrange either randomly in the disor-

dered crystal phases or periodically in the ordered intermetallics,

but only the noble-metal atoms located on the surface layer are

accessible for catalysis.4 To efficiently utilize the costly noble

metals in catalysis, researchers have demonstrated atomically

dispersed active sites by downsizing the bimetallic nanoparticles

to subnanometric clusters3–8 and ultimately to single-atom alloys

(SAAs).9–11 This allows almost all noble-metal atoms to be

geometrically exposed to the reacting molecules, but the low

density and/or random location of the noble-metal atoms alters

the electronic character, compromising the selectivity and/or ac-

tivity.3,12 Subnanometric clusters, where a few metal atoms are

closely located at full dispersion, enable the adjacent atoms to

act cooperatively.5,8 However, the randomly arranged noble-

metal atoms, because of the much lower crystallinity,6,13 have

lower selectivity. On the other hand, noble-metal atoms,

dispersed in SAAs, feature high selectivity for heterogeneous hy-

drogenation via the site-decoupling effect.10,11 But the inherent

low surface density at traceable loading amounts limits the over-

all activity and the ability to catalyze reactions, necessitating

multiple sites nearby.14–20

The coupling of two noble-metal atoms through a bridging

base-metal atom allows flexible accommodation of the reacting

molecule and fine-tuning of the electronic character to specif-

ically activate the target functional group. However, the fabrica-

tion of such an atomically accurate active site is experimentally

challenging. Here, we report an approach to densely populating

and accurately locating Pt atoms in the form of Pt-Fe-Pt hetero-

trimer on an a-Fe nanoparticle. By tracking the H2 reduction of

the Pt-Fe2O3 particle pair (a 3.3 nm Pt particle sits on a 9.8 nm

Fe2O3 particle) with environmental scanning transmission elec-

tron microscopy (ESTEM) and in situ infrared (IR) spectroscopy,

we reveal that a-Fe, derived from Fe2O3, disperses the Pt particle

into Pt-Fe-Pt heterotrimers in intermetallic bonds. We demon-

strate that the Pt-Fe-Pt active site not only selectively catalyzes

hydrogenation of the C=O bond in crotonaldehyde (CAL) while

preserving the conjugated C=C bond but also enhances the re-

action rate dramatically. This overcomes the selectivity-activity

trade-off that is commonly encountered in selective heteroge-

neous hydrogenation. On the basis of comprehensive structure

characterizations, kinetic evaluations, and density functional

theory (DFT) calculations, we identify the coordination environ-

ment of the Pt-Fe-Pt active site and its catalytic mechanism at

atomic and molecular levels. It involves well-matched geometric
2 Chem 11, 102380, May 8, 2025
site and the functional groups in the reacting molecules. Namely,

a site-bond recognition pattern is analogous to the lock-and-key

model in enzyme catalysis.21,22 The left-end Pt atom anchors the

C=C bond while the central Fe atom activates the C=O bond,

which is further hydrogenated by H atoms supplied by the

right-end Pt atom. This result elucidates the interactions be-

tween the active site and the reacting molecule in terms of

both geometric and electronic factors, enabling precise control

of the chemical reaction on the solid catalyst surface. It also of-

fers a strategy for tuning the coordination environment of the

active site with atomic precision on bimetallic catalysts for

selectivity control in heterogeneous hydrogenation reactions.

RESULTS

Preferential hydrogenation of C=O bond over the Pt/Fe
catalyst
We first successfully synthesized the Pt-Fe2O3 particle pair that

was deposited onto a high-surface-area silica support (Fig-

ure S1). The Pt loading amount was 0.9 wt %, whereas that of

Fe was 4.2 wt %, approximately equal to a Pt/Fe atomic ratio

of 1/16. High-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) showed that the particle

pairs were separated at a distance of 9.4 nm on average over sil-

ica (Figure 1A). In each particle pair, a 3.3 nm Pt particle sat on a

9.8 nm Fe2O3 particle (Figures 1B and S1G–S1I). The two lattice

spacings of 0.482 nm, at a dihedral angle of 70.5�, indicated
g-Fe2O3{111} planes, whereas the two lattice spacings of

0.227 nm, at a dihedral angle of 70.5�, referred to Pt{111} planes.

Energy-dispersive X-ray (EDX) element mappings confirmed Pt-

Fe2O3 proximity in the particle-pair geometry (Figure 1C). X-ray

absorption spectroscopy (XAS) spectra resolved the coordina-

tion environments of Pt and Fe in the Pt-Fe2O3 particle pair. At

the Pt L3-edge, the normalized X-ray absorption near-edge

structure (XANES) spectrum showed a white-line intensity

located between the PtO2 and Pt foils (Figure S2A), character-

istic of PtOx.
23 The Fourier transform extended X-ray absorption

fine structure (EXAFS) spectrum consisted of multiple scattering

paths at 1.0–3.1 Å (Figure 1D), including a Pt–O path with a dis-

tance of 2.0 Å in PtOx and a Pt–Pt path with a length of 2.76 Å in

the Pt particle.23 At the Fe K-edge, the pre-edge peak in the

XANES spectrum showed Fe2O3 (Figure S2B), whereas the

EXAFS scattering paths at 0.9–3.7 Å (Figure 1E) indicated

Fe–O and Fe–Fe bonds.24

The Pt-Fe2O3 particle pair was then subjected to H2 reduction

at 673 K, during which the transformation of Fe2O3 to a-Fe

dispersed the Pt particle into isolated Pt atoms (Figure 2A). We

note that the substantial spatial distance between the particle

pairs ensured that the H2 reduction occurred at a single-parti-

cle-pair scale, as demonstrated by recent experimental investi-

gations.25,26 A primary temperature-programmed hydrogen

reduction experiment showed that the Fe2O3 particle was

reduced first to Fe3O4 at 473 K and then to a-Fe at 673 K,

whereas the corresponding in situ X-ray photoelectron spectros-

copy (XPS) and X-ray diffraction (XRD) data attested to the

formation of Fe3O4 and a-Fe at the respective temperatures

(Figure S3). Accordingly, we first treated the Pt-Fe2O3 particle



Figure 1. Structure of the Pt-Fe2O3 particle pair

(A and B) STEM images.

(C) EDX element mappings.

(D and E) k2-weighted Fourier transform EXAFS spectra at the Pt L3-edge (D) and Fe K-edge (E).
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pair with H2 at 473 K for 2 h to yield the Pt/Fe3O4 catalyst. STEM

images identified that a 3.3 nm Pt particle epitaxially grew on a

9.6 nm Fe3O4 particle in this sample (Figure S4). To further

convert Fe3O4 to a-Fe, we reduced the Pt-Fe2O3 particle pair

with H2 at 673 K for 2 h, giving the Pt/Fe catalyst. However, the

geometric arrangements of Pt and Fe atoms in this sample could

not be resolved by routine STEM because the metallic Fe was

immediately oxidized upon exposure to air and/or moisture dur-

ing sample handling because of its high oxygen affinity.27 Envi-

ronmental STEM (ESTEM) experiments that directly visualized

the structural evolution of the Pt-Fe2O3 particle pair in H2 at

high temperatures demonstrated that the Pt atoms were

spatially isolated on the a-Fe nanoparticle in the form of Pt-Fe-

Pt heterotrimer, as will be discussed later.

We elucidated the coordination environments of Pt and Fe in

the two catalysts by in situ XAS. The XANES spectra verified

the chemical states of Pt and Fe. The white lines at the Pt L3-

edge for both samples resembled that for the Pt foil (Figure S5A),

indicating their metallic nature in general. The spectra at the Fe

K-edge identified Fe3O4 in the Pt/Fe3O4 sample but a-Fe in the

Pt/Fe catalyst (Figure S5B). The EXAFS spectra quantified the
coordination environments of Pt and Fe (Figures 2B, 2C, and

S5C–S5K). For the Pt/Fe3O4 catalyst, the Fourier transform

spectrum at the Fe K-edge displayed Fe–O (2.01 Å), Fe–Fe1
(3.02 Å), and Fe–Fe2 (3.50 Å) scattering paths with coordination

numbers (CNs) of 5.3, 5.7, and 5.2, respectively, characteristics

of Fe3O4.
28 The spectrum at the Pt L3-edge consisted of Pt–Pt

and Pt–Fe paths. The Pt–Pt path had a distance of 2.76 Å with

a CN of 9.2, typical for the Pt particle; the Pt–Fe path had a

shorter length of 2.63 Å with a CN of 1.7, referring to the interfa-

cial Pt atoms connected to Fe3O4 surface.23 For the Pt/Fe

catalyst, the Fe K-edge spectrum included Fe–Fe paths with dis-

tances of 2.47 Å (CN = 5.4) and 2.86 Å (CN = 4.0), demonstrating

the body-centered cubic a-Fe.24 The Pt L3-edge spectrum con-

tained two Pt-Fe paths at distances of 2.57 Å (Pt–Fe1, CN = 7.9)

and 2.86 Å (Pt–Fe2, CN = 3.9), referring to Pt coordinations to the

first and second nearest shells of a-Fe,15,29 respectively. No Pt–

Pt paths could be resolved in the first or second coordination

shells, suggesting the atomically dispersed Pt. We visualized

the coordinations of Pt to Fe by depicting a unit cell of a-Fe

with one substituted Pt atom (Figure 2D), whose first and second

nearest neighbors to Fe had bond lengths of 2.57 and 2.86 Å,
Chem 11, 102380, May 8, 2025 3



Figure 2. Crotonaldehyde hydrogenation over the Pt catalysts at 353 K

(A) Schematic illustrations of the fabrication of the Pt/Fe catalyst and the geometry of the Pt-Fe-Pt heterotrimer.

(B and C) k2-weighted Fourier transform EXAFS spectra at the Fe K-edge (B) and Pt L3-edge (C).

(D) Pt–Fe bonds in the unit cell of a-Fe.

(E) Competitive hydrogenation of C=O and C=C bonds in CAL.

(F and G) CAL conversion (F) and COL selectivity (G) over the Pt catalysts.
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respectively. These XAS data showed that the Pt particle in the

Pt-Fe2O3 particle pair, upon H2 reduction at 673 K, dispersed

into isolated Pt atoms in the Pt/Fe catalyst.

We subsequently tested the Pt catalysts for the gas-phase hy-

drogenation of CAL. This reaction is industrially desired to hydro-

genate the C=O bond to yield crotyl alcohol (COL), but the hydro-

genation of the conjugatedC=C bond, producing butanal (BAL), is

thermodynamically favorable (Figure 2E). Kinetically, it shows the

activity-selectivity trade-off, i.e., high selectivity can be achieved

only at low activity.2 On the Pt/Fe3O4 catalyst, the conversion of

CAL was 4% (Figure 2F), and the selectivity of COL was approx-

imately 50% (Figure 2G). This meant that the Pt/Fe3O4 catalyst

performed similarly to conventional Pt nanoparticles, where the

hydrogenation of the C=O bond proceeded competitively with

that of the C=C bond.30,31 By sharp contrast, the Pt/Fe catalyst

featured a substantial improvement in both activity and selectivity;

the conversion of CAL jumped to 40% (Figure 2F), whereas the
4 Chem 11, 102380, May 8, 2025
selectivity towardCOL approached 88% (Figure 2G). The superior

performance of the Pt/Fe catalyst was further verified by the

exceptionally high COL selectivity across a wide range of CAL

conversion. When CAL conversion increased from 4% to 96%,

the selectivity of COL declined only slightly from 93% to 83%

(Figures S6A and S6B). Moreover, a stability test of the Pt/Fe cata-

lyst for 100 h on stream at 353 K showed that the COL selectivity

remained at around 90%, whereas the conversion of CAL stabi-

lized at about 40% (Figure S6C). On the Pt/Fe3O4 catalyst, howev-

er, COL selectivity dropped sharply from 55% to 29% when CAL

conversion increased from 4% to 33% (Figure S6D). The

production rate of COL on the Pt/Fe catalyst, measured under a

differential reactor condition, reached a value as high as 1.5 3

10�1 mmol,gPt
�1,s�1 at 353 K, exceeding that of the Pt/Fe3O4

catalyst (4.3 3 10�3 mmol,gPt
�1,s�1) by 35-fold. Of note, this

Pt-mass-based activity is 2–30 times greater than those of the

state-of-the-art noble-metal catalysts with COL selectivity above



Figure 3. Environmental STEM observations on H2 reduction of the Pt-Fe2O3 particle pair

(A–D) ESTEM images of a Pt–Fe2O3 particle pair under H2 (0.1 mbar) at 473 K for 30 min (A), 673 K for 30 min (B), 873 K for 60 min (C), and 1,073 K for 20 min (D).

Note that the indicated temperature for reducing Fe2O3 to a-Fe in the Pt-Fe2O3 particle pair in these ESTEM experiments is higher than that for preparing the Pt/Fe

catalyst because the H2 pressure (0.1 mbar) technically allowed by the electron microscope is much lower. Nevertheless, the reduction potential of the ESTEM

(1,073 K, 0.1 mbar H2) is roughly equivalent to that for preparing the Pt/Fe catalyst by treating the Pt-Fe2O3 particle pair with 1 bar H2 at 673 K (Figure S7M).

(E and F) ESTEM images of Pt/Fe particles formed after exposure of the Pt-Fe2O3 particle pairs to H2 at 1,073 K for 30 min (E) and 60 min (F). Pt-Fe-Pt heter-

otrimers are highlighted by the orange rectangles. The line-intensity profiles show the measured distances between two Pt atoms at sites 1–3.

(G and H) A simulated image (G) and the atomic arrangement (H) for the blue square region in (F).
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80% (Table S1). All of these reaction data collectively demon-

strated that the Pt/Fe catalyst was highly active and selective

for hydrogenating the C=O bond in CAL, circumventing the

commonly found activity-selectivity trade-offs in selective hetero-

geneous hydrogenation reactions.2,30,31 Because the two cata-

lysts were obtained by H2 reduction of a same precursor, i.e.,

the Pt-Fe2O3 particle pair but merely at different temperatures

(473 vs. 673K), we inferred that the concurrently enhancedactivity

and selectivity on the Pt/Fe catalyst should originate from the geo-

metric and electronic structure of the isolated Pt atoms on the

a-Fe particle, as evidenced by the XAS data.

Dispersion of Pt particles into Pt-Fe-Pt heterotrimers
To conclusively identify the arrangement of Pt atoms in the Pt/Fe

catalyst, we performed ESTEM experiments to track the struc-

tural evolution of the Pt-Fe2O3 particle pair upon heating to
elevated temperatures under H2 (0.1 mbar), during which the

reduction of Fe2O3 to a-Fe induced dispersion of Pt particle

into isolated Pt atoms. When a Pt-Fe2O3 particle pair was

exposed to H2 at 473 K, Fe2O3 was reduced into Fe3O4, and a

particle-pair configuration where a 3.3 nm Pt particle sat on a

9.8 nm Fe3O4 particle was clearly resolved in the ESTEM image

(Figure 3A). The lattice spacing of 0.485 nm indicated

Fe3O4(111), whereas the lattice fringe of 0.227 nm referred to

Pt(111). When the particle pair was heated to 673 K, the Fe3O4

particle shrank to 9.3 nm, whereas the Pt particle started to

wet over it; the Pt(111) lattice spacing shortened to 0.219 nm

as a result of the incorporation of smaller Fe atoms into the Pt

lattice (Figure 3B). At 873 K, the Fe3O4 particle contracted to

8.2 nm, whereas the Pt particle expanded to 6.1 nm as the lattice

spacing further narrowed to 0.212 nm (Figure 3C). At 1,073 K, an

Fe particle of 7.4 nm formedwith a lattice spacing of 0.205 nm for
Chem 11, 102380, May 8, 2025 5



Figure 4. IR spectroscopic identification of the Pt-Fe-Pt heterotrimer

(A) In situ IR spectra recorded after the samples were exposed to CO (0.01 mbar) at 160 K. The samples were the result of treating the Pt-Fe2O3 particle pair with

atomic hydrogen (53 10�5 mbar) at 473–873 K for 30 min. Here, the pre-reduction temperature (873 K) for achieving the fully isolated Pt atoms is slightly higher

than that for preparing the Pt/Fe catalyst because of the much lower pressure of atomic H adopted by the ultrahigh vacuum FTIR spectroscopy system.

(B andC) Temperature-dependent IR spectra of the representative samples. The spectra were recorded after CO adsorption (0.01mbar) at 105 K and subsequent

annealing to the indicated temperatures.
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a-Fe(110), over which isolated Pt atoms densely populated, as

indicated by the bright dots (Figure 3D). ESTEM observations

for a series of Pt-Fe2O3 particle pairs, in conjunction with EDX

element mappings, consistently supported that the formation

of a-Fe particle dispersed the Pt particle into isolated Pt atoms

(Figure S7).

Electron energy loss spectroscopy (EELS) further elucidated

the incorporation of Fe atoms into the Pt lattice during the disper-

sion of the Pt particle (Figure S8). Fe signals were detected only

on Fe3O4 at 473 K, whereas weak Fe signals appeared at 673 K

on the Pt particle when it started to wet on Fe3O4. The intensi-

fying Fe signals on the disintegrating Pt particle at 873 K impli-

cated that more Fe atoms incorporated into the Pt lattice. At

1,073 K, Fe was detected to cross the entire particle. Detailed

analysis on the location of Pt atoms over the a-Fe particle

found that they populated orderly in the form of the Pt-Fe-Pt

heterotrimer. Line-intensity profiles of the indicated Pt-Fe-Pt het-

erotrimers (sites 1–3) showed a spatial separation of 0.41 nm be-

tween the two Pt atoms (Figures 3E and 3F). Image simulation

found that the two Pt atoms substituted the Fe atoms in the

a-Fe lattice and coordinated to the nearby Fe atoms, forming a

Pt-Fe-Pt heterotrimer (Figures 3G and 3H).

In situ IR experiments using CO as the probe molecule pro-

vided spectroscopic evidence for the formation of the Pt-Fe-Pt

heterotrimer. The Pt-Fe2O3 particle pair was first reduced with

atomic hydrogen (5 3 10�5 mbar) at 473–873 K for 30 min, and

the IR spectra of CO adsorption were then recorded (Figure 4A).

On the sample pre-reduced at 473 K, the IR spectrum exhibited a

single band at 2,063 cm�1, which is typical for CO bound to high-
6 Chem 11, 102380, May 8, 2025
coordinated Pt sites exposed by the Pt particle.32 When the pre-

reduction temperature was raised to 673 K, an intense low-lying

band at 2,041 cm�1 emerged, which is characteristic of CO ad-

sorbed on highly diluted Pt sites. Over the sample pre-treated by

atomic hydrogen at 873 K, the high-lying band at 2,063 cm�1 dis-

appeared, whereas the low-lying band at 2,041 cm�1 remained

unchanged in frequency, referring to the highly dispersed Pt

sites. Temperature-dependent IR spectra detailed the coordina-

tion environments of these Pt entities (Figures 4B and 4C). A

coverage-induced, 16 cm�1 frequency red shift was observed

for the 2,063 cm�1 band when the sample was heated from

105 to 360 K, i.e., CO desorption. This large frequency shift

stemmed from the strong dipole-dipole coupling between CO

molecules bound to the neighboring highly coordinated Pt sites

over the Pt particle.33 By contrast, the 2,041 cm�1 band ex-

hibited a much smaller red shift of only 2 cm�1, validating the

atomically dispersed Pt. A closer inspection of the IR data re-

vealed the strong electronic interaction between the Pt and Fe

atoms in the Pt-Fe-Pt heterotrimer. The band at 2,041 cm�1,

characteristic of CO bound to the isolated Pt sites, was much

lower in frequency than those reported for CO adsorbed on Pt

SAAs, typically Pt1Cu (2,088–2,112 cm�1),11,34–36 demonstrating

the enhanced electron back donation from the Pt 5d band to the

CO 2p* orbital.37 Instead, it was close to those measured for CO

adsorbed on the isolated Pt atoms in intermetallics, e.g., PtGa

(2,050 cm�1)38 and PtZn (2,047 cm�1).39 This suggested that

the Pt atoms in the Pt-Fe-Pt heterotrimer coordinated to a-Fe

through intermetallic bonds, in line with the EXAFS data

(Figures 2B and 2C) and ESTEM observations (Figures 3E–3H).



Figure 5. DFT calculations on Pt-doped a-Fe(110)

(A) Optimized structures and formation energies at the indicated Pt coverages.

(B) Vibrational frequencies for the on-top CO–Pt band. The adsorbed CO is shown by the red (O) and gray (C) spheres.
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Catalysis by the Pt-Fe-Pt heterotrimer
To elaborate the geometric and electronic structure of the Pt-Fe-

Pt heterotrimer, we performed DFT calculations on the coordina-

tion environment of Pt atoms on a-Fe(110). The result suggested

that substituting surface Fe on a-Fe(110) by Pt up to 1/2 mono-

layer (ML) was exothermic, whereas the formation energy was

monotonously downhill to �5.77 eV (Figure 5A). At 1/4 ML Pt

coverage (labeled as PtFe(110)-1/4ML), Pt atoms coordinated

to Fe atoms with bond lengths of 2.55 and 2.89 Å, forming a

Pt-Fe-Pt configuration with a spatial distance of 4.02 Å between

the two Pt atoms. When Pt coverage was increased to 1/2 ML,

however, an additional Pt–Pt bond with a length of 2.85 Å

emerged. We then used this DFT-simulated model to quantify

the location of Pt atoms in the Pt/Fe catalyst. Taking the size of

the Pt/Fe particle (8.6 nm) determined from ESTEM images

and assuming that all Pt atoms were located on the top layer

of the a-Fe particle, we estimated the maximum Pt coverage

to be 0.307 ML (Figure S9). This is slightly higher than that of

PtFe(110)-1/4ML but much lower than that of 1/2 ML Pt on

a-Fe(110). Because the EXAFS spectrum of the Pt/Fe catalyst

did not show Pt–Pt bonds but the Pt–Fe1 and Pt–Fe2 bonds

agreed well with those in PtFe (110)-1/4ML, we inferred that

the Pt atoms in the Pt/Fe catalyst were more analogous to those

in PtFe(110)-1/4ML. However, any extra Pt atoms might diffuse

into the subsurface of the a-Fe particle. This was further sup-

ported by the close vibrational frequencies of CO bound to the

Pt-Fe-Pt heterotrimer in the IR experiments (2,041 cm�1, Fig-
ure 4A) and the DFT-calculated values (2,043–2,047 cm�1) on

PtFe(110)-1/4ML (Figure 5B).

To identify the origin of the simultaneously promoted activity

and selectivity of the Pt/Fe catalyst for hydrogenating the C=O

bond in CAL, we analyzed the potential energy surfaces (PESs)

via DFT calculations on PtFe(110)-1/4ML, a model representing

the Pt/Fe catalyst. For comparison, we first estimated the

PESs on Pt(111) and a-Fe(110) and found that neither surface

was suitable for a selective hydrogenation of the C=O bond as

a result of the unfavorable thermodynamics and/or kinetics (Fig-

ure S10). Over PtFe(110)-1/4ML, preferential hydrogenation of

the C=O bond became feasible because the electron transfer

from Fe to Pt generated electron-enriched (Pt) and electron-defi-

cient (Fe) sites in the Pt-Fe-Pt heterotrimer. Density-of-states

profiles (Figures S11A–S11C) revealed that the hybridization of

Fe 3d with Pt 5d altered the d valence states of Fe and Pt. The

d-band center of Fe upshifted to a higher energy than that on

a-Fe(110), indicating the positively charged character, whereas

the d-band center of Pt downshifted to a lower energy than

that of Pt(111), showing the electron-enriched feature. Bader

charges analysis (Figure S11D) indicated a charge implement

(�0.79 e) by the Pt atom but a charge depletion (+0.11 e) by

the Fe atom. Two-dimensional electron localization functions

(Figure S11E) suggested that electrons were highly localized be-

tween Pt and Fe atoms. This strong electronic interaction be-

tween Pt and Fe in the Pt-Fe-Pt heterotrimer is in line with the

IR data, where the low-frequency band at 2,041 cm�1 is
Chem 11, 102380, May 8, 2025 7
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characteristic of CO bound to the isolated Pt sites coordinating

to a-Fe in intermetallic bonds. The high electron density of the

Pt atom weakened the adsorption of the C=C bond, whereas

the electrophilic Fe atom favorably adsorbed and activated the

C=O bond.37,40 As a result, CAL adsorption was enhanced while

COL desorption was facilitated, enabling a preferential hydroge-

nation of the C=O bond. In situ IR spectra of the CAL and COL

adsorptions on the Pt/Fe catalyst experimentally verified a

stronger adsorption of CAL but a weaker adsorption of COL

(Figures S12A and S12B). In addition, IR spectra recorded under

the reaction conditions over time convincingly showed selective

hydrogenation of the C=O bond (Figure S12C). Mechanistic

studies using in situ sum-frequency generation vibrational

spectroscopy identified a unique reaction pathway for selec-

tively producing COL: involving CAL adsorption via the aldehyde

oxygen atom to the catalyst surface.41

Specifically, CAL adsorbed in a h4-p(CC)-p(CO) mode such

that the left-end Pt atom anchored the C=C bond and the central

Fe atom captured the C=O group (Figure 6A). This site-bond

configuration had an adsorption energy as strong as �1.68 eV

(Figure 6B) and hence stabilized the two functional groups in

CAL. On the other hand, COL, the desired product, adsorbed

in a h3-p(CC)-s(O) mode such that the O atom linked to the Fe

atom, whereas the C=C group p-bonded to the left-end Pt

atom. This resulted in an adsorption energy of �1.20 eV and

reversibly facilitated the desorption of COL. Bader charges of

adsorbates suggested that the enhanced adsorption of CAL re-

sulted from accepting electrons from the electron-enriched Pt

atom, whereas the weakened adsorption of COL originated

from accepting electrons from the electron-deficient Fe atom

but donating electrons to the electron-enriched Pt atom

(Figure 6C). Kinetically, the Pt-Fe-Pt heterotrimer accelerated

hydrogenation of the C=O bond by lowering the energy barriers

for the sequential addition of two H atoms (Figures 6D and 6E). In

the first step, the H atom captured by the right-end Pt atom, with

a Bader charge of +0.28 e (TS1), interacted with the O atom in

C=O on the Fe atom and formed a mono-hydrogenated interme-

diate with an energy barrier of 1.43 eV (TS1). Then, the second H

atom was added to the intermediate with an even lower energy

barrier (0.76 eV, TS2). By contrast, the energy barriers for hydro-

genating the C=C bond became larger, 1.62 eV for adding the

first H atom and 1.10 eV for the second one. Altogether, the co-

ordination environment of the Pt-Fe-Pt active site, fine-tuned by

the interaction between Pt and Fe atoms, enabled a thermody-

namically preferential adsorption and a kinetically favorable

activation of the C=O bond in CAL. This resulted in the simulta-

neously enhanced activity and selectivity for CAL hydrogenation

on the Pt/Fe catalyst.

DISCUSSION

The Pt-Fe-Pt heterotrimer in the Pt/Fe catalyst stemmed from

the surface framework provided by the a-Fe particle. H2 reduc-

tion of FeOx-supported Pt particles is usually done for investi-

gating the strong metal-support interactions.42 H2 facilely disso-

ciates into H atoms on Pt, but FeOx is hardly reduced to a-Fe at

temperatures below 673 K because the activated H atoms

combine and desorb as molecular H2 during the long-distance
8 Chem 11, 102380, May 8, 2025
transportation over the oxide supports.43–45 Here, the Pt-Fe2O3

particle-pair geometry greatly facilitated the reduction of Fe2O3

to a-Fe at 673 K in fabricating the Pt/Fe catalyst. The 3.3 nm

Pt particle epitaxially grew on the Fe2O3 particle of 9.8 nm, and

this Pt-Fe2O3 proximity shortened the diffusion length for

the activated H atoms from Pt to Fe2O3 to less than 10 nm

(Figures 1A–1C, S1G, and S1H). Once Fe atoms formed locally,

theymigrated toward and diffused into the Pt lattice as a result of

the much higher diffusion coefficient of Fe in Pt, which is 500

times greater than that of Pt in Fe at 600 K.46 This was evidenced

by the shrinking lattice spacing of Pt(111) in the ESTEM images

(Figures 3A–3D) and the intensifying Fe EELS signals on the dis-

integrating Pt particle (Figure S8). Subsequently, the formation of

Pt–Fe bonds drove the dispersion and relocation of Pt atoms, as

theoretically justified by the greater bond energy for Pt–Fe (2.18

eV/atom) than for Fe–Fe (1.60 eV/atom) and Pt–Pt (1.95 eV/

atom)47 and experimentally verified by the IR data (Figure 4). In

short, the reduction of Fe2O3 to a-Fe by H2 at 673 K dispersed

the Pt particle into isolated Pt atoms in the form of a Pt-Fe-Pt

heterotrimer on the newly formed a-Fe particle in the Pt/Fe cata-

lyst. This offers a strategy for tailoring active sites on bimetallic

catalysts with atomic precision.

The Pt-Fe-Pt active site, thus created by the coupling of two Pt

atoms with a central Fe atom on the a-Fe particle, accounted for

the unparalleled efficiency in CAL hydrogenation. The Pt and Fe

atoms acted in a targeted but synergistic manner upon interact-

ing with the reacting molecules. The left-end Pt atom stabilized

the C=C bond, the bridging Fe atom activated the C=O bond,

and the right-end Pt atom supplied H atoms to hydrogenate

the C=O bond on Fe while keeping the C=C bond on the left-

end Pt atom intact. This quantifies a site-bond recognition

pattern in selective heterogeneous hydrogenation, which is

closely related to the geometric and electronic interactions be-

tween the metal atoms in the active site and the target functional

groups in the reacting molecule. A control experiment further

identified the crucial role of the Pt-Fe-Pt active site in selectively

hydrogenating the C=O bond in CAL. The Pt-Fe2O3 particle pair

was treated with H2 at a higher temperature, 873 K. The resulting

sample (Pt/Fe-R) still featured isolated Pt atoms, but most of

them diffused into the subsurface of the a-Fe particle (Fig-

ure S13). Reaction testing for CAL hydrogenation showed

that the conversion of CAL dropped to 8.6%, but the selectivity

toward COL (92.7%) stayed at the same level as the Pt/Fe

catalyst (Figure S14). This meant that the Pt-Fe-Pt active site,

remaining on the sample surface, catalyzed the hydrogenation

of the C=O bond preferentially.

More broadly, the active site that is directly involved in a cata-

lytic cycle should be a highly local area, i.e., only a few atoms

interact with the reacting molecules for a chemical reaction to

occur.3 In this scenario, the matching between the active site

and the reacting molecules, in terms of their geometric and elec-

tronic configurations, would dominate catalysis intrinsically. In

addition to the frequently addressed electronic interaction, the

geometric interaction plays a crucial role in directing the reaction

route. An early surface science study clearly demonstrated that

precisely spacing Pd monomers on Au single crystals yielded

active and selective catalytic sites for the synthesis of vinyl ace-

tate.48 Pd atoms at a distance of 0.408 nm, regulated by the



Figure 6. Theoretical insights into Pt-Fe-Pt catalysis

(A) CAL adsorption and activation. The terminal methyl group and H atoms in CAL are intentionally hidden for simplification.

(B) Adsorption energies of the molecules.

(C) Bader charges of the adsorbates.

(D and E) Reaction routes (D) and energy profiles (E) for hydrogenating the C=O and C=C bonds. The Bader charges (with unit e) of the corresponding atoms in

TS1 are indicated in (D).
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surface interatomic spacing of Au(100), geometrically allowed

the coupling of surface ethylenic and acetate species. But Pd

atoms on Au(111) were too far (0.499 nm) to catalyze the
coupling reaction. A more recent study combining experimental

investigations and theoretical calculations found that Pd-M-Pd

(M = Cu, Au, and Ag) ensembles derived from Pd–Zn
Chem 11, 102380, May 8, 2025 9
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intermetallic compounds were catalytically distinct from Pd sin-

gle atoms and timers.7 The central M atom, bridging the two Pd

atoms, decisively controlled the catalysis for the selective hydro-

genation of acetylene to ethylene. Here, the spatial distance

(0.41 nm) between the two Pt atoms in the Pt-Fe-Pt active site

geometrically allowed a flexible adsorption of the CAL molecule,

through which the C=O bond was selectively hydrogenated

against the C=C bond. This finding provides in-depth insights

for understanding surface catalytic reaction at atomic and mo-

lecular levels, and we foresee its applicability to a wide range

of bimetallic catalysts that are industrially used for the produc-

tion of fine and specialty chemicals.

METHODS

Catalyst preparation
The Pt-Fe3O4 particle pair was prepared via a two-step proced-

ure: the initial synthesis of the PtFe seed and the subsequent

growth of Fe3O4 particle around it. A mixture containing platinum

acetylacetonate (0.0183 g), iron stearate (0.0195 g), myristic acid

(0.22 g), n-octadecylamine (1 g), and n-octadecane (20 mL) was

heated to 393 K and stirred for 20 min under N2 flow. It was

further heated to 583 K and kept there for 35 min, yielding the

PtFe seed with a Pt/Fe molar ratio of 2/1. After it cooled down

to 353 K, iron stearate (0.6 g) and 1,2-dodecanediol (0.3 g)

were added into the suspension. The mixture was first heated

at 393 K for 30 min and then at 583 K for 35 min, forming the

Pt-Fe3O4 particle pair. After cooling down to 353 K, the Pt-

Fe3O4 particle pair was precipitated by the addition of 85 mL

ethanol and 10 mL isopropanol into the solution. The solid was

then collected by centrifugation; washed with a mixture of

methanol, isopropanol, and hexane; and dispersed into

200 mL hexane (0.23 mmolPt,L
�1).

The Pt-Fe3O4 particle pair was deposited onto a high-surface-

area SiO2 (400 m2,g�1) support by a colloid-deposition method.

200 mL Pt-Fe3O4 particle pair (0.23 mmolPt,L
�1 in hexane) was

added dropwise to a suspension of 0.89 g SiO2 in 200 mL hex-

ane, and the mixture was stirred for 15 min at room temperature.

The precipitate was collected by centrifugation, washed with

hexane, dried at 353 K overnight under vacuum, and finally

calcined at 873 K in air for 4 h. The sample thus obtained was

labeled as the Pt-Fe2O3 particle pair. Elemental analysis, per-

formed via inductively coupled plasma atomic emission spec-

troscopy (ICPS-8100 spectrometer), identified that the contents

of Pt and Fewere 0.9 and 4.2 wt% (a total metal loading of 5.1 wt

%), respectively, equaling a Pt/Fe molar ratio of 1/16.

The Pt/Fe3O4 and Pt/Fe catalysts were obtained from a reduc-

tion of the Pt-Fe2O3 particle pair with H2 at 473 and 673 K for 2 h,

respectively.

Catalyst characterization
H2-TPR

Temperature-programmed reduction by hydrogen (H2-TPR) of

the Pt-Fe2O3 particle pair was done on an AutoChem II 2920 in-

strument (Micromeritics). A 150mg Pt-Fe2O3 particle pair (40–60

mesh) was loaded into a U-type quartz tubular reactor, pre-

treated with a 20 vol % O2/Ar mixture (30 mL,min�1) at 673 K

for 1 h, and purged with Ar (30 mL,min�1) at the same tempera-
10 Chem 11, 102380, May 8, 2025
ture for 30 min. After cooling down to 223 K under Ar flow

(30 mL,min�1), the sample was exposed to a 10 vol % H2/Ar

mixture (30 mL,min�1) and then heated to 1,173 K at a rate of

5 K,min�1. The amount of hydrogen consumed was analyzed

with a thermal conductivity detector.

XRD

Powder XRD patterns were recorded over a Rigaku D/MAX-

2500/PC diffractometer with a Cu Ka radiation source operated

at 40 kV and 200 mA. In situ XRD experiments were done in a

high-temperature chamber with the same diffractometer. A

180mg Pt-Fe2O3 particle pair was pressed into a self-supporting

wafer andmounted in the chamber. The samplewas heated from

room temperature to 873 K at a rate of 10 K,min�1 under H2 flow

(30 mL,min�1) and kept at the desired temperatures for 75 min,

during which XRD patterns were collected at a scanning speed

of 1� per minute.

XPS

X-ray photoelectron spectra (XPS) were collected on an

ESCALAB 250Xi instrument (ThermoFisher) with an Al Ka radia-

tion source operated at 15 kV and 10.8mA. The Pt-Fe2O3 particle

pair was pressed into a thin disc and mounted on a sample hold-

er placed in the pre-treatment chamber, where it was reduced

with H2 (100 mL,min�1) at 473–773 K for 2 h. After cooling

down to 373 K, the sample was transferred to the analysis cham-

ber, where it was further cooled down to room temperature and

subjected to spectra collection of Pt 4f, Fe 2p, and Si 2p. The

charging effect was corrected via adjustment of the binding en-

ergy of Si 2p to 103.6 eV.

XAS

X-ray absorption spectra (XAS) at the Pt L3-edge (11,564.0 eV)

and Fe K-edge (7,112.0 eV), including XANES and EXAFS,

were taken at the BL14W1 beamline of the Shanghai Synchro-

tron Radiation Facility of China. The storage ring was operated

at 3.5 GeV with a current of 200 mA. The X-ray was monochrom-

atized by a Si (111) double-crystal monochromator. A 70 mg Pt-

Fe2O3 particle pair was pressed into a self-supporting wafer and

mounted into a reaction cell, where it was treated with H2

(50mL,min�1) at 473 or 673 K for 2 h. The spectra were recorded

at room temperature in the transmission mode with ion cham-

bers as the detector. The data were processed according to

standard procedures with the Athena and Artemis modules of

the IFEFFIT software packages.49 EXAFS contributions from

different coordination shells were estimated with a hanning win-

dow (dk = 1.0 Å�1). Quantitative curve-fittings were done in the

R-space (Fe = 1.0–3.6 Å; Pt = 1.4–3.1 Å) with a Fourier transform

k-space range (Fe = 3.1–13.6 Å�1; Pt = 3.0–13.2 Å�1). The overall

amplitude reduction factor, S0
2, was set to 0.9 for the Pt L3-edge

and 0.8 for the Fe K-edge. Pt foil, PtO2, Fe foil, Fe3O4, and Fe2O3

were used as the references.

STEM and ESTEM

Aberration-corrected HAADF-STEM images were acquired over

a Hitachi HF5000 microscope at 200 kV. The specimen was pre-

pared via ultrasonic dispersion of the powder sample into

ethanol, deposition of droplets of the suspension onto a lacey

carbon-coated copper grid, and air drying. ESTEM experiments

were performed on the same microscope. A microelectrome-

chanical-system-based heating holder and a four-electrode

SiNx chip were used to control the temperature. H2 was
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introduced to the sample by a nozzle installed in the column of

the microscope. The Pt-Fe2O3 particle pair was mounted onto

the chip and heated up to 1,073 K under H2 (around 0.1 mbar).

A low-dose rate was adopted for image collection, and the

sample was exposed to the electron beam only during image

acquisition.

IR

IR spectra of CO adsorption were recorded on a Fourier trans-

form IR (FTIR) spectrometer (Bruker Vertex 80v) combined

with a multi-chamber ultrahigh vacuum system (Prevac).50 A

200 mg Pt-Fe2O3 particle pair was pressed into an inert metal

mesh, mounted onto a sample holder, and reduced by atomic

hydrogen (5 3 10�5 mbar) at 473–873 K for 30 min. Exposure

to CO was done with a leak-valve-based directional doser con-

nected to a tube (inner diameter = 2 mm) that terminated 3 cm

from the sample. Before each exposure, a spectrum of the clean

sample was recorded as the background reference. For the tem-

perature-programmed analysis, the sample was first exposed to

0.01 mbar CO at 105 K and then heated to higher temperatures

at a rate of 0.05 K,s�1. IR data were collected from 1,024 scans

with a resolution of 4 cm�1. Peak fittings on the spectra for CO

adsorbed at Pt-related sites were performed by the Gaussian

function.

Computational details
The Vienna ab initio Simulation Package (VASP)51,52 was em-

ployed for the spin-polarized periodic DFT calculations with

the PBE-vdW exchange-correlation functional.53 The projec-

tor-augmented wave (PAW) method was used for describing

the core electron interactions.54 A plane wave basis set with a

400 eV cutoff energy was used, and the convergence threshold

for electronic self-consistent interactions was 10�5 eV. A spin

polarization was included for iron systems to correctly account

for the magnetic properties. The structure optimization and

transition-state search were converged to the extent that the

maximum residual forces were 0.02 and 0.05 eV/Å, respec-

tively, in all relaxed degrees of freedom. Transition states

were determined by the climbing image nudged elastic band

(CI-NEB) method55,56 and the improved dimer method57 and

were verified to possess only one vibrational mode with a nega-

tive curvature in the direction of the bond-breaking or bond-

making process.

Calculations on the bulk crystal structure of a-Fe (bcc) gave a

lattice constant of 2.85 Å and a local spin magnetic moment of

2.189 mB, agreeing well with other DFT calculations.58 The fcc-

Pt bulk unit cell with an optimized lattice constant of 4.02 Å

was consistent with the experimental value.59 The models of

p(4 3 4) supercell slabs with four atomic layers for a-Fe (110)

and Pt (111) surfaces were used, and the top two layers including

adsorbates were allowed to relax. A vacuum of more than 20 Å

was applied to prevent the interaction between slabs. The

surface Brillouin zone was sampled on a (3 3 3 3 1)

Monkhorst-Pack k-point grid.

The formation energy of PtxFe(110) surface alloy was defined

as follows:

Ef = EPtxFeð110Þ +
x

2
EFe-bulk � EFeð110Þ � x

4
EPt-bulk;
where EPtxFeð110Þ, EFe(110), EFe-bulk, and EPt-bulk are the total en-

ergies of PtxFe(110) surface alloy, clean Fe (110) surface, bulk

Fe, and bulk Pt, respectively; x is the number of Pt atoms on

the p(4 3 4) supercell Fe (110) surface.

The adsorption energywas calculated byDEads = Etot� Eslab�
Egas, where Etot and Eslab refer to the energy of the slab with ad-

sorbates and the energy of clean slab, respectively, andEgas rep-

resents the energy of involved gas-phase adsorbates in a neutral

state. The reaction energy and the activation energy barrier were

calculated as DErxn = EFS � EIS and Ea = ETS � EIS, respectively,

where EIS, EFS, and ETS refer to the energies of the initial state,

the final state, and the transition state, respectively.

CO vibrational stretching frequencies were computed

within the harmonic approximation, in which CO and its first

neighboring atom were considered in the calculations. The

gas-phase CO bond length (1.141 Å) and stretching frequency

(2,119 cm�1) were obtained at the PBE-vdW level. The scaling

factor (2,170/2,119 = 1.0239) was applied to all frequencies to

account for the difference with respect to the experimental CO

frequency in the gas phase (2,170 cm�1) reported in a previous

work.60

Catalytic test
Hydrogenation of CAL on the Pt catalysts was conducted

with a continuous-flow fixed-bed quartz tubular reactor (inner

diameter = 10 mm) under atmospheric pressure. A 200 mg

Pt-Fe2O3 particle pair (40–60 mesh) was placed between two

layers of quartz wool inside the reactor and reduced with H2

(30 mL,min�1) at 473 or 673 K for 2 h. After cooling down to

353 K in H2 flow (30 mL,min�1), the catalyst was exposed to a

1 vol % CAL/99 vol % H2 mixture, obtained when 50 mL,min�1

H2 was passed through a bubbler containing CAL at 273 K. The

reaction was tested for 12 h, and the effluent from the reactor

was analyzed online by a gas chromatograph equipped with a

flame ionization detector. For the kinetic evaluation, we adjusted

the conversion of CAL to below 10% by adjusting the flow rate

of the reaction gas and/or the mass of the catalyst, ensuring

that the reaction rate was measured under a differential reactor

condition.
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