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Thermal Unequilibrium of PdSn Intermetallic Nanocatalysts: From 
in situ Tailored Synthesis to Unexpected Hydrogenation 
Selectivity 
Minda Chen, Yu Yan, Mebatsion Gebre, Claudio Ordonez, Fudong Liu, Long Qi, Andrew Lamkins, 
Dapeng Jing, Kevin Dolge, Biying Zhang, Patrick Heintz, Daniel P. Shoemaker,* Bin Wang,* and 
Wenyu Huang* 

Abstract: Effective control on chemoselectivity in the catalytic 
hydrogenation of C=O over C=C bonds is uncommon with Pd-based 
catalysts because of the favored adsorption of C=C bonds on Pd 
surface. Here we report a unique orthorhombic PdSn intermetallic 
phase with unprecedented chemoselectivity toward C=O 
hydrogenation. We observed the formation and metastability of this 
PdSn phase in situ. During a natural cooling process, the PdSn 
nanoparticles readily revert to the favored Pd3Sn2 phase. Instead, 
using a thermal quenching method, we prepared a pure-phase PdSn 
nanocatalyst. PdSn shows an >96% selectivity toward hydrogenating 
C=O bonds of various α,β-unsaturated aldehydes, highest in reported 
Pd-based catalysts. Further study suggests that efficient quenching 
prevents the reversion from PdSn- to Pd3Sn2-structured surface, the 
key to the desired catalytic performance. Density functional theory 
calculations and analysis of reaction kinetics provide an explanation 
for the observed high selectivity.  

Introduction 

Chemoselectivity is a keystone of catalysis. In the catalytic 
hydrogenation reaction, chemoselectivity of C=O bonds over C=C 
bonds is significant in producing industrial chemicals due to the 
high demand for unsaturated alcohols in food, pharmaceutical,  
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fragrance, and other industries. However, thermodynamics 
naturally favors the hydrogenation of C=C bonds by ca. 35 kJ/mol, 
making it challenging to improve C=O selectivity.[1] Many studies 
in heterogeneous catalysis have been devoted to selective 
hydrogenation of C=O over C=C bonds, using α,β-unsaturated 
aldehydes as model substrates. Studies on Pd-based catalysts, 
however, are limited. Due to the small d bandwidth, Pd has a 
weak repulsive interaction and thus a strong absorption with the 
C=C group in the α,β-unsaturated aldehyde.[1] This strong 
interfacial binding makes Pd the least selective catalyst toward 
C=O hydrogenation among common transition metals. A 
generally accepted trend of C=O hydrogenation selectivity is Os 
> Ir > Pt > Ru > Rh > Pd.[1b] Pd catalysts are reported to have little 
or no selectivity to unsaturated alcohol from acrolein, 
crotonaldehyde, or cinnamaldehyde substrates.[2] Notably, the 
structure of reactants is also crucial to the selective hydrogenation 
of C=O over C=C. On a substrate molecule with less sterically 
hindered groups in the vicinity of the C=C group, such as acrolein, 
methacrolein, and crotonaldehyde, it is much more challenging to 
achieve high selectivity to the C=O hydrogenation.[1, 3] 

The use of bimetallic catalysts is a common strategy to 
improve the chemoselectivity for C=O hydrogenation.[4] Previous 
work in our group demonstrated that a PtSn@SiO2 catalyst could 
hydrogenate the C=O group in furfural with >96% selectivity and 
40 times higher activity than Pt@SiO2.[5] Although Pd-based 
bimetallic catalysts, such as Pd-Cu,[6] Pd-Ni[7], Pd-Zn,[2a, 8] and Pd-
Sn[9] have been reported to outperform the monometallic Pd 
catalysts, none of them exhibit dominant selectivity (>50%) for 
C=O hydrogenation with relatively challenging substrates 
(acrolein, crotonaldehyde or methacrolein). Even for less 
challenging substrates, such as cinnamaldehyde, furfural, or citral, 
the best hydrogenation selectivity for C=O is only ~75%.[9a]  

Pd-based intermetallic nanoparticles (iNPs) are recognized as 
efficient and selective catalysts, and PdxSny iNPs are no 
exception.[10] With numerous work on Pd-Sn bimetallic catalysts, 
it is to our surprise that PdSn iNPs with a FeAs-type orthorhombic 
crystal structure has rarely been reported, while catalysts with a 
monoclinic Pd3Sn2 structure are well discussed.[11] Schaak et al. 
reported the synthesis of PdSn iNPs by growing Pd on >20 nm 
Sn seeds, although their catalytic properties have not been 
explored.[12] In this study, we investigated the formation of the 
orthorhombic PdSn iNPs through in-situ powder X-ray diffraction 
(PXRD) and X-ray absorption spectroscopy (XAS) studies. Unlike 
the bulk intermetallic phase, PdSn at nanoscale exhibit distinct 
formation behavior. High-temperature annealing is required for 
the formation of PdSn phase, which reverts to the 
thermodynamically favored Pd3Sn2 phase during a natural 
cooling-down process. Using a rapid quenching method, we 
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Figure 1. (a) In-situ PXRD measurement of the formation of PdSn under a reducing condition from 300 to 600 °C. (b). The PdSn and Pd3Sn2 components for each 
scan in (a) quantified by Rietveld analysis. (c) In-situ XANES spectra at the Pd K-edge recorded at different temperatures during the phase transition induced by 
reduction. (d) Linear combination fitting result of the XANES data in (c). (e) The total coordination number of Pd measured from Pd K-edge EXAFS fitting. (f) The 
oxidation state of Sn measured from linear combination fitting of Sn K-edge XANES spectra. 

successfully synthesized the PdSn iNPs with high phase purity. In 
the hydrogenation of a variety of α,β-unsaturated aldehydes, the 
PdSn iNPs are highly selective to hydrogenate C=O bonds, which 

is unique among other monometallic/bimetallic catalysts involving 
Pd. It is also the highest C=O hydrogenation selectivity observed 
for α,β-unsaturated aldehydes using a Pd-based catalyst. 
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Figure 2. Characterization of the PdSn nanocatalysts synthesized ex situ. (a)(b) Representative STEM images of PdSn/SiO2. (c)(d) EDS elemental mapping of Pd 
and Sn on a PdSn nanoparticle and its surrounding in the marked region of (b). (e) HR-STEM image of a PdSn nanoparticle along the (100) direction and its 
corresponding crystal model. Scale bar: 0.5 nm. (f) PXRD of PdSn/SiO2 formed ex situ via water and liquid nitrogen (LN2) quench. (g) Pd 3d (top) and Sn 3d (bottom) 
XPS spectra of PdSn/SiO2 formed ex situ via water quench.

Results and Discussion 

The long-range-ordered structure of iNPs results in their 
thermodynamically favored formation and makes it easier to be 
characterized with tools such as PXRD, XAS, X-ray photoelectron 
spectroscopy (XPS), and high-resolution scanning transmission 
electron microscopy (STEM). The synthesis of bulk intermetallic 
compounds is relatively well guided by phase diagrams. 
Nanoparticles, on the contrary, exhibit distinct thermodynamic 
properties that often cannot be predicted from the bulk material. 
This constantly challenges the synthesis of intermetallic 
structures at the nanoscale. For example, previous work in our 
group studied the formation of PtSn and Pt3Sn iNPs,[13] where we 
found that PtSn iNPs readily form at 250 °C despite a eutectic 
point of 1268 °C on the Pt-Sn phase diagram.  

With this impression, we investigated the synthesis of the 
PdSn phase by a pore-filling impregnation method with equal 
molars of Pd(II) and Sn(II) precursors. PXRD of the formed iNPs 
(Figure S1) after reduction at 300 °C clearly resembles the 
monoclinic Pd3Sn2 phase, despite the 1:1 Pd/Sn stoichiometry 
ratio. This result is consistent with previous observations.[11d] To 
explore the possibility of forming an orthorhombic PdSn 
intermetallic phase, we performed temperature-dependent PXRD 
and XANES measurements under in-situ reduction conditions.  

Initially, Pd nanoparticles (6.6 nm) are made as a platform for 
all later phase-transitioning experiments. Characterization of 
Pd/SiO2 is shown in Figure S1-S2. After impregnating Sn(II) 
precursors, we pre-reduce the samples at 300 °C to form Pd3Sn2 
nanoparticles to focus on any Pd3Sn2 to PdSn transition. When 
heated in situ to 600 °C, the sample with a 1:1 Pd/Sn 
stoichiometry ratio does not exhibit a clear phase transformation 

(Figure S3). A K-type thermocouple is used during the experiment 
to monitor the temperature, and its diffraction peaks (Figure S4) 
in the obtained PXRD patterns should not be considered.  

Interestingly, as shown in Figure 1a and Figure S5, with three 
equivalence of Sn to Pd in the sample, the PdSn phase starts to 
form at 400 °C. Further annealing at higher temperatures 
increased the PdSn component, and eventually, it achieved a 
pure PdSn phase at around 520 °C, which is confirmed by 
Rietveld quantitative analysis (Figure S6). We also note that an 
intermediate phase, Pd2Sn, was observed during the heating 
process at scan #3, before the appearance of PdSn. We believe 
that Sn is not entirely reduced during the 300 °C pre-reduction 
because of its lower reduction potential than Pd, and thus creating 
a Pd-rich environment in the sample. Pd2Sn is a known phase to 
form at appropriate Pd-rich stoichiometry,[14] and it quickly 
transforms to PdSn when Sn is reduced at higher temperatures. 
These results indicate that the Pd/Sn ratio plays a significant role 
in forming the PdSn phase. In addition, PdSn slowly reverts to 
Pd3Sn2 once cooled down below 520 °C, which indicates the 
metastability of PdSn, a property that is not previously reported 
for bulk PdSn intermetallic and could be ascribed to the unique 
behavior of nano-sized intermetallic materials. Additional analysis 
of a Pd3Sn control sample can be found in Figure S7. 

To further understand the phase transition process, we also 
use in-situ X-ray absorption near edge structure (XANES) to 
monitor the formation of PdSn iNPs during the reduction of Sn 
precursor-loaded Pd/SiO2. As shown in Figure 1c, the Pd/SiO2 
sample in the initial stage of the phase transition mostly 
resembles the Pd foil standard. Upon subsequent reduction of 
Sn(II), the characterization peak at ~24395 eV gradually shifts to  
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Figure 3. Schematic illustration of synthesizing PdSn iNPs and its metastability. 

lower energy, indicating the emerging Pd3Sn2 and PdSn phase. 
For clarity, selected XANES scans representing the process are 
shown in Figure 1c, and the full data set can be found in Figure 
S8. A linear combination fitting of data (Figure 1d) shows that Pd- 
Sn alloying starts at around 200 °C, and Pd has been fully 
transitioned into Pd3Sn2 at around 300 °C, consistent with our ex-
situ PXRD. Further increasing temperature facilitates the 
formation of the PdSn phase at above 360 °C. After the 
temperature reaches 550 °C, the sample is predominantly 
composed of the PdSn phase.  

Furthermore, we have analyzed the Pd K-edge extended X-
ray absorption fine structure (EXAFS) at key temperatures during 
the transformation under in-situ heating. See Table S1 and Figure 
S9-S10 for detailed fitting parameters. The change in the total 
coordination number (CN) of Pd is induced by the structural 
change during phase transition (Figure 1e). At 25 °C, the total CN 
is 12 as in Pd, and upon annealing to 300-350 °C, the total CN 
drops to 11, matching Pd3Sn2. Eventually, the total CN of Pd 
decreases to 6, indicating the formation of pure PdSn at >550 °C. 
Therefore, the XANES and EXAFS results are highly consistent 
with the in-situ PXRD study.  

In addition, XANES analysis of Sn K-edge is used to 
determine the change in the chemical state of Sn. As shown in 
Figure 1f, the oxidation state of Sn obtained from XANES is 
around 3.2, likely as a result of oxidation of SnCl2 in air. During 
the in-situ reduction, the oxidation state of Sn gradually drops until 
it reaches around 1.6 at 550-600 °C. Thus, we believe that the 
final PdSn nanocatalyst contains a mixture of Sn(II)/Sn(IV) and 
Sn(0) species, and we will further discuss it with XPS results later 
in the text. Additional EXAFS analysis of the Sn K-edge (Figure 
S10) shows the formation of Sn-Pd bonds during the in-situ 
reduction, supporting the formation of PdSn intermetallic phases, 
but a reliable quantitative analysis is challenging due to the 
complex chemical environment of different Sn species. 

These in-situ characterization results enlightened us with the 
possibility to harvest the pure-phase PdSn ex situ through 
quenching. Such methods have been utilized in the synthetic 
routes of various materials.[15] We anticipated that by heating the 
iNPs with a proper stoichiometry of Pd and Sn to above 550 °C 
and quench to room temperature rapidly, we could constrain 
atoms within the orthorhombic PdSn crystal structure at ambient 
condition. Among a range of quenching methods reported, we 

found it most beneficial to use a cold water bath, which results in 
a pure PdSn phase (Figure 2f). A schematic demonstration of 
structural change during the synthesis of PdSn iNPs is shown in 
Figure 3. Rapid colling is the key to obtain the PdSn orthorhombic 
phase iNPs. The as-obtained PdSn iNPs are characterized by 
electron microscopy. Initially, high-resolution high-angle annular 
dark-field (HAADF)-STEM and energy dispersive spectroscopy 
(EDS) mapping were performed to locate the excess Sn in the 
sample, as shown in Figure 2. Representative images of 
PdSn/SiO2 show the formation of PdSn nanoparticles that exhibits 
two distinct regions, indicative of phase segregation within the 
nanoparticles. Their identities are further confirmed by EDS 
mapping (Figure 2c-d and Figure S11), where we observe both 
Pd and Sn signals in the brighter region and only Sn signals in the 
darker region. Meanwhile, there exist smaller (1-2 nm) clusters 
throughout the SiO2 support, the identities of which are also 
discovered by EDS mapping to be Sn clusters. Therefore, we  

Figure 4. Catalysis results. (a) Schematic illustration of the reaction pathways 
in the hydrogenation of crotonaldehyde. (b) Product distribution for each catalyst 
at a conversion level of 10-15%.[16] Reaction condition: 1.2 mmol 
crotonaldehyde, 1.2 mL H2O, 8 bar H2, 30 °C, 2 h. (c) Substrate scope study 
using different α,β-unsaturated aldehydes. Reaction condition: 1.2 mmol 
unsaturated aldehydes, 1.2 mL H2O (*toluene for cinnamaldehyde), 8 bar H2, 
30 °C, 4 h (Pd catalysts) or 12 h (PdSn catalysts). 
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Figure 5. The structure-properties-relationship of the PdSn nanocatalyst. (a) Schematic illustration of the thermal treatments on PdSn nanocatalysts, (b) the 
corresponding PXRD patterns, (c) the corresponding catalytic behavior at reaction condition: 1.2 mmol crotonaldehyde, 1.2 mL H2O, 8 bar H2, 30 °C, 2 h.  and (d) 
the CO-DRIFTS spectra, demonstrating key structural difference at catalyst surface induced by thermal treatments. 

conclude that the excess Sn exists both as phase-segregated Sn 
crystals aside the PdSn iNPs, as well as small 1-2 nm Sn clusters 
distributed in the SiO2 frame. An atomic-resolution image of a 
PdSn nanoparticle revealed a projection of the orthorhombic 
structure along the (100) direction, further confirming the identity  
of the PdSn phase. Figure 2e shows the crystal model of PdSn 
that matches the HAADF-STEM image. Inductively coupled 
plasma mass spectrometry (ICP-MS) confirms the loading of Pd 
and Sn in the catalyst to be 3.0 and 9.3 wt% (Table S2). 

XPS measurement of the sample (Figure 2g) shows that in the 
Pd 3d spectrum, metallic Pd(0) peaks are dominant, featured by 
the characteristic peaks at 340.4 eV and 335.1 eV. While in the 
Sn 3d spectrum, deconvolution of the XPS peaks suggested 68% 
of the surface Sn species are in oxidized Sn(II) or Sn(IV) states. 
These values are highly consistent with the Sn K edge XANES 
fitting results mentioned earlier. Combining both the XANES and 
XPS results, we believe that the Sn(II)/Sn(IV) species are partially 
reduced during the reduction and form intermetallic PdSn, in 
which Sn species are metallic. The reduction of Sn is likely 
assisted with the presence of Pd crystal. We speculate that due 
to the catalyst being rich in Sn and the consumption of Pd to form 
PdSn iNPs, the majority of Sn remains as SnOx species.[17] We 

should also note that XPS suggests the surface Pd and Sn 
composition, which cannot quantitatively represent the bulk PdSn 
intermetallic composition, considering the different sizes of the 
PdSn iNPs and the Sn domains/clusters revealed by TEM.  

The catalytic properties of the PdSn iNPs were first examined 
on hydrogenation of crotonaldehyde (Figure 4a), a model reaction 
to study hydrogenation selectivity between C=O and C=C bonds. 
As shown in Figure 4b, the conversion of each catalyst is 
deliberately controlled at 10-15% (unless inactive) to fairly 
compare the selectivity of each catalyst.[16] Additional catalysis 
results are presented in Figure S12, where catalysts' performance 
is compared with the same amount of Pd in each catalyst. Among 
various monometallic/bimetallic catalysts, PdSn has an 
outstanding selectivity of >99.9% to crotyl alcohol at a conversion 
of 11.0%. By extending the reaction time, we are also able to 
reach 95.4% in conversion while keeping a high (>96%) selectivity 
to crotyl alcohol (Figure 4c). In contrast, Pd and Pd3Sn favor the 
formation of butyraldehyde, where the crotyl alcohol selectivity is 
merely 13.3% and 0.8%, respectively. Pd3Sn2/SiO2 has a low 
activity toward this reaction, showing only a 0.5% conversion 
towards any product under the same reaction condition. This 
demonstrates that the catalytic behaviors are largely determined 
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by the specific intermetallic structure. A commercial 5% Pd/C 
catalyst shows low selectivity (9.0%) to crotyl alcohol, similar to 
the Pd/SiO2. A commercial 5% Pt/C catalyst shows no selectivity 
to crotyl alcohol and severe over-hydrogenation (Figure S12). 
These results are also comparable with previous literature.[2a, 8, 18] 
Sn/SiO2 shows no hydrogenation activity, ruling out any catalytic 
contribution from excess Sn in PdSn/SiO2. However, potential 
indirect contribution from the SnOx/PdSn interface cannot be 
excluded, as previous research reports such effects.[19] Reaction 
yield to each product is calibrated (Figure S13) with gas 
chromatography (GC), and the carbon balance of each reaction 
is calculated to be within 100 ± 5% based on the calibration. 

To show that the PdSn catalyst has a general high 
hydrogenation selectivity towards the C=O bond, we explore the 
substrate scope of the reaction with different α,β-unsaturated 
aldehydes, as shown in Figure 4c. The selectivities of Pd and 
PdSn catalysts are compared with crotonaldehyde, methacrolein, 
furfural, and cinnamaldehyde. The PdSn catalyst exhibits 
outstanding selectivity (96.2, 98.8, 99.5, and 97.3%, respectively) 
towards the C=O hydrogenation products in each reaction, 
outperforming the Pd monometallic catalysts that easily over-
hydrogenate the substrate.  

We then performed a variety of treatments on the PdSn 
nanocatalyst to establish the structure-properties relationship. As 
shown in Figure 5, one can correlate structural changes identified 
from PXRD and carbon monoxide diffuse reflectance infrared 
Fourier transform spectroscopy (CO-DRIFTS) study with catalytic 
performance. The PdSn/SiO2 catalyst quenched from 600 °C to 
room temperature rapidly (iii in Figure 5) exhibits PdSn bulk phase 
and shows high C=O hydrogenation selectivity (>99.9%, 21% 
conversion) in crotonaldehyde hydrogenation; in contrary, 
PdSn/SiO2 both slowly cooling down over a period of 16 h (i) and 
naturally cooling down (ii) show mixed phases of Pd3Sn2 and 
PdSn from the PXRD patterns in Figure 5b. Such mixed-phase 
catalysts result in low activity in crotonaldehyde hydrogenation 
(2.2% and 5.2% conversion, respectively), behaving similar to 
pure phase intermetallic Pd3Sn2.  

To investigate the surface structural change, we use CO-
DRIFTS to characterize these samples (Figure 5d). Monometallic 
Pd catalyst, as a reference, shows its characteristic atop CO 
adsorption peak at 2068 cm-1 and bridged CO adsorption peak at 
1950 cm-1.[20] Pd3Sn behaves similarly as Pd, showing a larger 
bridged than atop CO adsorption peak, which may explain their 
similarity in catalytic behavior. As the Pd sites are diluted by Sn 
atoms in Pd3Sn2, the bridged CO adsorption peak disappears due 
to a lack of neighbored Pd sites.[21] Interestingly, the quenched 
PdSn nanocatalyst shows a strong atop CO adsorption at 2083 
cm-1 and a weak but unique peak at 2030 cm-1. Our density 
functional theory (DFT) calculations of the vibrational frequencies 
of CO adsorbed on PdSn(012) suggest the vibration at 2083 and 
2030 cm-1 can be assigned to atop CO adsorption and a CO 
bridged between two surface Pd atoms (see detailed discussion 
in Figure S15). On the contrary, the slowly cooled PdSn catalyst 
shows a very similar CO adsorption peak with the Pd3Sn2 sample. 
Therefore, we believe that even though the reversion of the 
slowly/naturally cooled PdSn iNPs to Pd3Sn2 phase does not 
complete through the whole nanoparticle, the structural change 
likely starts at the catalyst surface where the energy barrier for 
reconstruction is the lowest. The resulting catalysts are most likely  
 

Figure 6. H2 adsorption behavior over PdSn nanocatalyst. (a) Initial rate of 
crotonaldehyde hydrogenation measured at different H2 pressure, showing an 
order of approximately 1 in H2 for crotonaldehyde hydrogenation over PdSn. (b) 
Schematic illustration of the calculated H2 dissociation process and energy 
barrier, with and without the presence of adsorbed crotonaldehyde molecules. 
The unit is kJ/mol. 

possessing a prevailing Pd3Sn2 surface, therefore behave like 
Pd3Sn2 in CO-DRIFTS and show low activity in crotonaldehyde 
hydrogenation. 

Besides, a 200 °C treatment (4 h) is also performed on the 
quenched PdSn/SiO2 catalyst (iv), and it shows comparable 
PXRD pattern and catalytic performance (97.8% selectivity, 
24.1% conversion) after the treatment. This comparison indicates 
that the PdSn iNPs do not convert to Pd3Sn2 at 200 °C in 4 h and 
are thus stable at our reaction temperature (30 °C). This result 
also demonstrates the possibility of applying this catalyst to other 
reactions that require moderate temperature. A 5-times recycled 
catalyst also confirms the catalyst stability, showing comparable 
PXRD pattern (Figure 5b), XPS spectra (Figure S14), and 
catalytic performance (>99.9% selectivity, 19.7% conversion) as 
the fresh catalyst.[22] 

Further understanding of such high C=O selectivity in 
crotonaldehyde hydrogenation can be learned by measuring 
reaction orders over the PdSn catalyst. As shown in Figure 6a and 
Figure S16, the reaction order of crotonaldehyde is observed to 
be approximately zero, and the reaction order of H2 pressure is 
approximately 1. Those reaction orders suggest that either the 
surface is covered by crotonaldehyde or crotonaldehyde is not 
involved in the rate-determining step. To explain the reaction 
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Figure 7. DFT-calculated reaction mechanism for crotonaldehyde hydrogenation over PdSn (012) surface. The path for hydrogenation of the C=C and C=O bond 
is colored red and green, respectively. The insets show the schematics for the elementary steps, crotonaldehyde and H2 adsorption, hydrogenation, and desorption. 
The unit is kJ/mol. The atomic structures of the intermediates and transition states are shown in the supplementary information. 

order and the observed high selectivity, we conducted DFT 
calculations. 

The hydrogen dissociation (Figure 6b) is initiated via 
adsorption of dihydrogen on the Pd-Sn surface. DFT calculation 
shows that the dissociation proceeds with an activation barrier of 
94 kJ/mol. In the presence of crotonaldehyde on the surface, the 
dissociation barrier of the dihydrogen increases to 107 kJ/mol. To 
further understand the H2 dissociation behavior, we conducted the 
crotonaldehyde hydrogenation using D2O as the solvent. The 
reaction mixtures were analyzed by solution NMR (Figure S17), 
showing no formation of C-D bonds in the methylene of crotyl 
alcohol, confirmed by GC-MS (Figure S18). GC-MS results also 
show partial H-D exchange on the -OH group of crotyl alcohol, 
which readily occurs in the presence of the D2O solvent. The in-
situ NMR experiment using D2O solvent and 6 bar H2 also shows 
the absence of HD formation even after 24 h at 60 °C (Figure S19). 
However, it is commonly observed that Pd nanoparticles can 
catalyze the rapid H-D exchange between H2 and D2O, readily 
leading to the deuterium incorporation in the hydrogenation 
products.[23] This divergent behavior of PdSn versus Pd suggests 
that the activation of H2 by PdSn is much slower. Thus, adsorbed 
hydrogen has a relatively transient lifetime, indicating a high 
dissociation barrier.  

Figure 7 shows the calculated energy profile to compare the 
two competing pathways, which are hydrogenation of the C=O 
bonds of crotonaldehyde to form crotyl alcohol and the C=C 
bonds to form butyraldehyde. The initial step is the adsorption of 
reactants (Figure S20 and S21) on a clean PdSn surface. Note 
the adsorption of crotonaldehyde (a in Figure 7) is much stronger 

than hydrogen (b in Figure 7), indicating the PdSn surface is likely 
covered by crotonaldehyde. The second step is the hydrogen 
migration (b-c in Figure 7) to a Pd-Pd bridge site in the proximity 
of crotonaldehyde with an energy cost of 30 kJ/mol. 

There are two elementary steps for hydrogenation of the C=O 
and C=C double bonds; only the ones with the lowest activation 
barrier are included in Figure 7, while the alternate sequences for 
hydrogenation are included in the supplementary information 
(Figure S21-25). To hydrogenate the C=C bond (c-d2 in Figure 7), 
the intrinsic barrier for the first hydrogenation is 66 kJ/mol, 
followed by the second barrier of 37 kJ/mol to hydrogenate the 
other carbon in the C=C bond to form butyraldehyde, leading to 
an overall barrier of 78 kJ/mol with respect to the gas phase H2. 
The formation of crotyl alcohol by hydrogenation of the C=O bond 
is relatively easier; the overall barrier is 63 kJ/mol.  

It appears that desorption of butyraldehyde or crotyl alcohol 
should not limit the reaction kinetics because the energy cost for 
desorption of butyraldehyde and crotyl alcohol is 45 and 78 kJ/mol, 
respectively. If the entropy gain upon desorption is included, the 
desorption energy can be further reduced (see supplementary 
information). The broken ensemble of surface Pd reduces the 
binding between the surface and the butyraldehyde and crotyl 
alcohol, the latter of which can thus desorb without further 
hydrogenation to produce butanol.  

The activation barrier to hydrogenate the C=O and C=C 
double bonds is considerably smaller than the aforementioned 
dissociation barrier of hydrogen over the Pd-Sn surface, 
indicating the hydrogenation reaction is limited by the activation 
of the H2 on the surface. This is consistent with our experimental 
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result using D2O as the reaction solvent. To further illustrate this 
conclusion, we performed a kinetic analysis based on the 
Langmuir–Hinshelwood mechanism. We considered both a two-
site model in which H and crotonaldehyde do not compete for 
sites and a one-site model where they do compete. This analysis 
is similar to what we recently performed for hydrogenation of 
furfural,[24] which also includes a conjugated C=C and C=O bonds. 
The kinetics analysis (Table S4), combined with our DFT 
calculation discussed above, suggests the reaction is limited by 
H2 dissociation; this agrees with the experimentally measured 1st 
order of reaction rate with respect to H2 pressure. Interestingly, 
though it does not determine the rate, the reaction selectivity is 
indeed determined by hydrogenation of the C=C and C=O bonds; 
the higher overall barrier for hydrogenation of the C=C than C=O 
bonds thus explains the high selectivity to the unsaturated alcohol. 

Conclusion 

In summary, we demonstrated the use of in-situ techniques that 
enables the synthesis of intermetallic PdSn nanocatalysts. Both 
in-situ PXRD and XANES studies confirm that a temperature 
above 550 °C is necessary to obtain the pure PdSn phase, while 
Pd2Sn and Pd3Sn2 intermediates present at lower temperatures. 
In addition, the PdSn phase reverts to a thermodynamically 
preferred Pd3Sn2 phase over a slow cooling process, but an 
efficient quenching method harvests the PdSn nanocatalyst 
successfully. We believe that this surface-specific phase 
transition appears uniquely on nanomaterials. As for bulk material, 
such transition would be masked by the dominant bulk phase in 
PXRD measurements. This could nurture future studies about 
distinct behaviors of nanomaterials. Applied to the hydrogenation 
of crotonaldehyde as well as other α,β-unsaturated aldehydes, 
the PdSn nanocatalyst exhibits excellent C=O hydrogenation 
selectivity. Other catalysts, such as Pd, Pd3Sn, and Pd3Sn2, show 
either poor selectivity or low activity. To the best of our knowledge, 
this is the highest selectivity reported for this reaction with Pd-
based catalysts. Further studies demonstrate the significance of 
efficient quenching in obtaining high activity and selectivity: a 
Pd3Sn2-surfaced catalyst obtained after a natural cooling process 
results in impaired catalytic selectivity and similar activity to pure 
phase Pd3Sn2. CO-DRIFTS studies indicate that the reversion 
from PdSn to Pd3Sn2 likely started at the surface of the catalyst. 
Isotope-labelling studies show a short lifetime of adsorped 
hydrogen, indicating a high H2 dissociation barrier. DFT 
calculations suggest an energetic preference in the 
hydrogenation of the C=O bonds over PdSn surface and 
determine the rate-limiting step of the catalytic reaction to be H2 
dissociation on the PdSn surface. 
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Metastable PdSn intermetallic nanoparticles are made through a 
rapid quenching method, inspired by in-situ characterization 
results. PdSn shows unprecedented high hydrogenation 
selectivity of C=O over C=C bonds in α,β-unsaturated aldehydes.  
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