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In this work, we report alumina-supported metal-metalloid alloy nanoparticles (Pd,B/Al,O3) as highly
efficient alkyne semi-hydrogenation catalysts. The mentioned catalysts contain orthorhombically
distorted hcp Pd,B nanoparticles and were prepared by in situ transformation of Pd/Al,Oz with borane
dimethylamine complex by a solvothermal method. The synthesized Pd,B/Al,Os demonstrated greatly
enhanced semi-hydrogenation performance. Under reaction conditions of 30 °C, 0.1 MPa of H, and
a substrate/Pd molar ratio of 1000/1, the conversions of 3-hexyne-1-ol could reach 99.8% in 15 min with

a yield of cis-3-hexen-1-ol of 93.3%. Importantly, the alkene and cis- to trans-alkene selectivity only
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Accepted 22nd February 2025 slightly decreases with an extended reaction time, showing the inhibition of deep hydrogenation.

Experimental studies and density functional theory calculations indicate that the catalytic enhancement

DOI: 10.1039/d5ra00302d is originated from the formation of Pd,B alloy, which alters the electronic and geometric properties of
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Introduction

Semi-hydrogenation of alkynes to alkenes is one of the model
reactions for rational design of selective hydrogenation
catalysts,'” and is frequently used in real industrial processes to
produce various chemicals.®® For example, semi-hydrogenation
of phenylacetylene®** over Pd/CaCO; with Pb salts and quino-
line, the Lindlar catalyst," has been used to remove the alkyne
in styrene to avoid the deactivation of styrene polymerization
catalysts. In general, supported noble metal-based catalysts****
are recognized as efficient semi-hydrogenation -catalysts.
However, their alkene selectivity is relatively low, and keeping
high alkene selectivity including cis- to trans-alkene selectivity
during an extended reaction time is challenging since hydro-
genation of alkynes are tandem and isomerization reactions.
Among various noble metal catalysts, Pd-based ones could
catalyze hydrogenations of alkynes under mild reactions due to
their high activity. Literatures have reported the poisoning**
strategy employing S- or N-containing organic ligands*™>* to
improve the alkene selectivity for Pd-based catalysts. Such
poisoning could alter the electronic/geometric properties of
surface Pd species, resulting in the inhibition of alkene adsorp-
tion to mitigate their deep hydrogenation. For instance, diphenyl
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surface species, thus suppressing the deep hydrogenation with the enhanced alkene selectivity.

sulfide linkages-containing polymer supported Pd nanoparticles
(NPs) improved the alkene selectivity with minimal over-hydro-
genation® while 2, 2'-bipyridine (bipy) and imidazolium-
functionalized bipy ligands stabilized Pd NPs* exhibited
enhanced alkene selectivity for hydrogenation of 1-hexyne.

Another strategy to enhance the alkene selectivity is to alloy
Pd with other metals. By the interaction between Pd and the
second metal, the electron density as well as the geometric
properties of surface Pd species is changed, thus avoiding deep-
hydrogenation of alkenes.>** For example, Pd-Zn/Al,O;
demonstrated better styrene selectivity at high conversions for
hydrogenation of phenylacetylene than monometallic Pd/
Al,03,** and dilute Pd,Au;_, NPs embedded in raspberry
colloid-templated silica® showed better performance at high
conversions for gas phase semi-hydrogenation of 1-hexyne than
individual Pd. Although alloying Pd with transition metal or
main group metal has shown enhanced alkene selectivity for
hydrogenation of alkynes to more or less degree, maintaining
high alkene selectivity over the extended reaction time is chal-
lenging. Compared with individual metals, metal-metalloid
alloys have different surface electronic structures and geometric
characteristics due to the unique electronegativity and atomic
radius of metalloid elements, which can affect the catalytic
activity, selectivity, and even the crystal structures of the
alloys.*® Currently, Pd-metalloid alloys are mainly applied in
electrocatalysis,* = catalytic oxidation**** and reduction,” the
use of Pd-metalloid alloys for semi-hydrogenations is rarely
reported.*

In this work, we report alumina-supported metal-metalloid
Pd,B alloy NPs (Pd,B/Al,0;) as highly active and selective
alkyne semi-hydrogenation catalysts. The mentioned Pd,B/
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Scheme 1 The synthetic procedures of Pd,B/Al,Os.

Al,O; was prepared by in situ transformation of Pd/Al,O; with
borane dimethylamine (DMAB) in tetrahydrofuran (THF) at
160 °C by a solvothermal method.*” Scheme 1 shows the
synthetic procedures of Pd,B/Al,0;, where the in situ trans-
formation could preserve the small size of catalytic function-
ality. Pd,B/Al,O; demonstrated significantly enhanced alkene
selectivity for hydrogenation of 3-hexyne-1-ol (HY). Under 30 °C,
a molar ratio of substrate/Pd of 1000/1 and atmospheric H,
pressure, 93.6% of cis-3-hexen-1-ol (cis-HE) selectivity at 99.8%
of conversion was achieved over Pd,B/Al,O; during 15 min for
hydrogenation of HY, and the alkene selectivity only exhibited
a slight decrease with the reaction proceeding, showing much
better performance than Pd/Al,O;. Through the combination of
experimental studies and density functional theory (DFT)
calculations, the performance enhancement of Pd,B/Al,O; is
ascribed to the alteration of electronic/geometric properties by
alloying Pd with B, which inhibits the adsorption and hydro-
genation of alkenes, thus improving the alkene selectivity.

Results and discussion
Characterizations

Fig. 1a and b present the transmission electron microscope
(TEM) images of Pd/Al,O; and Pd,B/Al,O3, respectively, while
their corresponding size distributions are shown in Fig. S1.} It
can be seen that Pd and Pd,B NPs illustrate well-faceted shapes
with average particle sizes of 7.2 and 7.9 nm (Fig. S1t}), respec-
tively. The spacing of lattice fringe in the insert of Fig. 1a is
0.228 nm, which can be attributed to the (111) spacing of fcc Pd
while the insert of Fig. 1b shows the lattice spacing of 0.233 nm
corresponding to the spacing of (002) of hcp Pd,B. The lattice
expansion is presumed to be due to the insertion of B.**
Fig. 1c to f show the high angle annular dark field scanning
electron microscope (HAADF-STEM) images of Pd,B/Al,O3; and
their corresponding energy dispersion spectroscopy (EDS)
phase mappings and line-scans of the selected Pd,B NPs. The
Pd phase mappings in Fig. 1d clearly demonstrate the well
dispersed Pd while the B phase mapping contains much noise
due to its small atomic number. Therefore, EDS line-scans of B
element were used. As shown in Fig. 1e and f, the highest B
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Fig. 1 TEM images showing: (a), Pd/Al,Os3, insert showing the lattice
fringe of Pd (111); (b), Pd,B/ALLO3, insert showing the lattice fringe of
Pd,B (002). HAADF-STEM images of Pd,B/Al,Os showing: (c), the
selected areas of Pd,B/Al,Oz for EDS phase mapping, the arrow
indicating the selected NPs for EDS line-scans; (d), the Pd phase
mapping; (e) and (f), the corresponding EDS line-scans.

concentration aligns with the highest concentration of Pd,
confirming the co-presence of Pd and B in Pd,B NPs.

X-ray diffraction (XRD) patterns of Al,03, Pd/Al,O; and Pd,B/
Al,O; are shown in Fig. 2a. Due to the overlap of alumina and Pd
diffractions, the distinct Pd diffractions were not observed in
Pd/Al,O3. Compared with that of alumina, the relative intensity
ratio of the diffraction at 39.3° (26 degree) to that at 37.4° in Pd/
Al,O; is significantly increased, suggesting that the fcc Pd (111)
diffraction at 39.6° is overlapped with that at 39.3° of alumina.
In contrast, a set of the diffractions at 41.4°, 54.2°, 70.9° and
78.6° appear in Pd,B/Al,0;, which can be ascribed to (101),
(102), (103) and (112) of hcp Pd,B,*” respectively. To further
confirm the formation of Pd,B by in situ transformation, silica
supports were used for comparison, where the Pd,B/SiO, was
prepared by the similar process to that of Pd,B/Al,O; except that
silica was used. As shown in Fig. 2b, Pd,B/SiO, shows the
distinct Acp Pd,B diffractions of (100) at 36.7°, (002) at 38.2°,
(101) at 41.6°, (102) at 54.0°, (110) at 66.2°, (103) at 71.1° and
(112) at 78.7°, and Pd diffractions totally disappear, further
confirming the complete transformation of Pd into Pd,B by the
solvothermal method.
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Fig. 2 (a), XRD patterns of Al,O3 (black), Pd/Al,O3 (blue) and Pd,B/
AlLOs (red); (b), XRD patterns of Pd/SiO, (black) and Pd,B/SiO, (red).
The green vertical dashed lines indicate the diffractions of the refer-
ence hcp Pd,B. The synthetic procedures of Pd,B/Al,Oz and Pd,B/
SiO, are same except that different supports were used.
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Fig. 3 XPS spectra: (a), Pd 3d spectra of Pd/Al,Os; (b), Pd 3d spectra of
Pd,B/Al,O3; (c), B 1s spectra of Pd,B/Al,Os.

Fig. 3 presents the X-ray photoelectron spectroscopy (XPS)
analysis of various samples. The binding energies of 335.0/340.3
and 336.4/341.5 (eV eV ') in Fig. 3a are attributed to the 3ds,,/
3ds, of Pd° and Pd** species of Pd/Al,O;,*** respectively.
However, the binding energies of Pd° at 334.6/339.9 and Pd>" at
336.0/341.1 of Pd,B/Al,03 in Fig. 3b show a shift of 0.4 eV to the
lower binding energies relative to those of Pd/Al,O3, suggesting
the electron flow from B to Pd. Fig. 3c demonstrates the B 1s
peak of Pd,B/Al,O;, where the binding energies at 187.8 and
192.0 €V are attributed to B® and B-O, species, respectively.
Compared with 186-187.1 eV of B® species of individual B,**
the binding energy of B® of Pd,B exhibits a shift of 0.7-1.8 eV to
the higher binding energies, further confirming the electron
flow from B to Pd. The high percentage of B-O, is attributed to
the formation of amorphous B,0O; by decomposition of excess
DMAB in the solovothermal process.””*® Table S11 summarizes
the metal loadings of various materials determined by induc-
tively coupled plasma optical emission spectrometer (ICP-OES).
Indeed, the B loading is much higher than the theoretic value,
confirming the formation of amorphous B,O; in the sol-
vothermal process.

The change of electron density of surface Pd species was
further studied by diffuse reflection Fourier transform infrared
spectroscopy (DRIFT-IR) with CO probes. As shown in the Fig. 4,
CO bands above 2100 cm ™" disappear after 10 min of argon
purging, suggesting that these bands are due to free CO. The left
weak peak at 2036 cm ™" for Pd/Al,O; in Fig. 4a is related to the
linear CO species coordinated on Pd,**** while the major peak at
1944 cm ™" and those shoulders at 1960 and 1920 cm™ " can be
attributed to the characteristic bands of bridged CO species on
Pd.>** However, the major bridged CO peak of Pd,B/Al,O; in
Fig. 4b is found at 1920 cm ™', showing a red shift of 24 cm ™.
Such a red shift indicates the electron-sufficiency of surface Pd
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Fig. 4 DRIFT-IR spectra with CO probes of (a) Pd/Al,O3 and (b) Pd,B/
AlLOs.
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species by alloying Pd with B, and is consistent with the XPS
study. Through the combination of XPS studies and DRIFT-IR
studies with CO probes, the surface Pd species of Pd,B are
electron-sufficient. It is well known that the change of electron
densities of surface species will change the adsorption behavior
of reactants, intermediates or products, and further DFT
calculation confirms that Pd,B inhibits the adsorption of the
intermediate alkene and thus increases the selectivity of alkene
for alkyne hydrogenation.

Catalytic hydrogenation of alkyne over Pd,B/Al,O;

Hydrogenation of 3-hexyne-1-ol (HY) was carried out under
selected solvents and atmospheric H,. Table S11 shows the Pd
metal loadings of different catalysts. To keep the substrate/Pd
molar ratio constant, different weights of Pd/Al,O; and Pd,B/
Al,O; were used. Fig. 5 presents the time courses of HY hydro-
genations over Pd/Al,O; and Pd,B/Al,0;. These two catalysts
show basically similar activity with >99.8% of conversions and
95.3% of 3-hexen-1-ol (HE) yields in 15 min. However, the
selectivity of HE and cis-HE of Pd/Al,O; in Fig. 5a rapidly
decreases while those over Pd,B/Al,O; in Fig. 5b only slightly
decrease. For example, the HE/cis-HE yields of Pd,B/Al,O; in
Fig. 5b could maintain 85.1/74.2% in 120 min. In sharp
contrast, the HE/cis-HE yields of Pd/Al,O; in Fig. 5a are only
50.8/21.6% at the same time. In addition, the control experi-
ment using individual B,O,/Al,O; in Fig. S2f didn't show
obvious catalytic activity. Therefore, the maintenance of the
selectivity of HE and cis-HE for Pd,B/Al,O; is due to the inhi-
bition of alkene adsorption by alloying Pd with B.

To further confirm the inhibition of alkene hydrogenation
over Pd,B/Al,0;, the experiments using cis-HE as substrates
were performed. As shown in Fig. 6a, individual Pd/Al,O;
exhibits rapid alkene hydrogenation (100% conversion in 25
min) and cis to trans isomerization (a maximum of 43.1% trans-
HE yield in 20 min). Moreover, some non-identified products
were also found, possibly due to the double bond migration.®***
In sharp contrast, Pd,B/Al,O; in Fig. 6b only shows cis to trans
isomerization reactions with a trans-HE yield of 7.9% in 60 min
(no alkane detected). Although the cis-HE hydrogenation over
Pd,B/Al,0; is greatly inhibited in Fig. 6b, its hydrogenation
when HY as substrates in Fig. 5b cannot be totally inhibited.
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Fig. 5 Reaction profiles of HY hydrogenation over: (a), Pd/AlLOs; (b),
Pd,B/Al,Os. Reaction conditions: HY/Pd molar ratio, 1000/1; HY,
1.0 mmol; MeOH, 10.0 mL; reaction temperature, 30 °C; speed of
agitation, 700 rpm; H, pressure, 0.1 MPa. Red curves are the yields of
alkene including cis- and trans-alkene.
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Fig. 6 Reaction profiles of cis-HE hydrogenations over: (a), Pd/Al,Ox;
(b), Pd>B/AlL,O3. Reaction conditions: cis-HE/Pd molar ratio, 1000/1;
cis-HE, 1.0 mmol; MeOH, 10.0 mL; reaction temperature, 30 °C; speed
of agitation, 700 rpm; H, pressure, 0.1 MPa. Others in (a) may be due to
double bond migration.

Currently, the reason is not clear, and we speculate that the
intermediate cis-HE already on Pd,B when HY as substrates
could favor its further hydrogenation.

The effects of solvents on the catalytic performance of Pd,B/
Al,O5 are shown in Table 1. MeOH and EtOH as solvents exhibit
basically similar performance with >95% of conversions and
>93% of HE yields in 15 min while propan-2-ol and THF show
lower activity and alkene selectivity. In this study, the polarities
of solvents decrease in the following order: MeOH > EtOH >
propan-2-ol and THF, which is aligned with the activity
decreasing order of Pd,B/Al,O; in these solvents, suggesting an
important role of the solvent polarity. Moreover, the competitive
adsorption of solvents may also influence the catalytic active
sites,® which further affects the alkene hydrogenation.

Fig. 7 presents the effect of reaction temperatures on cata-
lytic performance. As shown in Fig. 7 and 5b, no significant
difference of catalytic activity was observed for HY hydrogena-
tions over Pd,B/Al,O; in the temperature range 20-40 °C, and
the alkene selectivity is only slightly decreased with an extended
reaction time in this temperature range, showing the robust
inhibition of alkene adsorption and deep-hydrogenation on
Pd,B NPs. More hydrogenations of other alkyne substrates were
also investigated. As shown in Fig. S3,7 Pd,B/Al,O; shows
higher activities as well as better alkene selectivity for

Table 1 HY conversions and HE yields of Pd,;B/AL,O3 in different
solvents

Yield (%)

Solvents” Time (min)  Conv. (%) HE cissHE  trans-HE
MeOH 15 99.8 95.9 93.3 2.6

120 100.0 85.1 74.2 10.9
EtOH 15 95.9 93.4 91.3 2.0

120 100.0 85.0 75.0 10.0
Propan-2-ol 15 79.7 79.7 7841 1.6

120 100.0 77.7 67.1 10.5
THF 15 44.3 44.3 43.6 0.7

120 100.0 77.1 57.8 19.3

“ Reaction conditions: HY/Pd molar ratio, 1000/1; HY, 1.0 mmol;
solvent, 10.0 mL; reaction temperature, 30 °C; speed of agitation,
700 rpm; H, pressure, 0.1 MPa.
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Fig. 7 Reaction profiles of HY hydrogenation over Pd,B/AlL,Oz at
atmospheric H, pressure and various reaction temperatures: (a), 20 °C;
(b), 40 °C. Reaction conditions: HY/Pd ratio, 1000/1; HY, 1.0 mmol;
MeOH, 10.0 mL; speed of agitation, 700 rpm.

hydrogenation of 2-butyn-1-ol (BY) than Pd/Al,O; while Pd,B/
Al,O; shows higher activities for diphenylacetylene (DPA)
hydrogenation although Pd/Al,O; and Pd,B/Al,O; all demon-
strate good alkene selectivity during the extended reaction time.

Fig. 8 shows the stability investigation of the Pd,B/Al,O;
catalysts. The experiment was first performed at a HY/Pd ratio of
5000/1 (five times higher). After treating five times more reac-
tants, the catalysts were recovered, thoroughly washed and
dried, and then were tested at a HY/Pd ratio of 1000/1. As shown
in the high ratio experiment (Fig. 8a), the conversion of HY
reached 99.9% at 100 min with a yield of cis-HE of 94.6% (the
alkene yield of 97.3%). At 600 min, the yield of HE could be
maintained at 84.0% with a cis-HE yield of 72.1%, showing good
selectivity stability at a high ratio of substrate/Pd. Moreover, the
recovered catalysts in Fig. 8b obtained a complete conversion
and the HE/cis-HE yields of 95.7%/92.1% at 15 min, showing the
similar performance to the fresh catalysts. The HE/cis-HE yields
of the recovered catalysts during the extended reaction time
only slightly decrease to 78.6%/64.7% at 120 min, showing
a quite good catalytic stability. Fig. S4t presents the TEM
images, size distribution and XRD pattern of the recovered
catalysts. Except the Pd,B particle size increasing from 7.9 to
8.9 nm, no other obvious changes were found after recycling
experiments, further confirming their structural stability. Table
S21 summarizes the comparison between this work and the
reported ones. As indicated in Table S2, the Pd,B/Al,O; is

~100 ~100
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Fig. 8 (a) Reaction profiles of HY hydrogenation over Pd,B/Al,Oz at

a HY/Pd ratio of 5000/1 (five times higher); (b) HY hydrogenation at
a HY/Pd ratio of 1000/1 over the recycled Pd,B/Al,Os. Reaction
conditions: HY, 15.0 mmol for (a) and 1.0 mmol for (b); MeOH, 30.0 mL
for (a) and 10.0 mL for (b); reaction temperature, 30 °C; speed of
agitation, 700 rpm; H pressure, 0.1 MPa.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cis-HE to hexanol on Pd (111) and Pd,B (001). TS refers to transition
state, * indicating the surfaces of Pd (111) and P,B (001).

comparable to state-of-the-art Pd-based catalysts for liquid
phase 3-hexyne-1-ol semi-hydrogenation.

The origin of the enhanced alkene selectivity of Pd,B/Al,O3

DFT calculations were performed to gain further mechanistic
understanding of HY hydrogenation on the Pd/Al,O; and Pd,B/
AlL,O; catalysts. Pd (111) and Pd,B (001)* surfaces were
employed to model the Pd and Pd,B catalysts, respectively
(Fig. 9 and S57). Since the decrease in HE selectivity primarily
stems from the HE hydrogenation reaction, the two-step
hydrogenation pathway for HE conversion to hexanol was
considered in the calculations.

As shown in Fig. S5, the binding energy of —1.57 eV of cis-
HE on Pd,B (001) is obviously higher than —1.90 eV of cis-HE on
Pd (111), indicating that the adsorption of HE on the Pd,B alloy
is suppressed. Fig. 9c presents the potential energy diagrams for
cis-HE hydrogenation on Pd (111) and Pd,B (001). Despite the
two catalysts show similar activation barrier for the first
hydrogenation step, the hydrogenation barrier of C¢H;30*
intermediate to CcH,,0* is markedly increased from 0.44 eV to
0.89 eV with adding B to construct Pd,B alloy, suggesting that
Pd,B is more unfavorable for HE hydrogenation. Thus, the DFT
calculations confirm that the enhanced HE selectivity over
Pd,B/Al,0; is due to the suppression of alkene adsorption and
its over-hydrogenation.

Conclusion

In this work, alumina supported Pd,B NPs were prepared by in
situ transformation of Pd/Al,O; with borane dimethylamine
complex by a solvothermal method. At mild reaction condi-
tions, the obtained Pd,B/Al,O; exhibited enhanced alkene/cis-
alkene selectivity for hydrogenation of 3-hexyne-1-ol during an
extended reaction time. The experimental studies and theoret-
ical calculations indicate that alloying Pd with B alters the
electronic/geometric properties of surface species of catalytic
functionality, where alloying B with Pd makes the Pd electron-
sufficient and the binding energy of cis-HE on Pd,B (001) is
obviously higher than that of c¢is-HE on Pd (111), resulting in
inhibition of the adsorption of alkene and suppression of their
deep hydrogenation with enhanced alkene selectivity. We

© 2025 The Author(s). Published by the Royal Society of Chemistry
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believe that the in situ transformation by a solvothermal method
could extend to other metals, and such metal-metalloid alloy
NPs may find more applications in heterogeneous catalysis.

Experimental section
Synthesis of Pd/Al,O;

A portion of PdCl, (15.0 mg), PVP-K30 (28.7 mg) and EG (6.5 mL)
were charged into a three-necked round-bottomed flask under
vigorous magnetic stirring. The resultant mixture was heated to
and maintained at 60 °C for 30 min under nitrogen to fully
dissolve the chemicals, and then subjected to heating at 90 °C
for 30 min, followed by an additional heat treatment at 150 °C
for 120 min. The resultant dark colloid was cooled to room
temperature and subsequently centrifuged with acetone to
collect Pd NPs. The above mentioned Pd NPs were then re-
dispersed in 7.5 mL of EtOH to form Pd colloid, and then
transferred into a three-necked round-bottomed flask. A portion
of 240 mg of Al,O; calcined at 500 °C for 180 min was added
into the system under vigorous magnetic stirring. EtOH was
then removed at 60 °C by a N, flow to obtain gray powder, which
was further dried at 60 °C in an oven for 8.0 h, and then sub-
jected to washing with acetone and EtOH to remove PVP-K30.
Finally, the collected solids were dried in an oven at 60 °C for
8.0 h to obtain Pd/Al,O; catalysts.

Synthesis of Pd,B/Al,0;

Typically, Pd/Al,O; (20.0 mg) and DMAB (600 mg) were mixed in
10.0 mL of THF, and then subjected to ultrasonic treatment for
60 min. Next, the mixture was transferred into a 20 mL Teflon-
lined hydrothermal reactor. The system was heated to and
maintained at 160 °C for 5.0 h. After cooling the system to room
temperatures, the solids were collected, washed with THF and
EtOH, and then dried in an oven at 60 °C for 8.0 h to obtain
Pd,B/Al,0O; catalysts.

Catalytic hydrogenations of HY

In a typical experiment, 1.0 mmol of HY, a desired amount of
catalysts (HY/Pd molar ratio of 1000/1), and 10.0 mL of solvents
were charged into a three-necked round-bottomed flask. The
reaction was performed at the defined temperature and atmo-
spheric H, with magnetic stirring. During the defined time
intervals, the reaction mixture was sampled, filtered, and
analyzed by a gas chromatography (GC) with a flame ionization
detector. The detailed GC analysis method can be found in ESI.

The stability experiment of Pd,B/Al,O; was first performed
using 15.0 mmol of HY and 30.0 mL of MeOH (a HY/Pd molar
radio of 5000/1) under 30 °C and atmospheric H,. After the
reaction, the catalysts were collected by centrifugation, washing
with EtOH, and drying at 60 °C for 8 h. Then, the HY hydro-
genation over the recovered Pd,B/Al,O; was carried out using
1.0 mmol of HY and 10.0 mL of MeOH (a HY/Pd ratio of 1000/1)
under 30 °C and atmospheric H,.

Computational models and methods

The detailed theoretical calculations can be found in ESL{
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