Catalysis
Science &
Technology

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

Tuning the oxidative dehydrogenation of propane
mechanism by Pd-B/Al,Oz bifunctional catalysis
through suppression of gas-phase radicals and
enhancement of surface-mediated pathways
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Boron-based catalysts typically promote the oxidative dehydrogenation of propane through a gas-phase
radical mechanism, achieving high propylene selectivity but limited propane conversion. In this study,
palladium is incorporated into B/Al,Oz to construct a bifunctional Pd-B/ALOs catalyst that shifts the
radical-dominated route to a surface-catalyzed Langmuir-Hinshelwood
mechanism. This cooperative effect increases propane conversion while maintaining the propylene

reaction pathway from a

selectivity. Quantitative analysis of both gaseous and surface H,O, indicates a likely shift in the reaction
mechanism from a gas-phase radical pathway to a surface-catalyzed process. Combined in situ EPR,
DRIFT, and XPS analyses, along with DFT calculations, reveal that Pd sites promote propane adsorption and
substantially lower the dehydrogenation barrier of CszH,, while adjacent BO,(OH)s_, species selectively
oxidize hydrogen to H,O, mitigating over-oxidation. The presence of surface B-OH groups further
improves performance, increasing propylene selectivity by approximately 5% under humidified conditions.
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These findings highlight a new strategy for designing efficient ODHP catalysts by harnessing bifunctional
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Introduction

Boron-based catalysts including boron nitride (BN)," boron
carbide (B4C),'° boron oxide,"'> and supported boron
materials>™® have attracted considerable attention for propane
oxidative dehydrogenation (ODHP) due to their exceptional
propylene selectivity. This performance originates from surface
oxygen-functionalized boron species that initiate the reaction by
abstracting hydrogen atoms from propane,’™® leading to two
distinct mechanistic pathways. One is the well-established gas-
phase radical pathway,"® and the other is a surface-catalyzed
pathway.'*'*

In the radical mechanism, gas-phase C;H;- radicals undergo
dehydrogenation to form propylene and simultaneously
generate gaseous H,0, as a characteristic byproduct due to
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active sites to promote surface-mediated reaction pathways.

radical reactions.*”'>'® In contrast, the surface-catalyzed

pathway involves chemisorbed intermediates in which surface-
bound C;H, species are dehydrogenated through interactions
with lattice oxygen. In this process, hydrogen is transferred to
surface OH or O sites, resulting in the formation of H,O as the
definitive byproduct.”*** Since direct detection of C;H,- radicals
remains experimentally challenging, the concentration of
gaseous H,0, serves as a key indicator for distinguishing
between the two pathways.

Although boron-based catalysts offer high propylene
selectivity through radical pathway mechanisms, in which
surface boron sites suppress alkoxyl radicals that lead to deep-
oxidation products, they show inherently limited efficiency for
propane  dehydrogenation.™®  Surface-catalyzed =~ ODHP
mechanisms are less prevalent than radical pathways in pure
boron systems due to the absence of cooperative interactions
between distinct active sites. Successful ODHP requires both
dehydrogenation sites for activating propane and nearby
oxidation sites that convert hydrogen selectively into water. This
cooperation helps drive the reaction toward propylene
formation by thermodynamically removing hydrogen from the
equilibrium."”'® Noble metals such as palladium and platinum
demonstrate excellent dehydrogenation —performance.'® >
However, when used alone, they often favor unselective

This journal is © The Royal Society of Chemistry 2025
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oxidation pathways. This drawback arises from the lack of
specific sites for hydrogen oxidation, which leads to over-
oxidation and combustion reactions instead of the desired
selective dehydrogenation.

To address these limitations, we incorporated both
palladium and boron onto an Al,O;3 support to construct dual
functional sites. In this configuration, palladium centers are
responsible for propane dehydrogenation, while neighboring
BO,(OH);-, species selectively oxidize hydrogen to H,O. This
structure satisfies the fundamental requirement for
cooperative site functionality in ODHP. Catalytic performance
studies revealed a significant increase in propane conversion
by 22% without any loss in propylene selectivity. Colorimetric
analysis of H,0, and in situ spectroscopy further confirmed a
mechanistic shift from gas-phase radical reactions to surface-
mediated catalysis. This study presents a new strategy for the
rational design of selective alkane dehydrogenation catalysts
based on boron systems.

Experimental
Catalyst synthesis

The supported boron on aluminum oxide (B/Al,0;) was
prepared using an impregnation method. Boric acid (H3BOs3,
AR, >99.5%, Macklin) was introduced to Al,0; (AEROXIDE),
followed by the addition of ultrapure water at a ratio of 50 ml
H,0 per gram of Al,0;. The mixture was stirred vigorously at
50 °C until the solution was completely evaporated. The
resulting product was then dried at 70 °C and calcined at 650
°C for 4 hours. These products were designated as YB/Al,O3,
with Y representing the weight percentage of boron.

The supported Pd-B/Al,O; catalysts were prepared using a
wetness impregnation method. An aqueous solution of
palladium nitrate (Pd(NO3),-2H,0, Macklin) was introduced
to B/Al,O;, followed by drying at 80 °C overnight and
subsequent calcination at 225 °C for 3 hours. The catalysts
were designated as XPd-YB/Al,O;, where X and Y represent
the weight percentages of palladium and boron, respectively.
3Au-1B/Al,0; and 3Pt-1B/Al,O; were synthesized using the
same procedure as 3Pd-1B/Al,0;, with HAuCl,-3H,0 and H,-
PtCle-6H,0 as the respective metal precursors.

Catalyst characterization

Before undergoing XRD, STEM, XPS, NMR, EPR, Raman and
DRIFTS characterization, the sample was pretreated using a
four-step reduction process. The process involved the
following steps: step 1: reduction at 150 °C for 30 min with a
temperature ramping rate of 4 °C min". Step 2: reduction at
200 °C for 30 min with a temperature ramping rate of 1 °C
min™'. Step 3: reduction at 250 °C for 30 min with a
temperature ramping rate of 1 °C min". Step 4: reduction at
490 °C for 30 min with a temperature ramping rate of 5 °C
min~" in a 10% H,/N, balance. Prior to XRD, STEM, XPS and
NMR characterization studies, the reduction catalysts were
kept under O,-free atmosphere.
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X-ray diffraction (XRD) was performed using a PANalytical
X'Pert3 Powder diffractometer with Cu Ko radiation (k = 0.15406
nm). The catalyst powder was placed on a silicon slice sample
holder for testing. Samples for high-resolution transmission
electron microscopy (HRTEM) were prepared by suspending
catalyst powder in ethanol, followed by sonication and
deposition on a Cu grid with a carbon film. HRTEM images
were acquired using a JEM 2100F electron microscope operating
at an acceleration voltage of 200 kV, equipped with Oxford
energy-dispersive X-ray spectroscopy (EDS). X-ray photoelectron
spectroscopy (XPS) and in situ XPS analysis of ODHP over
catalysts were performed wusing an ESCALAB 250Xi
(ThermoFisher) equipped with an Al Ko source. Detailed
acquisition of individual elemental regions was performed at 40
eV. H,-temperature-programmed reduction (TPR) was
performed using a BSD-Chem C200 Automatic Chemisorption
Analyzer. Prior to analysis, a 0.20 g sample was pretreated under
He flow at 120 °C for 60 min. Subsequently, the system was
cooled to 50 °C and subjected to reduction in 10% H,/Ar with a
temperature ramp of 10 °C min™ to 900 °C, monitored by
thermal conductivity detection (TCD). ''B° MAS nuclear
magnetic resonance (NMR) performed on a JEOL JNM-ECZ600R
spectrometer equipped with a 3.2 mm MAS probe operating at
192 MHz. The chemical shift was referenced to boric acid
aqueous solution (1 mol L™"), which has a chemical shift of 19.6
ppm. The "B direct polarization MAS NMR was conducted with
a spinning rate of 12 kHz, 1210 scans, and a pulse delay of 3 s.
'"H MAS NMR conducted at the same spectrometer (JEOL JNM-
ECZ600R) with a 3.2 mm MAS probe operating at 600 MHz.
Hexafluoroisopropanol was used as the standard sample for 'H
MAS NMR quantification. The 'H direct polarization MAS NMR
was carried out with a spinning rate of 12 kHz, 88 scans, and a
pulse delay of 5 s. Electron paramagnetic resonance (EPR)
experiments using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a
spin-trapping were performed on a JEOL-FA200 spectrometer at
123 K. Samples of Pd/Al,O3, B/Al,O3 or Pd-B/Al, O3 (30 mg) were
collected after oxidative dehydrogenation of propane at 490 °C
for 10 minutes. The samples were quickly placed in a quartz
cell, followed by the addition of 0.2 mL of DMPO (50 mg mL™).
These samples were thawed and subjected to EPR
measurements. Raman spectra were collected using a Renishaw
invia Raman microscope with an excitation wavelength of 532
nm, covering the range of 200-4000 cm™* with a 20 s integration
time. Catalyst powder was placed in an in situ cell reactor and
pretreated using the aforementioned four-step reduction
process. After the pretreatment, Raman spectra were recorded.
Then a gas mixture of 6.2% C3Hg/3.1% O, with N, balance was
introduced, and Raman spectra were recorded after 5 hours of
reaction. All in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) spectra were acquired using a
Bruker INVENIO R instrument equipped with a DRIFTS cell and
a liquid nitrogen-cooled LN-MCT detector. The spectra were
collected by accumulating 256 scans over the range of 600 to
4000 cm™" at a resolution of 4 cm™". The catalyst underwent a
four-step reduction process before DRIFTS measurements. After
the pre-treatment, the temperature was maintained at 490 °C
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under a 10% H,/N, balance, and a baseline spectrum was
recorded. After recording the baseline, the gas composition was
switched to either 6.2% C3;Hg/3.1% O, with N, balance, or the
same mixture with N, balance carrying saturated H,O or D,O
vapor at 25 °C. Spectra were continuously recorded for 20
minutes to capture the ODHP spectrum. FT-IR spectra of
adsorbed CO were obtained with the same Bruker INVENIO R
instrument and liquid nitrogen-cooled LN-MCT detector. The
catalyst was pre-treated using the same four-step reduction
process. After pre-treatment, the catalyst was cooled down to 25
°C and exposed to nitrogen for 2 hours to remove physical
adsorbed oxygen, followed by recording a baseline spectrum.
Afterward, a pulse of CO was introduced, and the spectra were
collected by accumulating 256 scans over the range of 600 to
4000 cm ™" at a resolution of 4 cm™.

Catalytic testing

The reaction was conducted in a quartz-tube reactor with an
internal diameter of 10 mm. The catalyst (100 mg) was
diluted with quartz sand (100 mg) and then loaded into the
reactor. The catalysts were subjected to a four-step reduction
process prior to the reaction. The temperature was
maintained at 490 °C, and the catalyst was exposed to the
reaction mixture. The total flow rate of the reaction mixture
was 70 mL min?, comprising 4.4 mL of C3Hg and 2.2 mL of
O, with either dry N, balance or N, balance carried saturated
water vapor at 25 °C. The inverse weight hour-space velocity
(WHSV'') was 0.29 gcu, ' Zeatalyst D, and the weight hour-
space velocity (WHSV) was 1800 Lg i, kgcmlyst_1 h™. To
assess the effects of H,O, the catalyst was physically mixed
with a desiccant (macroporous silica gel). The desiccant
activity was evaluated using quartz sand and a desiccant that
was physically mixed with quartz sand. The CO and CO,
products were analyzed using a gas chromatograph (Agilent
7890 B) equipped with a nickel furnace and an FID detector.
C;3;Hg, C3Hg, CyHg, C,H,, and CH, were analyzed using an
Agilent 6890N equipped with an FID detector. Propane
conversion and propylene selectivity were determined by the
equations below:
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H,0, concentrations (0, 0.02, 0.05 and 0.07 mg L'l) and high
concentrations (0.1, 0.5, 1, and 2 mg L") using an H,0, standard
solution. Each H,O, solution was mixed with a 0.1 M PTO
solution in a 1:1 volume ratio. The mixed solutions (100 uL per
well) were analyzed using a Microplate Reader at 400 nm to
determine absorbance. A standard curve was created for low and
high concentrations of H,0, based on absorbance measurements.

H,0, measurement from reaction gas. The catalyst (100
mg) was placed in a quartz-tube reactor with an internal
diameter of 10 mm. The catalysts were pretreated using a
four-step reduction process. A reaction mixture of 3% Cz;Hjg/
1.5% O,/N, was passed through the reactor at a total flow
rate of 70 mL min~* and 490 °C for 1 h. After the reaction, 1
mL of ultrapure water (18.2 MQ cm, Rephile) was used to
collect and dissolve liquid drops containing gaseous H,O,
from the condenser's quartz tube. The resulting solution was
mixed with PTO and analyzed as described above.

H,0, measurement on the catalyst surface. The catalyst
(100 mg) was removed from the quartz tube reactor and
dispersed in 1 mL of ultrapure water. The suspension was
then centrifuged at 10000 rpm for 10 min. The upper layer
was collected for H,0, quantification using the PTO method
as described previously.

DFT calculation details

Density functional theory (DFT) calculations were performed
using the projector-augmented plane-wave method in the
Vienna ab initio simulation package. A generalized gradient
approximation using the Perdew-Burke-Ernzerhof functional
was used. The cutoff energy for the plane wave was set to 480
eV. The energy criterion was set to 10" eV in the iterative
solution of the Kohn-Sham equation. All structures were
relaxed until the residual forces on the atoms were less than
0.05 eV A™'. A distance of 20 A was used in the vertical
direction to prevent interactions between the periodic units.
A Monkhorst-Pack scheme with a 2 x 3 X 1 k-point mesh was
used. The nudge elastic band (CI-NEB) method was used to
explore the diffusion barrier of adsorbed hydrogen at
different adsorption sites.

Ye
CsHs X 100%

C3Hg Selectivity =

C3;Hg Conversion = 1 -

YC3H5 + % YCsz + % YC2H4 + % YCH4 + % YCO + % YCOZ

Y,
Cally X 100%

Here, Y; represents the mole fraction of product i in the

outlet feed gas.

Quantitative characterization of H,0,

Preparation of H,0, standards. The color reaction of
potassium titanium oxalate (PTO dihydrate, 99.99%, Sigma-
Aldrich, USA) with H,O, was used to quantitatively characterize
the concentration of H,0,. H,0, solutions were prepared with low
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YC3Hx + YC_;H(l + %YCZH;, + % YC2H4 + % YVCH4 + % YCO + % YCOZ

Results and discussion
The catalytic performances of ODHP

The catalytic performances of the 1B/Al,05, 3Pd/Al,O;, XPd-1B/
Al O3, and 3Pd-YB/AL,O; catalysts (where X and Y represent the
weight percentages of Pd and B, respectively) were compared after
1 h of reaction to assess their efficiency in propane conversion
and propylene selectivity. As shown in Fig. 1a, the 3Pd/Al,O;

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Catalytic performance of ODHP over 3Pd/Al,Os, 1B/Al,Os and
3Pd-YB/Al,O5 catalysts after 1 hour. (b) Propane conversion and
propylene selectivity over time on stream for 3Pd-1B/Al,0s. Conditions:
490 °C, WHSV™" = 0.29 gcp, " Geatayst hours, WHSV = 1800 Lc g,
kgcatalys{l h?, Pci,:Po,:Pn, = 44:22:93.4 kPa. (c) Rates of propane
consumption using 3Pd-1B/Al,O3 as a function of Pc, (Po, constant at
0.22 atm) at 460 °C. (d) Rates of propane consumption using 3Pd-1B/
Al,Os3 as a function of Po, (Pcyy, constant at 0.44 atm) at 460 °C. (e and f)
Corresponding propane consumption rates at 490 °C. (g and h)
Corresponding propane consumption rates at 520 °C.

catalyst exhibit the highest propane conversion of 26.7%, but
only 5.9% selectivity towards propylene. Most propane was
completely oxidized to CO, over 3Pd/AL,O;. In contrast, 1B/Al,0;
achieved a propane conversion of 15.9% with a significantly
higher propylene selectivity of 54.6%. Compared to 1B/Al,O3, Au-
B/ALO; displayed inferior ODHP activity, while Pt-B/AL,O;
initially showed higher activity but suffered from poor stability,
with approximately 54% loss in propane conversion after 300
min of reaction (Fig. S1 and S2). In contrast, the Pd-B/AL,O;
catalysts exhibited similar propylene selectivity, but notably
increased propane conversion, suggesting that palladium doping
enhanced propane conversion while maintaining high propylene
selectivity. The performance of the Pd-B/Al,O; catalysts was
influenced by the atomic ratio of Pd to B. Among the XPd-1B/
AL, O; catalysts, 3Pd-1B/Al,O; exhibit the highest propane
conversion of 19.3% and propylene selectivity of 54.6% after 1 h
(Fig. S3 and S4). In the 3Pd-YB/ALO; series, 3Pd-0.5B/Al,0;
exhibit a higher propane conversion of 22.1%, but a slightly lower
propylene selectivity of 48.3% than that of 3Pd-1B/Al,0; (Fig. S5

This journal is © The Royal Society of Chemistry 2025
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and S6). Consequently, 3Pd-1B/Al,O; exhibited particularly high
effectiveness for ODHP, attributed to its excellent propylene
selectivity. As reported, H-BN achieved 79% selectivity to
propylene at 14% propane conversion," while the borosilicate
MFI framework (BS-1) demonstrated approximately 10% propane
conversion with ~55% propylene selectivity at 490 °C,"*
highlighting the strong catalytic performance of 3Pd-1B/AL,O5;. A
comparison of ODHP performance over various boron-based
catalysts (Table S1) revealed notable differences. Due to the much
lower WHSV ™" of 0.29 gc 1, " Zeatase h, the 3Pd-1B/ALO; catalyst
exhibited remarkable ODHP activity even at short contact times.
In contrast, B,O3/SBA-15 showed superior ODHP performance at
a higher WHSV ™" 0f 9.4 g¢ i, Zeatalyst h, while SiBg demonstrated
better activity at an elevated temperature of 545 °C. Notably, the
3Pd-1B/Al,O; catalyst maintained stable ODHP performance over
150 hours, with only a slight decline in propane conversion
(Fig. 1b).

Further kinetic experiments were performed to study the
influence of reactant concentrations [partial pressures of O, and
C3Hs (Po, and Pcy, respectively)] on the rate of propane
consumption over the 3Pd-1B/Al,O; catalyst. These experiments
were aimed at identifying the active sites involved in the
reaction. As shown in Fig. 1c-h, the rate of propane
consumption at 460, 490 and 520 °C using 3Pd-1B/Al,0;
exhibits a first-order dependence on Pcy, and Po, which
follows the Langmuir-Hinshelwood (L-H) mechanism (eqn (1)).
According to the L-H mechanism, two distinct active sites are
involved in ODHP, one for the activation of oxygen and the
other for the activation of propane, facilitating the reaction
cycles. In comparison, BN catalysts typically follow the Eley-
Rideal (E-R) mechanism in ODHP, where the oxygen activation
of the boron species leads to hydrogen abstraction from the
secondary carbon of propane.® However, in the BS-1 catalyst,
the L-H mechanism was observed, with O, and C;Hg co-
adsorbing on the dihydroxyl group of boron.'* For the 3Pd-1B/
Al,O; catalyst, the mechanism shifted toward the L-H pathway
owing to the addition of palladium, leading to enhanced
propane activation and improved catalytic performance.

kA142Pc 1, Po,
(1 + 4 Pc,u, + 42Po,)”

(1)

“TeHy =

The characterization of structural and physicochemical
properties

Structural and physicochemical properties were investigated
to understand the nature of the active sites. XRD patterns
confirm that the crystalline structure of y-Al,O3; and 6-Al,O0;
remains stable after impregnation with Pd and B (Fig. S7).
EDS elemental composition and mapping reveal that Pd
forms bright nanorods in the 3Pd-1B/Al,O; catalyst (Fig. 2a-
d). HRTEM images further demonstrate the presence of an
interfacial heterostructure between the Pd nanorods and
Al,O3, as indicated by the white dashed lines (Fig. 2e and f).
This interfacial structure contributes to the interaction
between Pd and Al,O;.
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Fig. 2 (a) HRTEM image of 3Pd-1B/Al,Os3, and (b-d) EDS elements
composition and mapping of the illustrated region. (e) STEM image of
3Pd-1B/Al,0O3, and (f) magnified view of the region marked in (e). (h) B
1s XPS spectra of 3Pd/Al,O3 and 3Pd-1B/Al,Os. (i) TPR spectra of 3Pd/
Al,O3, 1B/Al,05 and 3Pd-1B/Al,Os. (j) **B MAS NMR spectra of 1B/Al,O5
and 3Pd-1B/Al,0s measured at 14.1 T. (k) *H MAS NMR spectra of 1B/
AlL,O3z and 3Pd-1B/Al,Oz measured at 14.1 T. () FTIR spectra of 3Pd/
A|.203, 1B/Alzo3 and 3Pd—1B/A|.203

Decomposition of the Pd 3d XPS spectra provides insight
into the chemical state of palladium, as shown in Fig. 2g and
S8. Both 3Pd/Al,O; and Pd-B/Al,O; catalysts exhibited two
deconvoluted signals. The 3Pd/Al,O; catalyst displayed Pd°
species with a Pd 3ds,, binding energy of 334.9 eV, along with
PdO, species at 336.1 eV.>! For 3Pd-1B/Al,O;, the Pd° species
appeared at a binding energy of 335.4 eV, while PdO,/Pd-O-B
species were also observed at 336.1 eV.>**" The Pd’ binding
energy in 3Pd-1B/Al,O3; shows a positive shift compared with
that of 3Pd/Al,0;, indicating electron transfer from Pd to the
adjacent electron-deficient B species. Additionally, the
possible presence of PdO species with a Pd 3ds, binding
energy near 337.0 eV could be excluded in either the 3Pd/
AlLO; or 3Pd-1B/AL,O; catalysts.”> The B 1s XPS spectrum
exhibit a signal for 1B/Al,O; at a binding energy of 192.9 eV,
which is attributed to the B-O bond of boron oxide (Fig. 2h
).2° This signal shifts to a lower binding energy of 192.6 eV
for 3Pd-0.5B/Al,0; and 3Pd-1B/Al,O; (Fig. 2h and S9),
suggesting that the palladium atoms reduced boron via the
Pd-O-B structure.*’

H,-TPR analysis was conducted to assess the redox
properties of the catalysts. As shown in Fig. 2i, 3Pd/Al,O;
exhibited two distinct reduction peaks: a prominent negative
peak at 70 °C, corresponding to hydrogen evolution from the
decomposition of B-Pd-H,, and a broad peak at 848 °C,
attributed to the reduction of PdO, species strongly interacting
with the AlO; lattice.*®*° For 1B/Al,O;, two reduction peaks
were observed at 398 °C and 750 °C, assigned to the reduction
of B,O; and B-O species bonded to the Al,O; lattice,
respectively. Notably, 3Pd-1B/Al,O; exhibited a distinct
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reduction peak at 244 °C, indicating a lower reduction
temperature attributed to Pd-facilitated reduction of B,O3, likely
arising from the formation of Pd-O-B species as revealed by
XPS analysis.

The Raman spectrum exhibits a band at 807 cm™,
indicating the presence of the B,O; phase in 3Pd-1B/Al,O;
(Fig. S10). The molecular structure of B is investigated using
14.1 T B NMR spectroscopy (Fig. 2j). The "'B NMR signals
at 15.7 and 13.2 ppm were assigned to the tricoordinated
boron species, whereas the signal at 1.2 ppm was assigned to
the tetracoordinated boron species.’®*" The signal at 15.7
ppm was attributed to the boroxol-ring species associated
with the terminal boron hydroxyl groups (BO,(OH),-,, where
x =1 or 2), and the signal at 13.2 ppm was ascribed to the
non-ring species related to the framework structure as
B(0Al);.***" Compared to 1B/Al,O3, a substantial decrease in
the B(OAl); signal in 3Pd-1B/Al,0O; indicated an alteration in
the boron framework structure by palladium. 'H NMR
spectra of 1B/Al,0; and 3Pd-1B/Al,O; reveal split peaks at
1.2-1.8 ppm, corresponding to terminal hydroxyl groups on
the Al,O; surface and B sites, along with a signal at 4.9 ppm
assigned to adsorbed H,O (Fig. 2k).'* The shift of the
terminal hydroxyl group signals to a lower chemical shift in
3Pd-1B/Al,O; suggests that the interaction of palladium with
Al,O; affects the electronegativity of these hydroxyl groups.
The infrared transmission spectra of 3Pd/Al, O3, 1B/Al,0; and
3Pd-1B/Al,O; were analyzed (Fig. 21). Compared to 3Pd/Al,O3,
characteristic peaks corresponding to B,O; were observed in
the range of 1200-1600 em™! for 1B/Al,0; and 3Pd-1B/AL,Os;.
In addition, peaks in the range of 2800-3000 cm™ for 1B/
Al,O; and 3Pd-1B/Al,O; were attributed to H;BO;3, indicating
the presence of BOH groups.*

Based on the L-H mechanism revealed by kinetic studies,
two types of active sites are involved in the ODHP reaction over
the 3Pd-1B/Al,O; catalyst. Because the tricoordinated B species
are more active than the tetracoordinated ones,>>%'?
BO,(OH);—, and B(OAl); are likely responsible for oxygen
activation. Furthermore, in comparison to 1B/Al,03, BO,(OH);_,
species (but not the B(OAl); species) are retained in 3Pd-1B/
Al, O3, while the propylene selectivity remains similar between
the two catalysts (Fig. 1a). This suggests that BO,(OH);_, species
are the key active sites for oxygen activation. In addition, the
increased propane conversion observed upon Pd doping
indicates that Pd sites are likely the primary active sites for
propane dehydrogenation.

The investigation of reaction pathways

To reveal the synergistic effect of the two active sites in
enhancing ODHP performance, the reaction pathways over the
1B/AL,0;, 3Pd/Al,0;, and 3Pd-1B/Al,O; catalysts were
investigated. The production of H,0, was measured both in the
gas phase and on the catalyst's surface during ODHP. As shown
in Fig. 3a, a gas mixture containing 6.2% C;Hg, 3.1% O,, and
N, balance was passed through a heated quartz tube reactor
(490 °C) containing 100 mg of the catalyst at a flow rate of 70

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic image of the experimental setup for measuring

gaseous and catalyst surface H,O, concentrations in a quartz tube
reactor after ODHP reaction for 1 hour. (b) Gaseous and catalyst
surface H,O, concentration after 1 hour of ODHP reaction over 3Pd/
Al,O3, 1B/Al,03 and 3Pd-1B/Al,O3 catalysts. (c) EPR spectra of radicals
after 10 minutes of ODHP reaction over 3Pd/Al,O3, 1B/Al,O5 and 3Pd-
1B/Al,O3 catalysts. (d) DRIFT spectra after 20 minutes of ODHP
reaction over 3Pd/Al,O3, 1B/Al,O3 and 3Pd-1B/Al,O catalysts.

mL min~". The effluent gas was then passed through a cooled
quartz-tube (approximately 20 °C) to condense gaseous H,0,,
which was collected over 1 h of ODHP and diluted in 1 mL of
ultrapure water. Following the reaction, H,O, on the catalyst
surface was washed with 1 mL of ultrapure water. H,O, is
immediately quantified using the potassium titanium oxalate
(PTO) color reaction, and the concentration is calculated using
standard calibration curves (Fig. S11 and S12). As shown in
Fig. 3b, the concentrations of gaseous and catalytic surface
H,0, are 0.159 vs. 0.011, 0.015 vs. 0.046, and 0.004 vs. 0.027 mg
L™ for 1B/Al,0;, 3Pd/Al,0;, and 3Pd-1B/Al,0;, respectively.
These results demonstrate that boron sites primarily contribute
to the formation of gaseous H,0,, which is typically generated
via a radical route over boron-based catalysts.*”"'*'® In contrast,
Pd sites predominantly generate catalyst surface H,O, owing of
their efficient direct H,0, synthesis capabilities.****
Furthermore, doping palladium onto B/AL,O; significantly
decreased gaseous H,O, formation, likely suppressing the
radical pathway.

Next, the radical species present on the catalyst surface after
10 min of ODHP were investigated using EPR. As shown in
Fig. 3c, hydroxyl radicals (-OH) are observed on the 1B/Al,O;
catalyst, which likely originates from decomposition of gaseous
H,0,. In contrast, oxygen vacancies (O,) were detected in the
3Pd/Al,O; catalyst, which could be attributed to the
consumption of lattice oxygen during the complete oxidation of
propane, following the Mars-van Krevelen mechanism.*
Notably, neither -OH nor O, were detected on the 3Pd-1B/Al,03
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catalyst, suggesting that 3Pd-1B/Al,O; inhibited the complete
oxidation of propane and the formation of gaseous H,0,, which
typically formed through the radical pathway. Subsequently, the
ODHP reaction was investigated using DRIFTS. As shown in
Fig. 3d, a band at 3735 em ™t is observed for the 1B/Al,O; and
3Pd-1B/AL,O; catalysts, assignable to B-OH species. However,
an additional band at 3695 cm™ appeared in the spectrum of
3Pd-1B/Al,03, corresponding to the bridged OH species,*® likely
BOH:--C3H; (or C3H). This bridged OH structure indicated that
the dehydrogenated C;Hg species (C3H; or C;Hg) were confined
to the catalyst surface and interacted with the surface hydroxyl
groups. These results confirmed that the 3Pd-1B/Al,O; catalyst
followed a surface-catalyzed reaction pathway. In addition, a
broad band in the range of 3280-3550 cm™', attributed to
hydrogen-bonded OH species, was observed for the 3Pd-1B/
AlLO; catalysts. This band is indicative of H,O generation.*”
H,0 has previously been shown to occur in the surface-
catalyzed pathway in ODHP."*'*

We employed quasi in situ XPS to investigate whether C;Hjg
and O, influence the chemical states of Pd and B sites on 1B/
Al O3, 3Pd/AL,O3, and 3Pd-1B/Al,O; catalysts during ODHP.
After 1 hour of reaction, notable changes were observed in the
Pd 3d and B 1s spectra compared to the fresh catalysts
(Fig. 4a to d). For 3Pd/Al,O; (Fig. 4a), the Pd 3d peaks at 335.1
eV and 336.5 eV, corresponding to Pd® and PdO, respectively,
showed a compositional shift, with the proportion of Pd°
increasing from 55.9% to 77.7% and PdO, decreasing from
44.1% to 22.3%. This indicates that PdO, was reduced during
ODHP. In the case of 3Pd-1B/ALO; (Fig. 4b), the signal
attributed to PdO,/Pd-O-B species at 336.9 eV decreased from
26.9% before the reaction to nearly undetectable levels after
ODHP, suggesting a transformation in the interfacial Pd-O-B
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Fig. 4 Quasi in situ XPS spectra of the Pd 3d region for 3Pd/Al,O5 (a)
and 3Pd-1B/Al,Os3 (b), and the B 1s region for 1B/Al,O3 (c) and 3Pd-1B/
AlL,Osz (d), recorded before and after ODHP reaction for 1 h.
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bonding. These results for both 3Pd/Al,O; and 3Pd-1B/Al,03
indicate that oxidized Pd species were reduced to metallic Pd’
by hydrocarbons or hydrogen during ODHP, which can be
attributed to the inherent dehydrogenation ability of Pd. In the
B 1s spectra (Fig. 4c and d), both 1B/Al,O; and 3Pd-1B/Al,0;
exhibited a downward shift of approximately 0.3 eV after ODHP,
indicating the reduction of B-O bonds, likely due to the
formation of BOH groups during the reaction, as observed in
DRIFT of ODHP (Fig. 3d).

DFT calculations are conducted to further elucidate the
reaction pathway of ODHP on B/AL,O; (Fig. S13) and Pd-B/AL,O;
catalysts (Fig. 5). Based on structural characterization, the
1-Al,05(110) surface featuring BO,(OH) sites was selected as the
representative model. The y-Al,05(110) surface was chosen
because it represents the most thermodynamically stable and
dominant crystal facet, as confirmed by both experimental XRD
reflections (Fig. S7) and previous theoretical studies. Other
facets of y-Al,O3 and 6-Al,03, as well as BO(OH), sites, were not
studied. The adsorption energy of C;Hg on the BOH site differed
significantly between the two catalysts: —0.196 eV for B/AlL,O;
and -4.610 eV for Pd-B/Al,O;, indicating that C;Hg adsorbs
much more readily on the Pd-B/Al,O; surface. Because of the
weak adsorption of propyl species on the BOH sites in B/Al,O3,
C;H; and C3;H¢ were more likely to exist as radicals than in the
adsorbed states. The energy barrier for the formation of OOH
from O, gas was 0.817 eV, whereas that for the H atom
abstraction from the C;H, radical to form H,0% was
significantly higher reaching 3.564 eV. Consequently, H,O%
desorption from the B/Al,O; surface was more favorable,
facilitating gaseous H,O, formation in the radical pathway. In
the radical pathway, dehydrogenation of the C;H; radical (3.564
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eV) represents the most energy-intensive step. In contrast, for
the Pd-B/AL,O; catalyst, the energy barrier for the
dehydrogenation of C;H; over a Pd site to form a Pd-H state is
much lower, at just 0.334 eV (Fig. 5). The subsequent migration
of the H atom from Pd to the B-O site requires slightly more
energy; however, this H spillover mechanism is critical for the
ODHP reaction on Pd-B/Al,O;. The primary products were C;Hg
and H,O obtained in this surface-catalyzed pathway aligned
with the experimental results. When H,O desorbs from the
catalyst surface, it creates oxygen vacancies that are rapidly
replenished by O,, restoring the BO,(OH) sites. Therefore, the
boron sites activate and provide oxygen for the oxidation of the
migrated hydrogen to promote hydrogen oxidation, while
inhibiting the overoxidation of hydrocarbons to CO,. Moreover,
the Pd sites facilitated propane dehydrogenation. This
synergistic interaction between the two active sites in the Pd-B/
Al,O; catalyst enhanced propylene selectivity and propane
conversion during the ODHP process. Raman analysis of the
spent catalyst reveals characteristic bands at 1350 and 1573
em™ (Fig. S14), corresponding to graphitic carbon species,*
indicating that carbon deposition is the main deactivation
mechanism of 3Pd-1B/Al,O; during long-term ODHP testing
(Fig. 1Db).

The positive effect of surface OH on ODHP

H,O0 is frequently employed to enhance surface OH groups on
catalysts, a strategy well supported by existing literature.>**° To
elucidate the critical role of surface OH in ODHP, we conducted
experiments using 3Pd-1B/Al,O; catalysts with systematically
controlled surface OH concentrations. In these experiments,
humidified feed gas was used to increase surface OH, while
physically mixing the catalyst with a desiccant aimed to reduce
it. Control studies confirmed that the desiccant alone had no
noticeable impact on propane conversion or propylene
selectivity (Fig. S15). As shown in Fig. 6a, under humid-feed
conditions, propane conversion increased by approximately
0.5% and propylene selectivity by approximately 5% compared
to dry-feed conditions. In contrast, introducing a desiccant to
the 3Pd-1B/Al,O; catalyst significantly suppressed catalytic
activity, decreasing propane conversion from 20% to 13% and
propylene selectivity from 51% to 9% (Fig. 6b). These results
indicate a direct correlation between surface OH concentration
and ODHP performance.

DRIFT spectroscopy further supported the beneficial role
of surface OH groups. During ODHP with H,O-saturated feed,
signals corresponding to B-OH and bridged OH species
increased over time (Fig. 6¢), whereas B-OD signals increased
markedly under D,O-saturated conditions (Fig. 6d). These
findings suggest that both H,O and D,O dissociate to form
OH (or OD) groups on the 3Pd-1B/Al,O; surface, enriching
B-OH sites during ODHP. Based on these observations, we
propose an ODHP reaction mechanism over 3Pd-1B/Al,O;
(Fig. 6e) that begins with propane dehydrogenation at Pd
sites, followed by hydrogen transfer to BO,(OH);_, sites,
where oxidation occurs. The observed increase in B-OH

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Propane conversion and propylene selectivity over time on
stream for 3Pd-1B/Al,O3 in a dry feed gas and in a humid feed gas
containing saturated water vapor at 25 °C. (b) Propane conversion and
propylene selectivity over time on stream for 3Pd-1B/Al,03 compared
to 3Pd-1B/Al,O3 physically mixed with a desiccant. Conditions: 490 °C,
WHSV™ = 0.29 gC3H8_1 Jcatalyst h, WHSV = 1800 I-CSH@ kgcatalyst_1 h_ll
Pcp,:Po,:Pn, = 4.4:2.2:93.4 kPa. (c) In situ DRIFT of ODHP with
saturated H,O gas over 3Pd-1B/Al,Os. (d) In situ DRIFT of ODHP with
saturated D,O gas over 3Pd-1B/Al,0s. (e) The reaction mechanism of
ODHP over 3Pd-1B/Al,0s.

concentration is positively correlated with enhanced catalytic
performance in ODHP.

Conclusions

In summary, this study demonstrates that Pd doping effectively
alters the reaction mechanism of ODHP on B/AL,O; catalysts.
The introduction of Pd sites shifts the dominant pathway from
a gas-phase radical mechanism, which is characterized by the
formation of gaseous H,0,, to a surface-catalyzed Langmuir-
Hinshelwood mechanism. Quantitative analysis of H,O, shows
that Pd-B/Al,O; produces significantly less gaseous H,0,
compared to B/Al,Os, indicating suppression of the radical
pathway. The presence of synergistic active sites enables this
transition, where Pd sites promote propane adsorption and
lower the activation barrier for C;H, dehydrogenation, while
adjacent BO,(OH);_, species selectively oxidize hydrogen to
H,O0, thereby preventing over-oxidation to CO,. The combined
effect of these bifunctional sites enhances propane conversion
by 22% (from 15.9% to 19.3%) while maintaining a propylene
selectivity of 55%. Surface B-OH further contribute to catalytic
performance, as supported by humid-feed experiments showing
an approximately 5% increase in propylene selectivity. This
work offers a promising strategy for designing efficient ODHP
catalysts by integrating noble metals like Pd with boron-based
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materials to harness surface-mediated pathways and overcome
limitations associated with radical mechanisms. This work
offers a promising strategy for designing efficient ODHP
catalysts by integrating noble metals like Pd with boron-based
materials to harness surface-mediated pathways and overcome
limitations associated with radical mechanisms. Future efforts
to enhance the catalytic efficiency of Pd-B/Al,O; will focus on
tuning the Pd-B interaction through controlled dispersion and
electronic modulation, as well as optimizing the support
properties to achieve a better balance between propane
activation and propylene selectivity.
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