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Broader context

Phosphate modification of Pd/Al,Oz enhances
activity and stability in aromatic hydrogenation
under CO-contaminated hydrogen
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Hydrogenation reactions are essential to synthesize platform and fine chemicals today and to establish
chemical hydrogen storage in the future. However, hydrogen from fossil or biogenic sources contains
CO, a potent poison for noble metal hydrogenation catalysts, necessitating costly purification steps. In
this work, we demonstrate phosphate modification as an effective strategy to enhance activity and
CO tolerance of Pd/AlL,Os in benzyltoluene hydrogenation using pure and impure H, streams. Under
1.6 vol%s CO in H,, phosphate modified catalysts achieve a 230% increase in productivity over
unmodified Pd/Al,Os. Characterization reveals that highly dispersed monomeric phosphate species on
Al,O3 enhance metal-support interaction and induce Pd redispersion, forming smaller, more stable Pd nano-
particles with enhanced resistance against sintering. Notably, the local electronic environment of Pd remains
unchanged by phosphate species. We further show that under CO-rich conditions, benzyltoluene is
preferentially hydrogenated at Pd edge sites rather than terrace sites, which explains the pronounced activity
increase of the smaller Pd nanoparticles. Phosphate-induced acidity provides additional sites for aromatic
hydrogenation with spilled-over hydrogen that remain active in the presence of CO.

Catalytic hydrogenation is one of the most important reactions in the chemical industry, essential for the production of a wide range of bulk and fine
chemicals, as well as pharmaceuticals. However, many hydrogenation processes require high-purity hydrogen, as conventional catalysts are highly susceptible
to trace impurities such as carbon monoxide (CO). Removing these impurities involves costly and energy-intensive purification steps, which increase both
operational complexity and environmental impact. In this work, we present phosphate modification as a strategy to enhance the CO tolerance of Pd/Al,O3
catalysts while simultaneously enhancing their activity and thermal stability. This allows the use of impure hydrogen from renewable or circular sources such
as biomass or plastic waste, significantly reducing energy demand for purification. Beyond conventional hydrogenation, the findings are also highly relevant for
hydrogen storage technologies based on liquid organic hydrogen carriers (LOHCs), where hydrogenation with impure hydrogen enables the integration of
purification and storage into a single process step.
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Hydrogenation of unsaturated hydrocarbons is a fundamental
reaction employed in numerous synthesis steps across the
chemical industry, including the production of bulk and fine
chemicals, pharmaceuticals, and agrochemicals.™* Currently,
hydrogen used in hydrogenation processes is predominantly
produced via steam reforming and gasification of fossil-based
resources. In the future, water electrolysis is expected to dom-
inate hydrogen production; however, sustainable feedstock
such as biomass residues and plastic waste can be converted
to hydrogen, offering pathways to decarbonize traditional
technologies like gasification and steam reforming today.
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Regardless of the feedstock, these processes yield impure
hydrogen, typically contaminated with CO,, CH,, and CO. To
obtain hydrogen in high purity, as required for sensitive
chemical and catalytic transformations, extensive purification
processes are necessary, including reactive steps (e.g., water—
gas shift reaction, CO, methanation) and thermal methods
(e.g., adsorption, absorption). Prior to hydrogenation of hydro-
carbons, hydrogen purification is critical because noble metal
catalysts applied therein are highly susceptible to poisoning by
impurities, particularly CO.>* Developing hydrogenation cata-
lysts that remain stable in the presence of such contaminants,
thus eliminating the need for extensive purification, has the
potential to significantly enhance process profitability, as
demonstrated in a techno-economic assessment.”

In the context of a future hydrogen economy, hydrogenation
reactions are expected to gain even greater importance.® Liquid
organic hydrogen carrier (LOHC) systems enable the storage of
hydrogen in liquid form, allowing for its transport and storage
using existing liquid fuel infrastructure.”® In these systems,
sustainably produced hydrogen is used to catalytically hydro-
genate an Hj-lean LOHC molecule, such as benzyltoluene (HO-
BT). At the location and time of hydrogen demand, dehydro-
genation of the H,rich LOHC molecule, such as perhydro
benzyltoluene (H12-BT), releases high-purity H,. While the
LOHC technology has primarily been developed to store green
hydrogen from water electrolysis, it can also be applied to
hydrogen produced from alternative sustainable resources,
such as biomass or plastic waste. In this context, directly
utilizing impure H, for LOHC hydrogenation integrates purifi-
cation and chemical storage into a single process step, signifi-
cantly simplifying the overall process. As illustrated in Fig. 1,
HO-BT is selectively hydrogenated using hydrogen contami-
nated with impurities.>® Unlike H,, the impurities CO,, CH,
and CO do not react with the LOHC molecule and remain in
the gas phase, allowing for their separation. Upon dehydro-
genation of H12-BT, high-purity H, is subsequently released
from the LOHC molecule, using well-known dehydrogenation
catalysts.”"°
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Few studies have investigated suitable catalysts for the
hydrogenation of aromatic rings using impure H,. A screening
of active metals (Co, Ni, Ru, Rh, Pd and Pt) supported on Al,O5
for naphthalene hydrogenation in the presence of 2% CO
revealed no activity for Pt, Ru and Rh.? Co and Ni exhibited
moderate naphthalene hydrogenation activities; however, these
catalysts also promoted CO methanation.* Similar behavior was
observed for Ni/SiO,-Al,0;'" and RuNi/TiO,"? catalysts, the
latter showing stable operation for up to 25 hours. It is
important to note that CO, methanation consumes valuable
hydrogen, reducing its availability for aromatic hydrogenation.

The same study demonstrated, that Pd/Al,O; combines the
highest activity in aromatic hydrogenation with the lowest
activity in CO methanation.? In agreement, Pd/Al,O; was iden-
tified as an effective and stable catalyst for the hydrogenation of
the LOHC molecule dibenzyltoluene in the presence of CH, (up
to 50% gas content),"* CO, (up to 30%)"* and CO (up to 10%)"’
in a semi-continuous reactor. While CH, was found to
remain mostly inert,"® CO contamination significantly reduced
hydrogenation activity compared to the benchmark using
pure hydrogen." CO, posed additional challenges due to its
conversion to CO via the reverse water-gas shift (RWGS)
reaction.”'®'” Consequently, to increase hydrogenation activ-
ity with impure hydrogen, the impurity tolerance of Pd/Al,O;
must be further improved. One strategy to modify catalytic
characteristics is doping with main group elements, such as
phosphorus,® > which could enable the fine-tuning of relevant
bond strengths, e.g., of reactants, products, and rate-inhibiting
spectator molecules such as CO.

For instance, phosphorus doping of Pt/Al,O; significantly
enhanced propylene selectivity in propane dehydrogenation.>?
This improvement was attributed, among other factors, to
altered reactant adsorption properties.”> For example, CO
adsorption studies revealed a suppression of strongly adsorbed
CO species in bridge and three-fold hollow configurations on
modified catalysts.>® These findings suggest that phosphorus
modification could be highly beneficial for hydrogenation
reactions, particularly in the presence of impurities like CO.

Cco
Impurities co z
CH,
Hydrogenation

oD

Pure H,

e

Dehydrogenation /@

Fig. 1 LOHC hydrogenation with impure hydrogen from biogenic sources allows for chemical hydrogen storage and purification in a single process

step.
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Phosphorus doping of Pt/Al,0; was further shown to result in
the formation of phosphate (PO,) species, due to the strong
interaction between P and Al,05.2*>° These PO, species were
proposed by some of us to act as an anchor at the metal-
support interface.>* It was demonstrated that these PO, species
induce exceptional stability against sintering, conserving Pt
particles smaller than 2 nm at temperatures up to 900 °C.**
Such Pt-PO,/Al,O; catalysts were already studied in the context
of LOHC-based hydrogen storage. Particularly, they exhibited
higher activity in the dehydrogenation of H12-BT compared to
unmodified Pt/Al,05.24*°

In this contribution, we study PO, modification as a strategy
to increase the activity of Pd/Al,Oj; catalysts in hydrogenation of
the aromatic LOHC compound HO0-BT. We demonstrate that
the concept of PO, modification, previously described as ben-
eficial for Pt/Al,03, is transferable to Pd/Al,O; and thus poten-
tially generalizable. In addition to increasing activity and
stability towards sintering, we investigate whether PO, modifi-
cation can also increase the CO poisoning tolerance of Pd
catalysts. This would open up a way to significantly reduce
the purification effort for hydrogen streams and thus make
hydrogen technologies more cost-efficient.

Experimental
Catalyst preparation

A commercial Pd/Al,O; powder catalyst containing 4 wt% Pd
was purchased (Merck KGaA). Four different lots of the same
product (lot 1: MKCQ6812, lot 2: MKCR3779, lot 3: MKCT2316,
lot 4: MKBH9857) were utilized for catalytic studies and char-
acterization. Unless stated otherwise, the catalyst was employed
as received without further modification and is referred to as
Pd/Al,O;. Thermal treatments of Pd/Al,O; were carried out in a
tubular furnace by heating to the target temperature (400-
700 °C, 10 K min~') under a N, atmosphere. The target
temperature was maintained for two hours under either pure
N, or a 10% H,/N, mixture (total flow: 500 mL min~"). These
catalysts are referred to according to their treatment tempera-
ture, e.g., the sample that has been thermally treated in the
above described way to a target temperature of 400 °C is
referred to as Pd-400/Al,0;. The Pd-PO,/Al,O; catalysts were
synthesized via wet impregnation of Pd/Al,O; with an aqueous
solution of H;PO;. The mixture was stirred for 16 h, followed by
solvent removal at 80 °C under reduced pressure (100 mbar).
Subsequent thermal treatments were performed as described
above. Catalysts were designated based on the molar P: Pd ratio
and the thermal treatment temperature; for example, a catalyst
with a ratio of 1.7 and a thermal treatment temperature of
600 °C is referred to as Pd-PO,-1.7-600/Al,0;.

Benzyltoluene hydrogenation experiments with pure H,

Hydrogenation experiments were conducted in a 300 mL batch
autoclave (Parr type 4566) with a four-blade gas-inducing
stirrer, an electric heating mantle, a cooling coil connected to
a cryostat (Huber Unichiller 022), a thermocouple (type ]), a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pressure recorder (Ashcroft type G2), a process controller (Parr
type 4875) and a liquid sampling line fitted with a filter and
needle valve. The reactor was initially charged with 0.55 mol
HO-BT (Eastman Chemical Company) and a specific amount of
Pd/Al,O3; or Pd-PO,/Al,O;. The catalyst mass was adjusted to
reach an npq : Nygo.pr Molar ratio of 4.1 x 10™%, After sealing the
reactor with a Kalrez® 4079 O-ring, it was purged four times
with argon (3 bar,). The reactor was then heated to a target
temperature between 230-250 °C, while stirring at 300 min~".
Upon reaching the desired temperature, the liquid sample line
was flushed with 1 mL of reaction liquid, and 0.1 mL was
collected for gas chromatography (GC) analysis. Additional
samples were taken at various intervals during the reaction.
The reaction was initiated by adding 30 bar of H, and increas-
ing the stirrer speed to 1200 min~* (¢ = 0 min). Experiments
were conducted in dead-end mode, maintaining constant H,
pressure by continuously supplying H, to compensate for its
consumption during the reaction.

Benzyltoluene hydrogenation experiments with impure H,

Hydrogenation experiments with impure H, were prepared as
described above. After reaching the target temperature, the
reactor was charged with a synthetic gas mixture (Linde) con-
taining H, and impurities (CO, CO, and/or CH,). This way the
reactor was charged to the desired impurity partial pressures.
Subsequently, the H, pressure was adjusted to 30 bar by adding
pure H,. After increasing the stirrer speed to 1200 min ',
pressure drop due to hydrogenation was compensated by
continuously feeding pure H,, maintaining constant pressure
throughout the experiment. For experiments with only CO as
impurity (H,/CO), a CO concentration of 1.6 vol% was used. For
experiments with mixed CO,, CH, and CO impurities (H,/
mixed), cumulative impurity concentrations of 12, 22 and
36 vol% were achieved, maintaining a fixed volumetric impurity
ratio of 32:3:1 (CO,:CH,:CO), corresponding to typical
impurity concentrations of a H,-rich mixed gas after a water—
gas shift step.®?° The corresponding impurity partial pressures
and concentrations for H,/CO and H,/mixed experiments are
summarized in Table S1. The npq : nyo-gr ratio in the reactor was
adjusted to 5.1 x 10~* for H,/CO and 4.1 x 10~ * for H,/mixed
experiments.

Calculation of performance indicators

30 pL of each liquid product sample was dissolved in 1 mL
acetone (>99.8% Merck KGaA) and analyzed in a Shimadzu
GC-2010 Plus equipped with a flame ionization detector (FID)
and a Restek Rxi-17Sil column. Qualitative and quantitative
calibration of HO-, H6- and H12-BT peaks is described
elsewhere.”” H6-BT corresponds to a benzyltoluene molecule
with one of the two aromatic rings hydrogenated. The degree of
hydrogenation (DoH) of the LOHC system is calculated from
the peak areas A; of HO-, H6- and H12-BT.

Aui2-sT + 0.54H6-BT

DoH = x 100%

An12-T + AHe-BT + AHo-BT

The productivity Py o, gives the mass of H, that is reversibly
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stored in the LOHC system per mass of Pd and reaction time in
a certain DoH range. For experiments with pure H,, the
productivity P;y 309, Was calculated within a DoH range of 10—
30%, corresponding to reaction times ¢yg0, and fzge. FOTr
experiments with gaseous impurities, the initial productivity
P;_150, Was determined at reaction times before significant
conversion of the impurities could take place. The stoichio-
metric factor of hydrogen vy, corresponds to 6 mol of H, that
can be bound per mole of HO-BT. The mass of palladium in the
reactor mpq was determined via the added catalyst mass and the
Pd-loading determined from ICP-OES.

nuo-sTVH, Mu, (V% — x%)

Py =
! npq (ty% - lx%)

The relative productivity change AP, ., due to PO, modifica-
tion (when compared to unmodified Pd/Al,O;) is calculated
from P,y of Pd-PO,/Al,O; and Pd/Al,O; at identical reaction
conditions, respectively.

AP. o — Px—y“@Pd—POx - Pxfy%.Pd % 100%
v ij\‘%,Pd

Catalyst characterization

Temperature-programmed CO, hydrogenation. To investi-
gate the side reactions during HO-BT hydrogenation with
impure hydrogen (CO, methanation, RWGS reaction and CO
methanation) without the presence of HO-BT, continuous gas-
phase CO, hydrogenation experiments were conducted with the
synthesized Pd-catalysts. This was done in a fixed-bed reactor
with an internal diameter of 10 mm, equipped with mass flow
controllers (Bronkhorst) and a Pfeiffer Vacuum OmniStar GSD
350 mass spectrometer. For each experiment, 500 mg of catalyst
was mixed with 2.5 g of quartz sand. Prior to reaction, catalysts
underwent in situ pre-treatment at 400 °C for 1 hour under a
flow of 10% H,/Ar. The reaction was carried out at ambient
pressure using a H, : CO,: Ar ratio of 4:1:11 at a total flow rate
of 52.4 mL min ", corresponding to a gas hourly space velocity
(GHSV) of 2000 h™".

Inductively coupled plasma optical emission spectroscopy
(ICP-OES). Pd- and P-loadings of the catalysts were measured by
digesting 100 mg of catalyst sample in a 10 mL solution of
HNO3/HCI with a volumetric ratio of 4:6 during microwave
heating at 200 °C. After digestion, the solution was diluted to
100 mL with deionized water and analyzed using a Ciros CCD
from SPECTRO Analytical Instruments GmbH.

N, physisorption. N, physisorption was performed at
—196 °C in a Quadrasorb SI by Quantachrome Instruments
after outgassing the fresh catalyst for 12 hours at 250 °C
under vacuum. The specific surface area was calculated by
using the Brunauer-Emmett-Teller (BET) method in a p/p,
range of 0.05-0.35. The total pore volume was determined at
P/po=0.99. The average pore diameter was calculated assuming
cylindrical pores.

CO-pulse chemisorption. CO-pulse experiments were con-
ducted using an Autochem II 2920 by Micromeritics equipped
with a TCD detector and 50 mg of sample. In situ pre-treatment

EES Catal.
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was performed by heating up under Ar to 200 °C at 10 K min™"
and 30 min holding time. After cooling back to room temperature,
in situ reduction was performed by heating up under 10% H,/Ar
from 40 °C to 200 °C at 5 K min ', Finally, CO-pulse was
conducted at 40 °C with 10% CO/He. The Pd dispersion was
calculated by the difference of pulsed and measured CO volume,
assuming ideal gas and a stoichiometric CO:Pd factor of 1.

X-ray diffraction (XRD). XRD patterns were obtained using a
Pananalytical X-Pert Pro-MD (Philips) equipped with a Cu-K,
radiation source (4 = 0.154 nm). Measurements were conducted
with a scan speed of 0.02° s~' in an angular range of 10-90°.

High-resolution transmission electron microscopy (HR-
TEM). HR-TEM images were acquired using a Philips CM30.
Particle diameters were analyzed with the software Image].?
The number of analyzed particles per catalyst Np was 160-230,
yielding an average particle diameter dp,, with a standard
deviation SD. The dispersion D was calculated using the Sauter
mean diameter, the volume occupied by a Pd atom in the bulk
(14.70 A%) and the surface area occupied by a Pd atom on a
polycrystalline surface (7.93 A%).%°

X-ray absorption spectroscopy (XAS). Pd L;-edge and P K-
edge X-ray absorption near edge structure (XANES) spectro-
scopy and Pd L,-edge extended X-ray absorption fine structure
(EXAFS) spectroscopy were conducted using the high kinetic
energy electron (HiKE) end-station®® located at the KMC-1
beamline®" of BESSY II, operated by HZB. Since the Pd
Ls-edge is interrupted by the onset of the Pd L,-edge after
~160 eV, EXAFS measurements were performed at the
Pd L,-edge. Monochromatization of the incoming X-rays was
achieved using a Si(111) double-crystal monochromator. Spec-
tra were acquired in partial fluorescence yield (PFY) mode, with
a Bruker XFlash 4010 silicon drift detector (SDD). Photon
energy calibration was conducted by hard X-ray photoelectron
spectroscopy (HAXPES) measurements of a clean Au foil. The
low and high energy limits of the selected XAS energy ranges
were used as excitation energy during calibration and the
binding energy of the Au 4f;,, core level was assumed to be
84.0 eV. Prior to XAS normalization, a linear background was
fitted and subtracted from each spectrum. XAS normalization
and EXAFS analysis was conducted using Larch.’> XANES edge
positions are based on the maximum of the 1st derivative of the
normalized XANES spectra. First shell EXAFS fitting was per-
formed in an R-range from 1.3 to 3.8 A. The amplitude
reduction factor (S,”) was determined from fitting PdO and
subsequently fixed at 0.89. During fitting, the energy shift
(AE,), coordination numbers (CN), interatomic distances (r)
and the Debye-Waller factor (¢*), which reflects the mean
square deviation of interatomic distances, were treated as
variables. The R-factor is reported as a measure of fit quality.
The measured reference compounds Pd foil, PdO, H3POj3,
H3;PO, and AIPO, were purchased from Merck KGaA. The
reference compound Pd;P/SiO, was self-synthesized, with the
synthesis procedure described in the supporting information.
The corresponding XRD pattern of this sample is shown in
Fig. S1. Catalyst samples were ex situ pre-reduced for 2 h at
400 °C and transported under an Ar atmosphere to HiKE.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Temperature-programmed desorption (TPD) of NH3/CO.
TPD experiments were conducted using an Autochem II 2920
by Micromeritics equipped with a thermal conductivity detector
(TCD) and 50 mg (CO-TPD) or 100 mg (NH;3-TPD) of sample.
In situ pre-treatment was performed by heating up under Ar to
200 °C at 10 K min~" and 30 min holding time. Further, the
sample was heated up under 10% H,/Ar from 40 °C to 600 °C at
5 K min . After cooling back to room temperature, the
samples were saturated with CO at 50 °C or NH3 at 100 °C
and subsequently purged at the same temperature with He to
remove physisorbed molecules. The sample was then cooled to
the TPD starting temperature of 40 °C and heated up to 600 °C
at 15 K min .

Diffuse reflectance infrared Fourier transform spectroscopy
(CO-DRIFTS). In situ DRIFTS measurements were performed
with a Vertex 80v Fourier transform infrared (FTIR) spectro-
meter (Brucker) equipped with a KBr beam splitter, a N,-cooled
HgCdTe-detector, and a Praying Mantis DRIFTS accessory with
a high temperature reaction chamber located in the home-built
extension of the sample compartment of the spectrometer. The
complete beam path remains evacuated during the measure-
ments, which leads to excellent long-term stability of the
system. The reactor contains a sample cell for powders and is
equipped with CaF, windows and connections for gas dosing. A
thermocouple (type K) has direct contact with the sample
powder to monitor the temperature. Ar (Linde, >99.999%)
and CO (Linde, >99.997%) gas flows are regulated by mass
flow and pressure controllers (Bronkhorst). We performed
DRIFTS measurements with an identical gas dosing sequence
to all samples and y-Al,O; as reference material. We purged
with Ar to remove residual moisture and air after loading the
sample powder into the sample holder and assembly of the
reactor. The background spectrum (scan time: 10 min) was
recorded in Ar atmosphere. For the temperature-programmed
CO-DRIFTS experiments, we filled the reactor with 1 bar CO ata
flow rate of 8 mLy min ' and maintained a total pressure of
1 bar during the whole measurement. After the recorded
spectra were stable, a heating program was initiated to stepwise
increase the temperature from 30 °C to 240 °C (heating rate of
5 K min~ ). Note that 240 °C represents the reaction tempera-
ture during our hydrogenation experiments. This temperature
was maintained for 1 h before the system was cooled down to
room temperature at the same rate. A schematic representation
of the experiments is given in Fig. S2. DRIFT spectra were
recorded with a resolution of 2 cm™* throughout the process
(scan time: 0.9 min). Post-data treatment including normal-
ization, baseline correction, and mathematical removal of the
CO gas phase were described elsewhere.*

Results
Benzyltoluene hydrogenation with pure H,

To investigate the effect of PO, modification on the hydrogena-
tion of benzyltoluene using pure H,, we tested Pd-PO,-600/
Al,O; catalysts with varying np:npq ratios as shown in Fig. 2a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For this series, all PO,-modified catalysts were thermally trea-
ted under an H, atmosphere at 600 °C in an external tubular
oven, a procedure previously identified as optimal for Pt-PO,/
Al,0;.** In the hydrogenation reaction all tested 7p: npq ratios
between 0.5 and 3.0 lead to a productivity increase compared to
pristine Pd/Al,O3, while ratios exceeding 4.5 lead to a lower
productivity. We observe a volcano-type relationship between
productivity and np : npq ratio, with Pd-PO,-1.9-600/Al,0; reach-
ing maximum productivity (2.70 g, gpa ' min~') and a 61%
relative improvement compared to Pd/Al,O;. Note that the
same modification was not effective for Pd/SiO, or Pd/C and
instead led to lower productivities compared to the respective
unmodified samples (Fig. S3). Following this series, a new lot
(lot 2) of the commercial Pd/Al,O; catalyst was used. A shor-
tened study with varying np: npq ratios was conducted with this
new lot (Fig. S4), reaching similar results. Since np: npy ratios
between 1.4 and 2.0 (1.7 £ 0.3) yielded the best results for both
catalyst lots, samples within this optimal range are collectively
referred to as Pd-PO,-1.7/Al,0;.

Next, we investigated the effect of thermal treatment condi-
tions on productivity while maintaining a constant np: npq ratio
(1.7 £ 0.3), as shown in Fig. 2b. For pristine Pd/Al,O;, thermal
treatment under H, at 600 °C results in a productivity decrease
from 2.11 to 1.80 gy, gea ' Min™ . In contrast, all PO,-modified
catalysts thermally treated between 500 °C and 700 °C under H,
exhibit increased productivity compared to Pd/Al,O;. Thermal
treatment at 600 °C under H, yields the highest productivity of
3.08 gy, gea = min~'. Notably, replacing H, with inert N,
during the thermal treatment at 600 °C results in a similar
productivity enhancement. Based on these findings, all subse-
quent experiments were conducted using Pd-PO,-600/Al,0;
with thermal treatment under H, atmosphere.

The reaction temperature was varied between 230 °C
and 250 °C for both Pd/Al,O; and Pd-PO,-1.7-600/Al,03,
and Arrhenius plots were generated (Fig. S5). The obtained
apparent activation energies are 63.8 k] mol~* (Pd/Al,05) and
68.5 k] mol™! (Pd-PO,-1.7-600/A1,05), showing similar values
for both catalysts.

Benzyltoluene hydrogenation with impure H,

To evaluate the impact of PO, modification on catalyst resis-
tance against poisoning by impurities during hydrogenation,
we tested Pd-PO,-600/Al,0; with varying np: npq ratios using a
1.6 vol% CO/H, gas mixture (Fig. 3a). The productivity of Pd/
Al,O; under these conditions is 0.21 gy, geq ~ Min™ ", retaining
only ~10% of its productivity compared to experiments with
pure H,. In contrast, Pd-PO,-600/Al,0; with np:npq ratios in
the range of 1.4-2.9 exhibits significantly higher productivities
under H,/CO mixture, with a broad optimum observed for
np:npq ratios between 1.4 and 2.3. The highest productivity
reached was 0.65 gy, 2pq - min~!, corresponding to ~20% of
the productivity observed with pure H,. This represents a 233%
increase compared to Pd/Al,O; under the same conditions with
the H,/CO mixture, a relative value that is still much lower
(61%) in the experiments with pure H,. The relative productiv-
ity difference between PO,-modified catalysts and the
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different np : Npg ratios (lot 1). (b) P1g-30% of Pd/Al,Oz and Pd—PO,-1.7/Al,03 (np:npy = 1.7 & 0.3) prepared under different treatment conditions (lot 2).

benchmark, AP,_, is used as a measure to evaluate the extent
of enhanced tolerance to impurity poisoning. Moreover, com-
parison with existing studies on aromatic hydrogenation in H,/
CO mixtures shows that, to the best of our knowledge, Pd-PO,/
Al,O; achieves the highest reported productivity when normal-
ized to the mass of active metal (Fig. S6 and Table S2).

Fig. 3b shows the Arrhenius plots for Pd/Al,O; and Pd-PO,-
1.7-600/Al,0; under H,/CO conditions in the temperature range
of 220 °C to 250 °C. For Pd/Al, O3, the addition of CO results in a
distinct increase in the apparent activation energy from 63.8 to
155.6 k] mol '. Notably, the PO,-modified catalyst shows a
significantly lower apparent activation energy under H,/CO
conditions of 124.7 k] mol ", corresponding to a reduction of
~30 kJ mol ™.

Apart from the most critical impurity CO, real gas mixtures
from biomass or plastic conversion contain CO, and CH,
impurities. Therefore, we tested Pd-PO,-1.7-600/Al,0; under
an H, gas mixture containing CO,, CH, and CO in a volumetric
ratio of 32:3:1. Fig. 4 shows the productivity of Pd/Al,O; and
Pd-PO,-1.7-600/A1,05 at varying cumulative impurity concen-
trations between 0 and 36 vol%. Detailed concentrations
and partial pressures of each impurity are provided in
Table S1. With increasing cumulative impurity concentration,
a steady decline in productivity is observed for both catalysts, in
line with previous studies of Pd/Al,0;."> However, Pd-PO,-1.7-
600/Al,0; consistently outperforms Pd/Al,O; across all gas

mixtures. APy, increases from 46% to 135% as the impurity
concentration is increased. Interestingly, at the highest impur-
ity concentration of 36 vol%, this trend does not persist, with
AP;_459, dropping below 100%. It is worth noting that these
relative values are generally lower than AP;_;5¢, under H,/CO
conditions (233%).

To evaluate the potential negative effect of CO, or CH, on
the hydrogenation activity, experiments with a cumulative
impurity concentration of 36 vol% are directly compared to
those conducted with the H,/CO mixture (Fig. S7). In both
cases, the H, partial pressure (30 bar) and CO partial pressure
(0.5 bar) are identical (see Table S1). In the H,/mixed experi-
ments, additional CO, (15 bar) and CH, (1.4 bar) partial
pressures were present in the reactor. For Pd/Al,Os;, the
presence of CO, and CH, has a negligible effect on productivity,
yielding nearly identical values to those obtained under H,/CO
conditions. In contrast, for Pd-PO,-1.7-600/Al,0;, the addi-
tional presence of CO, and CH, leads to a reduction in
productivity by about one third compared to conditions with
CO alone.

Temperature-programmed CO, hydrogenation

The catalysts were tested in a separate CO, hydrogenation
reaction (without Hx-BT present) to further understand their
interactions with H,, CO, CO,, and CH,. The results from
experiments with Pd/Al,0; and Pd-PO,-1.7-600/Al,0; at
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Fig. 3 HO-BT hydrogenation with H,/CO, 30 bar H,-pressure and npq : Npo-gT = 5.1 X 1074, (a) P;_15% of Pd/AlLOz and Pd—PO,-600/Al,0 at 240 °C at
different np : npy ratios (lot 2). (b) Arrhenius plot for Pd/Al,O3 (lot 4) and Pd—PO,-1.7-600/Al,03 (np:npq = 1.7 + 0.3; lot 3) at 220-250 °C.
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reaction temperatures ranging from 200 to 400 °C are shown in
Fig. 5. Both catalysts exhibit negligible conversion at tempera-
tures of 250 °C and below. At 400 °C, CO, conversion reaches
63% with Pd/AL,O;, but only 20% with Pd-PO,-1.7-600/Al,0;.
Pd/Al,O; shows a steadily decreasing CO selectivity with
increasing temperatures. A CO selectivity below 3% is reached
at 400 °C, indicating that most CO, is converted to CH,. The CO
selectivity of Pd-PO,-1.7-600/Al,0; remains above 85%
throughout the entire temperature range. Even at points of
similar conversion, Pd-PO,-1.7-600/Al,0; shows constantly a
much higher CO selectivity. These results suggest that PO,
modification reduces the catalyst’s affinity to produce CH,
from CO, and CO. Note that CO and CH, were the only
identified products in both experiments.

Structural and morphological characterization

N, physisorption analysis was conducted and reveals that PO,
modification only has a negligible effect on pore size and
surface area of the catalyst (Table S3 and Fig. S8). CO-pulse
chemisorption was conducted for Pd/Al,O;, Pd-600/Al,0; and
Pd-PO,-1.7-600/A1,0; (Table S4). The Pd dispersion of the
commercial catalyst decreases from 18.5% (Pd/Al,03) to
12.2% (Pd-600/Al,0;) after thermal treatment at 600 °C without
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600/AlL,O3 over temperature during CO, hydrogenation with 0.5 g
catalyst, a H,: CO, ratio of 4:1 and a GHSV of 2000 h™? (lot 3).
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previous PO, modification. Similarly, the PO,-modified catalyst
with the highest activity in HO-BT hydrogenation (Pd-PO,-1.7-
600/A1,05) shows a reduced dispersion of 13.0%.

To investigate the crystal structure of Pd and P, we per-
formed XRD analysis on Pd/Al,O; and Pd-PO,-1.7-600/Al,03.
Note that the corresponding P-loading of approximately
2.2 wt% may be too low to detect crystalline phases of any
formed structures. Therefore, we also analyzed Pd-PO,-5.1-600/
Al, O3, despite its low hydrogenation activity. The XRD patterns
of all three samples exhibit reflections corresponding to metal-
lic Pd° and y-Al,O; (Fig. 6). In fact, the patterns of Pd/Al,0; and
Pd-PO,-1.7-600/A1,0; are identical. Only the PO,-modified
sample with higher P-loading shows new signals attributed to
AlPO,. A crystalline species containing reduced phosphorus,
like palladium phosphide, is not detected in the bulk of any
sample (compare Fig. S1).

We investigated the Pd particle size of Pd/Al,O; and Pd-PO,-
600/Al,05 catalysts (np:npg = 0.7, 1.7, and 3.7) using HR-TEM
(Fig. 7). Pd/Al, 05 exhibits an average Pd particle size of 5.8 nm,
corresponding to a Pd dispersion of 14.7%. This value is in
good agreement with the dispersion determined by CO-
pulse chemisorption. This sample also shows a broad particle
size distribution, as indicated by a large standard deviation
of +2.2 nm. In contrast, PO,-modification with varied np:npq
ratios leads to a decrease in average nanoparticle size, narrower
distributions and less tailing. Pd-PO,-0.7-600/A1,0; and Pd-
PO,-3.7-600/Al,0; exhibit similar average particle sizes between
4.0 and 4.3 nm. For Pd-PO,-1.7-600/Al,0;, the most active
catalyst in hydrogenation, the smallest average Pd particle size
of 3.6 nm is observed, corresponding to a theoretical Pd
dispersion of 24.0%. This indicates an increase of ~63% in
the number of Pd surface atoms compared to Pd/Al,O;, which
contrasts with the lower dispersion measured by CO-pulse
chemisorption, as mentioned above. Note that Pd surface
atoms that are potentially covered by PO, cannot be identified
in the HR-TEM images.

The two catalysts with the optimum #np: npq ratio (1.6-1.7),
subjected to thermal treatment at 500 °C and 700 °C, were also
analyzed using HR-TEM (Fig. S9). Both show a reduction in
average particle size compared to Pd/Al,O; from 5.8 nm to
4.1 nm. However, the particle size decrease is not as
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Fig. 6 XRD patterns of Pd/Al,Os, Pd—PO,-1.7-600/Al,03 and Pd—PO,-
5.1-600/Al,03 with Pd, y-Al,Os and AlPO, reference (lot 1 and 2).
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pronounced compared to the PO,-modified catalyst treated at
600 °C. It is interesting to note, that the catalyst treated at
700 °C is the PO,-modified catalyst with the largest share of
nanoparticles above 8 nm, despite its small average particle size
(Fig. S10).

X-ray absorption spectroscopy

After assessing geometric effects due to PO, modification,
XANES at the Pd L;-edge was used to probe the local electronic
structure of Pd in Pd/Al,O; and PO,-modified catalysts. Pd L;-
edge XAS spectra of catalyst samples are compared to spectra
measured on commercial Pd foil and PdO references (Fig. 8a).
The edge positions of the reference compounds are 3172.6 eV
for Pd foil and 3173.2 eV for PdO (Fig. S11a). Pd/Al,O; and three
Pd-PO,-600/Al,0;5 catalysts (np:npg = 1.2, 1.7, and 2.1) show
identical edge positions (3172.9 eV; Fig. S11b) and line shapes,
which also align well with previously reported spectra of in situ
reduced Pd/Al,O; catalysts.>* This shows that PO, modification
has no significant influence on the electronic environment of
Pd. Even though the catalysts were pre-reduced, the edge

—— Pd-400/A1,0,
—— Pd-PO,-1.2-600/A1,0,
—— Pd-PO,-1.7-600/A1,0,
—— Pd-PO,-2.1-600/A1,0,

0.5

Normalized intensity / au®

T T T
3170 3180 3190

Excitation energy / eV

T
3160

3200

positions, determined to lie between those observed for Pd foil
and PdO, indicate the presence of Pd° and positively charged
Pd°" species. These Pd’" species can be attributed to Pd atoms
at the interface between Pd nanoparticles and the Al,O; sup-
port. Furthermore, the increased white line intensity of the
catalysts compared to Pd foil is attributed to the high fraction
of undercoordinated Pd atoms in the nanoparticles, which is
associated with a greater number of unoccupied 4d-states.**
The same catalysts were further analyzed by EXAFS at the
Pd L,-edge to investigate the coordination environment of
Pd in the PO,-modified catalysts. The corresponding Fourier-
transformed spectra in R-space are shown in Fig. 8b, while the
normalized spectra and the k*>-weighted EXAFS data in k-space
are provided in Fig. S12 and S13, respectively. The PdO refer-
ence exhibits a dominant peak at 1.4 A, corresponding to Pd-O
coordination, and a second feature at 3.2 A, which can be
assigned to Pd-Pd coordination (distances phase-uncorrected).
In the spectrum of the Pd foil, a main peak appears at
2.8 A, consistent with Pd-Pd coordination, along with a
minor feature at around 1.8 A. The Pd;P/SiO, reference sample

——Pd fol
——Pdo
—— Pd,P/sio,

IX(R)I / A®

——Pd-400/A,0, —— Pd-PO,-1.2-600/A1,0,
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Fig. 8 (a) Normalized Pd Lz-edge XANES spectra and (b) Fourier-transformed Pd L,-edge EXAFS spectra (k*-weighted, R-space) of Pd foil, PdO, Pd-
400/Al,03, Pd—PO,-1.2-600/Al,03, Pd—PO,-1.7-600/Al,03, Pd—PO,-2.1-600/Al,03 and Pd—-PO,-4.2-600/Al,05 (lot 2).
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Table 1 Results of EXAFS fitting: energy shift (AEy), R-factor, interatomic distances (r) and coordination numbers (CN) for Pd—Pd and Pd-O paths. The
Debye—-Waller factor (¢2) is reported for the Pd—Pd path; for Pd—0, ¢ was fitted for PdO (0.0036 A?) and fixed for all other samples (0.007 A?) due to the

low CN
Pd-Pd Pd-O

AEy/eV R-factor/% /A CN o?/A% 1073 rlA CN
Pd-400/Al,05 5.8 £ 1.6 3.4 2.72 9.8 +24 7.2 + 3.8 1.89 0.9 + 0.5
Pd-PO,-1.2-600/Al,04 6.8 £ 1.8 4.8 2.73 6.9 + 2.0 3.1 +£3.9 1.88 0.8 £ 0.5
Pd-PO,-1.7-600/Al,05 6.8 + 1.1 2.0 2.73 79+14 41 £ 2.5 1.89 0.7 £0.3
Pd-PO,-2.1-600/Al,04 5.7 £ 1.7 4.4 2.72 6.9 +1.9 4.3 £+ 3.8 1.89 0.9 £ 0.5
Pd-PO,-4.2-600/Al,03 6.8 £ 1.1 1.8 2.73 7.2+£13 0.1 £2.3 1.89 0.7 £04
Pd foil 5.3 £ 2.2 8.4 2.72 12.6 + 4.1 13.9 £ 5.7 — —
PdO 0.0 £1.3 6.0 3.33 8.0 3.0 £ 3.9 1.91 4.0
(see corre.spor.ldin.g XRD. pattern in Fig. 81.) shows a re.duced Pq— o ——H,PO,
Pd coordination intensity at the same distance as in metallic —H;PO,

—— AIPO,

Pd, along with an additional feature at approximately 1.6 A,
which we attribute to Pd-P coordination. All references are in
good agreement with previous reports.>*>’ The catalyst sam-
ples show a pronounced peak at 2.8-2.9 A, the distance char-
acteristic of metallic Pd-Pd coordination. In addition, another
peak is observed at 1.8-1.9 A, which is more intense than in the
Pd foil reference. This feature has previously been attributed to
Pd atoms coordinated to oxygen species from the Al,O; support
(Pd-04)).>® Notably, the feature at 1.8-1.9 A is observed in all
PO,-modified catalysts and closely resembles that of the unmo-
dified Pd/Al,0;, showing only minor shifts in position and
intensity without a clear trend. As the unmodified catalyst
contains no P and thus cannot exhibit Pd-P coordination,
and given the spectral similarity in this region across all
samples, we exclude the presence of direct Pd-P interactions
in the PO,-modified catalysts.

For quantitative analysis, we performed EXAFS fitting, with
the resulting parameters summarized in Table 1 and the
corresponding fits shown in Fig. S14. All catalysts show sig-
nificant Pd-Pd coordination, with a coordination number of
approximately 9.8 for Pd/Al,O; and consistently lower values
between 6.9 and 7.9 for the PO,-modified catalysts. This trend
is consistent with the decrease in particle size upon PO,
modification observed via HR-TEM.?® In addition, all samples
show low Pd-O coordination numbers ranging from 0.7 to 0.9,
which we attribute to Pd-O,; coordination. Notably, the PO,-
modified catalysts exhibit consistently smaller Debye-Waller
factors for the Pd-Pd path, indicating reduced structural dis-
order in the Pd nanoparticles compared to Pd/Al,O;. This
finding is particularly unexpected, as smaller nanoparticles
typically exhibit higher Debye-Waller factors due to increased
structural disorder. This may point to a PO,-induced increase
in metal-support interaction (MSI) from weak to moderate,
leading to more ordered Pd nanoparticles.*’

The electronic environment of P in PO,-modified catalysts
was probed using XANES at the P K-edge (Fig. 9). Reference
compounds, including H;PO3, H;PO, and AIPO,, were analyzed
alongside two PO,-modified catalysts with different 7p:npq
ratios, corresponding to varying P-loadings. H3;POj;, which
contains P*" and served as the P-precursor during catalyst
synthesis, exhibits an edge position at 2149.5 eV (Fig. S15a).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Normalized P K-edge XANES spectra of HzPOs, H3sPO4, AIPO,4, Pd—
PO,-1.7-600/Al,03 and Pd—PO,-5.1-600/A,05 (lot 2).

H;PO, and AIPOy, both containing P>*, show edge positions at
2151.0 eV and 2152.3 eV, respectively. Both PO,-modified
catalysts exhibit edge positions at 2152.3 eV, closely aligned
with that of AIPO,, indicating that P in these materials is
predominantly in the 5+ oxidation state. Further, all reference
compounds and PO,-modified catalysts show a broader sec-
ondary feature at ~2170 eV, attributed to oxygen oscillation, a
characteristic commonly observed in phosphates.*"** Further-
more, the white line intensities for PO,-modified catalysts are
more than twofold higher, compared to AIPO,. In line with
literature, we attribute this to a high abundance of monomeric
and highly dispersed phosphate species on the Al,0O;
support.**™** Notably, Pd-PO,-5.1-600/Al,0; reveals a subtle
shift in its white line peak of ~0.14 £+ 0.03 eV compared to
Pd-PO,-1.7-600/A1,0; as can be seen in Fig. S15b. In combi-
nation with previously discussed XRD results (see Fig. 6), we
attribute this white line shift of the catalyst with high P-loading
towards the white line position of AIPO, to an increasing
fraction of polymeric phosphates and crystalline AIPO,.

Temperature-programmed desorption of NH; and CO

To study the effect of PO, modification on the surface acidity of
the support, we performed NH;-TPD (Fig. 10a). The TCD signal
of the unmodified catalyst shows a broad peak at 151 °C,
followed by a gradual decline in intensity. Both PO,-modified
catalysts exhibited a shoulder in the temperature range of 130
to 135 °C and a pronounced peak at 190 °C and 197 °C for the
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and Pd—-PO,-2.9-600/Al;,03 (lot 2).

catalysts with molar P: Pd ratio of 1.7 and 2.4, respectively. The
peak intensities of Pd/Al,0; and Pd-PO,-1.7-600/A1,0; are
comparable. In contrast, Pd-PO,-2.4-600/Al,0; exhibits a dis-
tinct increase in peak intensity. NH; desorption around 150 °C
is attributed to weak acid sites, while desorption near 200 °C
indicates the presence of moderate acid sites.*® TCD signals at
temperatures above 300 °C, attributed to strong acid sites,*® are
identical for all catalysts. In summary, PO, modification
increases both the number and strength of acid sites on the
Al,O; support.

Furthermore, we performed CO-TPD to investigate the inter-
action of CO with Pd/Al,O;, Pd-POPd-PO,-1.7-600/Al,0; and
Pd-PO,-2.9-600/A1,0; (Fig. 10b). All catalysts exhibit a distinct
peak around 112 °C, corresponding to weakly bound CO,*” with
Pd/Al,O; showing a slightly higher intensity than the PO,-
modified samples. The absence of a temperature shift indicates
that the intrinsic Pd-CO binding strength remains largely
unaffected by PO, modification. Desorption of more strongly
bound CO from Pd(111) facets has been shown to occur above
160 °C.*® In this range, the CO desorption signal of Pd/Al,O,
clearly exceeds that of the PO,-modified catalysts, indicating a
greater proportion of (111) facets in the unmodified sample.

Temperature-programmed CO-DRIFTS

To further study the CO interaction and differentiate between
the available Pd adsorption sites on Pd/Al,O; and Pd-PO,/
Al, O3, we applied temperature-programmed CO-DRIFTS. We
focused on the temperature range between room temperature
and reaction temperature of 240 °C. The stretching frequency of
CO adsorbates, (CO), on metal surfaces is highly sensitive to
the binding site, adsorption motif, electronic properties of the
metal, and the presence of co-adsorbates.’®™! Fig. 11 shows
selected spectra during heating and cooling of Pd/Al,O; and
Pd-PO,-1.7-600/A1,0; in 1 bar CO. Overall, peaks are more
intense for Pd/Al,O;, though comparisons of absolute values
across different DRIFTS experiments should be done with
caution. The topmost spectrum was recorded at room tempera-
ture. Here, we observe pronounced peaks at 2093/2098 and
1985 cm™ ' on both samples, while only Pd/Al,O; exhibits a
peak at the lower frequency of 1938 cm ™. For Pd-PO,-1.7-600/
Al,O;, the broad peak at 1985 cm ™' is highly asymmetrical,
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! contributes to this

indicating that the feature at 1938 cm™
broad band.

These findings are in good agreement with a previous
contribution from some of us, which we rationalize
accordingly.”® In brief, we apply a surface science approach
where nanoparticles are considered as entities with distinct
contributions of crystal facets as well as edges and corners. For
Pd, the most stable and, thus, abundant facets are of the (111)
and (100) orientations.”® We assign the band at 2090-
2100 cm ™' to (CO) of adsorbates in on-top configuration on
both facets and on low-coordinated Pd atoms.>*">” We attribute
the peak at 1985 cm ™' to CO in bridge configuration at edge
sites, with a minor contribution from bridge CO at defect sites
and on Pd(100).””° The band at 1938 ¢cm ™" results from
coupling between CO adsorbates in bridge and three-fold
hollow configuration on Pd(111) terraces.>>®® It is important
to note that these three types of CO adsorbates are found on
both samples, albeit to varying degrees. The suppression of the
latter signal in the spectrum of Pd-PO,-1.7-600/A1,0; indicates
the formation and stabilization of smaller Pd nanoparticles
with less extended facets.”>°" This is in good agreement with
the already discussed particle size decrease observed via HR-
TEM and EXAFS analyses. Furthermore, the fact PO, modifica-
tion does not induce pronounced change in the absolute band
positions indicates that the Pd binding partners experience
similar electronic environments in both samples. This is in
excellent agreement with the results from X-ray absorption
spectroscopy and CO-TPD.

As the temperature increases to 240 °C, we observe an
intensity loss and a shift of the bands toward lower wavenum-
bers for both samples, with the extent of the shift being almost
identical (~15 to 20 cm™'). This shift and intensity reduction
are due to partial CO desorption with increasing temperature,
leading to a lower amount of dipole coupling. Desorption is
most pronounced for the weakly bound on-top CO. However,
our results show that the majority of CO remains adsorbed on
all samples even at reaction temperature. Unmodified Pd/Al,O3
shows a significant contribution of Pd(111) facets (peak at
1915 cm™") at 240 °C. In contrast, for Pd-PO,-1.7/A1,0; the
band at ~1970 ecm™ ', associated with steps and edges, is
the most intense. Upon cooling back to room temperature,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 CO-DRIFT spectra recorded during temperature-programmed experiments with (a) Pd/Al,Oz and (b) Pd—PO,-1.7-600/A,05 (lot 3).

the band shift reverse, and all peaks return to their original
positions, with only slight changes in the relative intensity of
the bands.

Discussion

PO, modification of Pd/Al,O; leads to an increase in the
apparent catalytic activity for the hydrogenation of benzylto-
luene under pure hydrogenation of up to 60%. The following
section aims to discuss possible structural and electronic
reasons for this enhancement, based on detailed material
characterization.

To address this, we examined the chemical nature of phos-
phorus in the modified Pd/Al,O; catalyst. XRD and EXAFS
analyses confirm the absence of Pd phosphides at both optimal
and high P-loadings. This behavior on Al,O; is distinct from
that observed with SiO, (Fig. S1), TiO,,%* and carbon® where
phosphides typically form under similar synthesis conditions.
Instead, at ideal P-loadings we observe monomeric and highly
dispersed phosphate species on the Al,O; support with XANES
analysis. At excessive P-loadings, this ultimately leads to the
formation of crystalline AIPO,.

The observed activity increase during HO-BT hydrogenation
is unlikely to result from electronic modification of Pd. This is
supported by analyses using (1) XANES, (2) CO-DRIFTS and (3)

© 2025 The Author(s). Published by the Royal Society of Chemistry

CO-TPD, all showing that the Pd oxidation state and local
electronic environment remain unchanged upon PO, modifica-
tion. Moreover, the unchanged apparent activation energies in
HO-BT hydrogenation with pure H, confirm that the intrinsic
activity of Pd° is preserved and the general hydrogenation
mechanism remains unchanged. Instead, the formation of a
Pd-phosphide phase on other supports, e.g., SiO,, leads to a
modification of the active site and a decrease in activity
compared to Pd’.

Since a change in the identity of the active site can most
likely be excluded, the enhanced catalytic productivity is more
plausibly attributed to a higher abundance of active sites. Our
HR-TEM results highlight that PO, modification induces a
redispersion of Pd nanoparticles, leading to a reduction in
the average particle size from 5.8 to 3.6 nm in the catalyst with
the highest hydrogenation activity. Additionally, EXAFS fitting
revealed consistently smaller Pd-Pd coordination numbers for
PO,-modified catalysts compared to Pd/Al,O;, supporting the
theory of smaller particles. This translates to a geometric effect,
i.e., the NPs expose fewer terrace sites and more edge sites in
the PO,-modified samples. Our CO-DRIFTS results indicate that
this is preserved at reaction temperature.

To gain insight into the origin of this redispersion effect,
we systematically varied the thermal treatment tempera-
ture and observed a pronounced temperature dependence.
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A temperature of 600 °C appears optimal, coinciding with the
highest dispersion and activity. Consequently, we suspect that
enhanced Pd mobility at elevated temperature is required for
optimal redispersion. At higher temperatures, however, a bimo-
dal size distribution emerges, suggesting that sintering begins
to outweigh redispersion as the Tammann temperature of Pd
(641 °C®*) is approached. Nevertheless, the formation and
stabilization of small Pd particles even after thermal treatment
at 600 °C underscores the high stability against sintering of the
PO,-modified catalysts.

In addition to the thermal treatment temperature, the np:
npq ratio plays a critical role in achieving optimal Pd dispersion
and catalytic activity, as shown by the volcano-type productivity
plot. Without PO,, thermal treatment at 600 °C promotes
sintering, reduces Pd dispersion and hampers productivity.
An intermediate np:npgq ratio (1.7 + 0.3) likely optimizes
hydrogenation activity, because well-dispersed PO, species
modify the chemical nature of the Al,O; support and enhance
metal-support interaction. This interpretation is supported by
the observed reduction in the Debye-Waller factor upon PO,
modification, indicating decreased structural disorder in the
Pd nanoparticles. The resulting stronger interaction with the
support facilitates redispersion and promotes the stabilization
of redistributed Pd particles. At higher np: npq ratios, however,
previously discussed crystalline AIPO, further modifies the
properties of the support surface in a way that adversely affects
Pd dispersion and catalytic activity. Moreover, excessive P-
loading is likely to cause increased site blocking of active Pd
species by PO, or AlIPO,, further contributing to the decline in
activity.

While HR-TEM, CO-DRIFTS and EXAFS reveal higher dis-
persion after PO, modification, CO-pulse chemisorption
indicates a decrease in accessible Pd sites. This apparent
contradiction is resolved by our recent study, which shows that
PO,-induced site blocking is largely reversible under our reac-
tion conditions.?® As this restores the accessibility of blocked
Pd sites, we expect the dispersion increase quantified via HR-
TEM to be fully available for catalysis. In the current study, the
Pd dispersions from HR-TEM increase from 14.7% to 24.0%
upon PO, modification, corresponding to a relative improve-
ment of ~63% for the most active Pd-PO,/Al,O; catalyst. This
enhanced dispersion is consistent with the productivity gain of
40 to 60% under pure H,. This observation aligns with the
structure-insensitive nature of aromatic hydrogenation with
pure H, over Pd,**®® reinforcing that the increased number
of active sites, instead of changes in their chemical nature, is
responsible for the enhanced activity.

The second question addressed in this study concerns the
effect of PO, modification on the CO poisoning tolerance
during HO-BT hydrogenation. Our catalytic data clearly demon-
strate that PO, modification enhances the CO poisoning toler-
ance of the Pd/Al,O; catalyst when operating with impure H,
feed. This is evidenced by a significantly higher relative pro-
ductivity increase under H,/CO conditions of up to 230%.

One contributing factor to the improved CO tolerance is the
increased surface acidity of the Al,O; support, as evidenced by
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NH;-TPD. Acid sites in close proximity to noble metal particles
are known to serve as active sites for aromatic hydrogenation
with spilled-over hydrogen.®®”* While their contribution under
pure H, is likely limited, it becomes more relevant under H,/CO
conditions, as these sites are not susceptible to CO poisoning.
Notably, hydrogenation with pure H, shows a similar tempera-
ture dependence on both acid sites and Pd.**’° Since hydro-
genation over acid sites is expected to be less affected by CO,
this effect may help explain the lower apparent activation
energy observed for Pd-PO,/Al,0; compared to Pd/Al,O; under
H,/CO conditions. However, given the moderate increase in
surface acidity, it is unlikely to be the main reason for the
enhanced CO tolerance.

The improved CO tolerance also correlates with CO-TPD
measurements, which reveal a reduction of strongly bound CO
species on the PO,-modified catalyst. Complementary CO-
DRIFTS data and literature reports indicate that these strongly
bound species predominantly occupy bridge and three-fold
hollow sites on Pd terrace atoms.*® Their reduction upon PO,
modification is thus consistent with the previously discussed
PO,-induced redispersion.

To further support this interpretation, we investigated CO,
hydrogenation as a probe reaction, with a special focus on the
fate of CO formed via the RWGS reaction. For the PO,-modified
catalyst, CO desorbs readily from abundant and comparatively
weakly binding Pd edge sites, leading to a CO selectivity above
80%. In contrast, on unmodified Pd/Al,O;, where terrace sites
dominate, stronger CO adsorption facilitates hydrogenation to
CH,. This size-dependent CO hydrogenation selectivity also
accounts for the greater susceptibility of the PO,-modified
catalyst to CO,-rich feeds during benzyltoluene hydrogenation,
as elevated CO, concentrations promote CO formation.

We propose that benzyltoluene hydrogenation under CO-
containing H, proceeds preferentially at Pd edge sites. We base
this hypothesis on the increased density in edge sites, where
CO binds more weakly,”*”> and benzene, a similar aromatic
compound, was shown to preferentially adsorb in the presence
of CO.”° This provides a mechanistic rationale for the observed
productivity increase under impure H,, which is dispropor-
tional to the dispersion increase, and cannot be explained by a
change in electronic properties of Pd or altered Pd-CO inter-
action. Building on these findings, we aim to further explore
the ability of CO to induce structure sensitivity in Pd-catalyzed
aromatic hydrogenation and to leverage this understanding to
maximize catalytic activity through rational catalyst design.

Conclusion

Phosphate modification of Pd/Al,O; enhances catalytic activity
in benzyltoluene hydrogenation, increasing productivity by
60% under pure H, and by 230% under CO-contaminated H,.
PO, modification induces increased stability against sintering
and Pd redispersion, yielding smaller nanoparticles through
a combination of enhanced Pd mobility during high tempera-
ture thermal treatment and altering of the metal-support

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interaction by highly dispersed phosphate species on Al,O;.
Importantly, PO, modification does not lead to a significant
electronic modification of Pd°, as confirmed by spectroscopic
characterization. The productivity increase under pure H,
reflects the structure-insensitive nature of aromatic hydrogena-
tion and correlates with the increased Pd dispersion. Under CO-
contaminated H,, CO induces structure sensitivity, favoring
benzyltoluene hydrogenation at Pd edge sites over terrace sites,
explaining the significantly higher productivity increase. Stron-
ger and more abundant acid sites introduced by PO, modifica-
tion further enhance productivity under CO-contaminated
conditions, as they provide additional sites for aromatic hydro-
genation with spilled-over hydrogen that are not susceptible to
CO poisoning.
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