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ARTICLE INFO ABSTRACT

Keywords: In this study, we demonstrate that phosphorus-modification of Pt/Al,O3 leads to sinter-stable catalysts with
Het§r0g€n€0115 catalysis improved activity in the dehydrogenation of perhydro benzyltoluene, an attractive liquid organic hydrogen
Doping carrier. TEM images show that platinum nanoparticles are stabilized to a size below 1 nm by the P-modification
Etﬁi%ﬁgrgzjlatmn procedure, while unmodified counterparts show considerable sintering after reduction at 600 °C. The modifi-
LOHC cation procedure starts by a simple impregnation of Pt/Al,O3 with H3POs3, followed by a high temperature

treatment above 550 °C. It is crucial to adjust the right P:Pt ratio to reach stabilization of all platinum nano-
particles and thereby high catalytic surface areas. In our dehydrogenation studies, a catalyst with the optimal
molar P:Pt ratio of 1.8 shows a 18 % higher activity compared to the unmodified sample. Even after treating the
catalyst at temperatures up to 900 °C, this activity boost remains. XPS and XRD measurements prove that Pt stays
in its reduced elemental state, also after P-modification, which is essential for a good dehydrogenation activity.
The phosphorus species act as an anchor for the Pt particles on the Al;O3 surface, reducing their mobility and
preserving small nanoparticles.

1. Introduction

In heterogeneous catalysis, supported metal nanoparticles play a
central role in efficiently converting the reactants to the desired prod-
ucts. Platinum (Pt) is one of the most widely used metals in heteroge-
neous catalysis, applied for a variety of reactions, including
hydrogenations or dehydrogenations, that are relevant for chemical
hydrogen storage.[1-4] Typically, Pt nanoparticles are anchored onto
porous substrates, such as Al,O3. The high dispersion of small nano-
particles on the support increases the Pt surface area and the catalytic
activity. Moreover, the addition of other metals[5-7] and non-metallic
elements as promoters can further increase the catalyst’s activity,
adjust its selectivity and stabilize the catalyst.[8,9] As an example for a
metal promoter, tin (Sn) is recognized for its ability to impede side re-
actions and the formation of coke, while also enhancing the dispersion of

Pt. Consequently, Pt-Sn catalysts show higher activity and selectivity in
the production of olefins by alkane dehydrogenation.[10,11].

Sulfur, a strong poison to Pt catalysts when added in large amounts,
can be beneficial for the catalyst stability and selectivity, when only
incorporated in low quantities. This effect was demonstrated in several
reactions, such as alkane reforming and alkane dehydrogenations.
[12-15] In the liquid phase dehydrogenation of perhydro dibenzylto-
luene, a well-known liquid organic hydrogen carrier (LOHC), S-doping
of Pt catalysts leads to an increase in activity. The electronic properties
of platinum are modified by sulfur atoms, allowing a faster desorption of
the reaction product dibenzyltoluene. Furthermore, low coordinated
edge and corner atoms of the Pt nanoparticles, that are responsible for
side product formation, are selectively blocked by sulfur species.
[15,16].

Here, we refer to a similar LOHC molecule, perhydro benzyltoluene

Abbreviations: LOHC, liquid organic hydrogen carrier; H12-BT, perhydro benzyltoluene; DoDh, degree of dehydrogenation; MF, methyl fluorene.
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(H12-BT). Its dehydrogenation forms the desired hydrogen-lean mole-
cule benzyltoluene (HO-BT). Methyl fluorene (MF) is formed by
releasing a further hydrogen molecule in the so-called deep dehydro-
genation reaction (Scheme 1). It is considered as a first consecutive side
product in H12-BT dehydrogenation and can undergo consecutive re-
actions to heavy aromatic side products.-[17] Therefore, MF is a suitable
probe molecule to investigate the selectivity of a LOHC dehydrogenation
catalyst. MF formation is provoked at low coordinated Pt sites as the fast
desorption of HO-BT is hampered. Adding sulfur as a promoter to block
these sites, consequently prevents the formation of side products, and
hence the degradation of the LOHC compound.[15].

A major risk of S-modified catalysts in a hydrogen-rich environment
is sulfur leaching by formation of HjS. This leaching effect depends on
the thermal treatment of the catalyst during preparation and can occur
already at temperatures of 300 °C and is known e. g. from the hydro-
denitrogenation reaction, where transition metal sulfide catalysts are
applied since decades.[17] As a result, the constant loss of promoter
mitigates its positive effect on the catalyst performance and the HyS
formed may contaminate the product gas.

A recent density functional theory study predicts that phosphorus (P)
should be able to boost the catalytic activity of Pt in cyclohexane
dehydrogenation, in the same manner as sulfur does.[18] Experimental
studies reveal that the incorporation of phosphorus enhances product
desorption by reducing the bond strength between platinum and ad-
sorbates.[19].

These facts render phosphorus a promising promoter for Al,Os-
supported Pt catalysts applied in dehydrogenation of LOHCs. So far, only
a few studies have been devoted to understanding the effects of P pro-
moters for supported Pt catalysts in dehydrogenation reactions.[19,20]
Recently, Kou et al. have found that P-modification of Pt/SiO, catalysts
induces a superior olefin selectivity in propane dehydrogenation as the
product desorption is accelerated. The catalyst activity is in turn
reduced, as phosphorus oxidizes elemental platinum to Pt?* and triggers
the formation of a less active PtP, phase.[19].

In this study, we demonstrate the promising effect of P-modification
for Al,Os-supported Pt catalysts in the dehydrogenation of perhydro
benzyltoluene. The P-modified catalysts exhibit strong bonding of
phosphorus with no loss of the promoter at synthesis temperatures of up
to 900 °C. At the same time, phosphorus improves and stabilizes Pt
dispersion, while keeping the metal in its active elemental state. In
contrast to previous reports where phosphorus modification lead to a
decrease in dehydrogenation activity, the formation of a platinum
phosphide phase was not observed for our novel materials. In this
context, the Al,O3 support plays a decisive role, avoiding the formation
of a PtPy-phase that would occur by reduction of the phosphorus pre-
cursor and a consequent oxidation of the platinum species.

2. Experimental
2.1. Materials

In this study we used a y-AlyO3 support material, with a surface area
of approximately 140 m?/g, which was calcined at 500 °C for 4 h in air

flow (10 K min ') before use. H;[PtClg]#6H-0 (38-40 % Pt, 99.9 %) was
purchased from abcr GmbH (Karlsruhe, Germany) and H3zPO3 (99 %)
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from Merck KGaA (Darmstadt, Germany).

2.2. Catalyst preparation

Pt/Al,03 was prepared by impregnation of Al;O3 overnight (16 h) at
room temperature with an aqueous solution of Hy[PtClg]e6 HoO. The
solvent was evaporated at 80 °C and 150 mbar. The obtained powder
was calcined at 400 °C (10 °C min~') in air and then either reduced
under 10 % H,/N, (500 mln min 2, heating in Ny at 10 K min~!) in a
tubular furnace (Carbolite Gero GmbH & Co. KG, Neuhausen) to obtain
an unmodified Pt catalyst or further impregnated with a phosphorus
precursor. The impregnation of calcined Pt/Al,O3 with H3POs was
conducted overnight (16 h) followed by solvent removal at 80 °C and
150 mbar. The obtained phosphorus-modified catalyst samples were
directly reduced in a tubular furnace (10 % Hs/Nj, 500 mln min "},
heating in Ny at 10 K min~1) without prior calcination.

2.3. ICP-OES

The platinum and phosphorus contents in the samples were deter-
mined via inductively coupled plasma optical emission spectroscopy
(ICP-OES). 100 mg of catalyst samples were digested in 10 mL aqua
regia (HNOs3:HCl volumetric ratio 4:6) using microwave heating
(200 °C) and subsequently diluted to 100 mL with deionized water. The
emission spectra of the solutions were conducted on a Ciros CCD by
SPECTRO Analytical Instruments GmbH (Kleve, Germany).

2.4. N3 physisorption

To determine textural properties, such as specific surface area and
pore volume, Ny physisorption was performed at —196 °C on a Quad-
rasorb SI by Quantachrome Instruments. Prior to measurement, the
samples were degassed and dried for 12 h at 250 °C under vacuum (0.01
mbar) to remove any residues from the surface. The specific surface area
was determined by the BET method in a relative pressure range of
0.05-0.2. The total pore volume was determined at p/po = 0.99.

2.5. Electron microscopy

For the determination of platinum particle size distributions, high-
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) combined with energy dispersive X-ray spectroscopy
(EDXS) was conducted on a Talos F200i by Thermo Fisher Scientific. For
the evaluation of particle size distributions, the projected areas of 150 to
200 particles were evaluated. The volume-area-mean particle size is
calculated as dys = EnidiB (Znidiz)’l, where n; is the number of parti-
cles with diameter d;.

2.6. CO pulse chemisorption

For the investigation of CO adsorption behavior of the catalysts,
chemisorption experiments with CO as pulse gas were conducted on an
Autochem II 2920 by Micromeritics. Prior to chemisorption, catalyst
samples were treated in 10 % Hy/Ar (5 °C min~!, 50 ml min~!, 60 min at
440 °C or 600 °C for Pt/Al;,03, 440 or 700 °C for phosphorus-modified

/@AQ\
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Scheme 1. Reaction scheme of perhydro benzyltoluene (H12-BT) dehydrogenation over intermediate H6-BT to benzyltoluene (HO-BT) with further deep dehy-

drogenation to methyl fluorene (MF).
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catalysts). Pulse chemisorption was performed at 40 °C and with 10 %
CO/He. The adsorbed amount of CO was calculated from the difference
of dosed and not-adsorbed CO volume assuming ideal gas. The disper-
sion of Pt was calculated assuming a stoichiometric factor of 1.

2.7. X-ray diffraction

In order to determine the morphology of the catalysts, X-ray
diffraction (XRD) patterns were recorded using a Pananalytical X-Pert
Pro-MD by Philips equipped with a Cu-Ka (wavelength A of 1.5406 A)
source in a range from 10° to 90° with a scan speed of 0.02° s™*.

2.8. XPS

For the investigation of electronic properties and oxidation states of
platinum and phosphorus, X-ray photoelectron spectroscopy (XPS) was
conducted on a Kratos Analytical Axis Ultra DLD spectrometer using
monochromatic Al Ka irradiation (1486.6 eV) operating the anode at 10
kV with an aperture of 700 x 300 pm. Survey scans were recorded with a
pass energy of 160 eV, while high-resolution spectra were measured
with a pass energy of 20 eV. The energy axis was calibrated by fixing the
Cls contribution of adventitious carbon at 284.8 eV.

2.9. Catalytic testing

To evaluate the catalytic activity of the catalysts, batch dehydroge-
nation tests were conducted in a glass set-up consisting of a three-necked
100 mL flask, a two-neck attachment with a metallic hollow cylinder for
catalyst storage, and a reflux condenser. A schematic illustration of the
set-up can be found in the supporting information (Figure S1). All ex-
periments were performed using 15 g perhydro benzyltoluene (H12-BT,
degree of hydrogenation 97.37 %, obtained from hydrogenation of
benzyltoluene, benzyltoluene by Eastman Chemical Company,) and a
molar H12-BT:Pt ratio of 2000. For a 3 wt% Pt catalyst, this corresponds
to 251 mg catalyst. Prior to each experiment, the set-up was flushed with
Ar during heating to reaction temperature (250 °C, 1 atm). As soon as
the reaction temperature of 250 °C was reached, the inert gas flow was
stopped, and the catalyst powder was dropped into the hot liquid. Liquid
samples were taken over the course of the reaction (six hours) and
analyzed via refractive index measurements (DR6100-T by Kriiss
Optronic GmbH, calibrated with GC) and GC-FID (Shimadzu 2010 Plus;
column Rxi-17Sil MS 30 m, 0,25 mm ID, 0.25 um by Restek). Detailed
information on the evaluation of GC-FID data is given in the ESL

The performance of the catalyst is evaluated using the degree of
dehydrogenation (DoDh). The DoDh is defined as the ratio between the
actual amount of released hydrogen and the amount of hydrogen that
would be released at complete dehydrogenation, corresponding to six Hy
molecules per molecule perhydro benzyltoluene. The Hy yield in gz g

Table 1
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was calculated from the DoDh determined by GC analysis via Equation
(1.

_ ADoDh e ny5_pre 12
Mmp;

Yu

2

@

Here, ADoDh is the difference in degree of dehydrogenation before
and after reaction, ny;2 g the molar amount of perhydro benzyltoluene
and mp, the amount of platinum in gram. The number 12 corresponds to
the amount of hydrogen in gram that would be released at complete
dehydrogenation per mole of H12-BT. GC analysis is further used to
evaluate byproduct formation.

3. Results

To determine the effect of a phosphorus promoter on a Pt/Al,03
catalyst for dehydrogenation of perhydro benzyltoluene, a series of
catalyst materials containing 3 wt% Pt and various amounts of phos-
phorus (up to 2 wt%) were prepared (Table 1). As a second parameter,
the reduction temperature of the catalysts after impregnation with
H3POs3 was varied between 440 and 900 °C. Table 1 gives a list of cat-
alysts investigated in this work (details are listed in Table S1).The ICP-
OES results demonstrate that the nominal Pt and P loadings could be
achieved without any loss of phosphorus upon reduction at tempera-
tures up to 900 °C (catalyst 3-f).

The catalytic performance of the P-modified catalysts was evaluated
in batch dehydrogenation experiments using perhydro benzyltoluene
(H12-BT) as feedstock. Note, that the DoDh, the product content of
methyl fluorene and the ratio of HO-, H6- and H12-BT are listed in
Table S4 for all dehydrogenation experiments of this study.

In a first set of experiments, the influence of the reduction temper-
ature — applied after P impregnation of the catalysts — on the resulting
dehydrogenation activity was studied. All catalysts in this set (catalysts
2 and 3-a to 3-f) maintained a constant P:Pt ratio of 1.8. Charted in Fig. 1
a is the accumulated yield of H; over reaction time.

The Hj release is fast at the start of the measurement, as indicated by
the steep slope of the curve. As the dehydrogenation proceeds, the
concentration of the reactant, and thus the dehydrogenation rate,
decrease. To evaluate and compare the activity of different catalysts, we
focus on the Hj yield after 360 min of reaction. The unmodified catalyst
that was reduced at 440 °C exhibits a H; yield of 67 gy» gﬁtl. The P-
modified counterparts treated at temperatures of 440 and 500 °C reach
nearly identical values. By increasing the reduction temperature beyond
these temperatures, the Pt-based Hj yield improves, and reaches a
plateau above 80 gy2 gl?tl for the catalyst reduced at 600 °C. Interest-
ingly, catalysts prepared under even higher reduction temperatures of
up to 900 °C keep the Hj yield on this high level.

A comparison of the Hj yield after 360 min with an unmodified Pt
catalyst is given in Fig. 1 b. A reduction temperature of 440 °C is the

Overview of the catalysts investigated in this work. Nominal and achieved Pt and P loadings on Al,O3 after reduction under hydrogen flow at different temperatures (2
h, 500 mln min~!, 10 % H,/N,). Areal concentration of P (Paoms/nm?) calculated based on BET surface area of support material. Standard deviation given for

repeatedly prepared catalysts; detailed compositions are shown in Table S1.

Catalyst Nominal Pt wt.% Nominal P wt.% Pt wt.% P wt.% Molar P:Pt ratio Patoms/NM?
No. (ICP-OES) (ICP-OES)
1-a Pt red. 440 °C 3 0 3.0 0 0 -
1-b Pt red. 600 °C 3 0 3.1 0 0 -
2-a P:Pt 1.0 red. 600 °C 3 0.6 3.1 0.5 1.0 0.7
2 P:Pt 1.8 red. 600 °C 3 0.9 3.0+ 0.2 0.9 + 0.0 1.8+ 0.1 1.2+0.1
2-b P:Pt 2.5 red. 600 °C 3 1.2 3.3 1.3 2.5 1.7
2-c P:Pt 4.2 red. 600 °C 3 2.0 3.3 2.2 4.2 3.0
3-a P:Pt 1.9 red. 440 °C 3 0.9 3.0+ 0.2 0.9 + 0.0 1.9+0.1 1.2+ 0.0
3-b P:Pt 1.6 red. 500 °C 3 0.9 3.1 0.8 1.6 1.2
3-c P:Pt 1.8 red. 550 °C 3 0.9 3.1+0.0 0.9+ 0.0 1.8 £0.0 1.2+ 0.0
3-d P:Pt 1.8 red. 650 °C 3 0.9 3.1+0.2 0.9 + 0.0 1.7 £ 0.1 1.2+0.1
3-e P:Pt 1.8 red. 700 °C 3 0.9 3.1+0.1 1.0+ 0.1 1.9+0.1 1.3+0.1
3-f P:Pt 1.9 red. 900 °C 3 0.9 3.0 0.9 1.9 1.2
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Fig. 1. a) H, yield from perhydro benzyltoluene dehydrogenation over time for Pt-P/Al,O3 (catalysts 2 and 3-a to 3-f) and unmodified Pt/Al,0O3 (1-a, 1-b) after
reduction at temperatures between 440 and 900 °C. Reaction conditions: 250 °C, 1 atm, 15 g H12-BT, molar H12-BT:Pt ratio = 2000. Liquid samples analyzed via
refractive index. b) H, yield after 360 min of reaction. Liquid samples analyzed via GC-FID. Error determined from repeated dehydrogenation experiments with

different catalyst batches.

state-of-the-art to activate such Pt catalysts[21,22], while 600 °C was
applied for direct comparison with the Pt-P catalysts in this study (1-a
and 1-b). The H,, yield drops from 67 to 45 gy gpi when the reduction
temperature is increased from 440 to 600 °C and if no phosphorus-
modification has taken place beforehand.

Besides reduction temperature, the amount of phosphorus species
added during the P-modification procedure could additionally affect the
catalyst behavior. Therefore, a variation of the molar P:Pt ratio in the
range between 1.0 and 4.2 (catalysts 2 and 2-a to 2-c) was conducted for
Pt-P catalysts reduced at 600 °C. Their catalytic results are given in Fig. 2
a, showing that the Hj yield reached by the different catalysts differs
already form the start of the reaction. Catalysts with a molar P:Pt ratio of
1.0, 2.5 and 4.2 show a decreased initial slope compared to catalyst 2
with a ratio of 1.8, and consequently achieve lower integral Hj yields.
This is also reflected in higher rates over the whole course of the reaction
(Figure S11 a). The pronounced effect of the applied P content becomes
visible in Fig. 2 b. The difference in Hy yield between the catalyst with
the optimal P:Pt ratio (1.8), compared to the lowest (1.0) and to the
highest (4.2) ratio is a factor of about 1.2 and 2.3, respectively.

The most pronounced effect of phosphorus-modification is therefore
found for the catalyst with a P:Pt ratio of 1.8, after reduction at 600 °C
(catalyst 2). The integral Hy yield after 6 h is 18 % higher than observed

100
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for a corresponding unmodified Pt/Al;O3 catalyst without phosphorus
(catalyst 1-a).

To elucidate the selectivity of the P-modified Pt catalysts, the for-
mation of methyl fluorene (MF) as a representative byproduct is eval-
uated. Here, the phosphorus-modified catalyst 2 shows a slightly
increased content of methyl fluorene in the liquid at similar degrees of
dehydrogenation compared to the unmodified catalysts 1-a and 1-b
(Fig. 3).

From kinetic investigations of the most active catalyst 2, an activa-
tion energy of 155 kJ mol~! was determined (Figure $9), which is in an
expected range when comparing to previous reports of Pt-based cata-
lysts in H12-BT dehydrogenation.[23,24] Furthermore, catalyst 2 was
subjected to Soxhlet extraction using cyclohexane after 6 h of dehy-
drogenation and the recycled catalyst was tested in a second run. Here,
no loss in dehydrogenation activity or differences in DoDh or MF-
content after 6 h could be identified (Figure S10).

To determine how the P-modification influences particle size distri-
bution, chemical and electronic properties of platinum and results in a
higher activity for dehydrogenation, we have investigated the catalysts
by several analytical techniques. Comparison of the AloO3 support and
the P-modified Pt catalyst 2 (P:Pt = 1.8, red. 600 °C) do not indicate
significant changes in the textural properties upon catalyst synthesis.

100
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Fig. 2. a) Hy yield from perhydro benzyltoluene dehydrogenation over time for Pt-P/Al,O3 (catalysts 2 and 2-a to 2-¢) with different molar P:Pt ratios from 1.0 to
4.2. Reaction conditions: 250 °C, 1 atm, 15 g H12-BT, molar H12-BT:Pt ratio = 2000. Liquid samples analyzed via refractive index. b) H, yield after 6 h of reaction
analyzed via GC-FID. Error determined from repeated dehydrogenation experiments with different catalyst batches.
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Fig. 3. Methyl fluorene (MF) content in dependency of degree of dehydroge-
nation (DoDh) for Pt-P/Al,03 (catalyst 2) and unmodified Pt catalysts (catalysts
1-a and 1-b, reduced at 440 or 600 °C, respectively). Reaction conditions:
250 °C, 1 atm, 15 g H12-BT, molar H12-BT:Pt ratio = 2000. Liquid samples
analyzed via GC-FID. Error determined from repeated dehydrogenation exper-
iments with different catalyst batches.

The BET surface area, total pore volume and average pore diameters, as
determined by N5 physisorption (see Table S3), are constant at values of
about 140 m? g1, 0.5 cm® g ! and 14 nm, respectively.

HAADF-STEM and STEM-EDX analysis were performed to investi-
gate the local distribution of platinum and phosphorus and the particle
size distributions on the catalysts. Fig. 4 shows the location of both el-
ements in catalyst 2. Pt (yellow) and P (red) are homogeneously
distributed over the surface of the support. In the unmodified catalyst
reduced at 440 °C, Pt is also well distributed and forms small particles of
about 1 nm (1-a, Figure S2), whereas larger particles of about 5.8 nm on
average are observed after reduction at 600 °C (1-b, Figure S3). The P-
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modified catalysts with P:Pt ratios below and above the optimum (here
ratios of 1.0 and 2.5, catalysts 2-a and 2-b, respectively), show highly
dispersed Pt particles of small average particle sizes between 1.1 and 1.2
nm along with a few particles larger than 2.5 nm (Figure S4, Figure S5,
Figure S6). The images of these larger particles at non-optimal P load-
ings clearly visualize that phosphorus is specifically concentrated at the
Pt nanoparticles. This aspect remained obscured for catalyst 2 due to the
high dispersion, and hints to a preferred location of phosphorus in close
proximity to platinum.

Particle size distributions and the volume-area-averaged particle
sizes were obtained from HAADF-STEM images. Here, an unmodified Pt
catalyst (reduced at 440 and 600 °C, catalysts 1-a and 1-b) and a Pt-P
catalyst with a molar P:Pt ratio of 1.8 (catalyst 2) before and after
reduction at 600 °C were analyzed. In Fig. 5 a the growth of particles on
the unmodified Pt catalyst upon increasing the reduction temperature
from 440 to 600 °C is visible, resulting in an increase of the volume-area-
mean particle size (dya) from 1.1 nm (1-a) to 5.8 nm (1-b). The P-
modified catalyst exhibits slightly smaller average particle sizes of 0.9
nm despite the higher reduction temperatures (600 °C), and a narrower
distribution compared to the unmodified Pt catalyst reduced at a lower
temperature (440 °C). On top of that, particle sizes were decreased in the
Pt-P catalyst upon high-temperature reduction compared to the unre-
duced counterpart (Fig. 5 b).

As can be seen from Table 2, regardless of the P content, the particle
sizes of P-modified catalysts are in the 1 nm range despite the high
reduction temperatures, compared to the unmodified Pt catalyst
reduced at 600 °C (1-b). Furthermore, Pt-P catalysts with lower and
higher molar P:Pt ratios of 1.0 and 2.5 (catalyst 2-a and 2-b, respec-
tively; Figure S6) have a volume-area-averaged particle size of 1.1 and
1.2 nm, respectively (large particles > 5 nm were not considered here
due to their small quantity).

CO pulse chemisorption measurements were conducted to investi-
gate the change in the number of Pt surface atoms (Table 3). This can
indicate changes in the binding of reactants on P-modified and un-
modified catalysts. Particle sizes and dispersions calculated from CO
sorption are strongly dependent on the availability and electronic nature
of the Pt centers and can potentially deviate from the real particle sizes
observed in STEM. Hence, instead of dispersion we report the adsorbed
amount of CO per mole Pt to assess changes in the number of available Pt
centers.

Fig. 4. a) HAADF. b) HAADF. ¢) HAADF and STEM-EDX-scans of 3 wt% Pt and 0.9 wt% P on Al,03 reduced at 600 °C (molar P:Pt ratio = 1.8, catalyst 2).
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Fig. 5. a) Particle size distributions from HAADF-STEM-images of unmodified pt catalyst reduced at 440 °C (catalyst 1-a) and 600 °C (catalyst 1-b). b) Particle size
distributions from STEM analysis of Pt-P catalysts with molar P:Pt ratio of 1.8 before and after reduction at 600 °C (catalyst 2). dys = volume-area-mean particle size.

Table 2
Average particle sizes of unmodified and P-modified Pt catalysts at different
molar P:Pt ratios.

Catalyst ~ Reduction temperature Molar P:Pt Average particle size
/°C ratio (STEM) / nm
1-a 440 - 1.1
1-b 600 - 5.8
2-a 600 1.0 1.1
2 600 1.8 0.9
2-b 600 2.5 1.2
Table 3

Amount of adsorbed CO per platinum in CO pulse chemisorption measurements
of unmodified and phosphorus-modified 3 wt% Pt catalysts.

Catalyst Adsorbed CO /
mmol molpd
1-a Pt red. 440 °C 572
1-b Pt red. 600 °C 126
3-a P:Pt 1.8 red. 440 °C 325
2-a P:Pt 1.0 red. 600 °C 451
2 P:Pt 1.8 red. 600 °C 429
2-b P:Pt 2.5 red. 600 °C 255
2-c P:Pt 4.2 red. 600 °C 283
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The chemisorption results show that the highest amount of CO can be
adsorbed by the unmodified Pt catalyst reduced at 440 °C (1-a). This
adsorption capacity drastically decreases by a factor of 4.5 for the same
catalyst reduced at 600 °C (1-b). The CO adsorption capacity of P-
modified catalysts with a P:Pt ratio of 1.8 reduced at 440 (3-a) and
600 °C (2) is also decreased compared to the unmodified Pt catalyst
treated at lower temperatures (1-a), but to a lower extent. Furthermore,
the adsorption of CO for a Pt-P catalyst is enhanced upon an increase in
reduction temperature from 440 to 600 °C. For a lower P:Pt ratio of 1.0
(catalyst 2-a), the adsorption capacity is about 5 % higher, whereas with
increasing P loading (catalyst 2-b and 2-c), the CO adsorption capacity
further decreases to a level around 270 mmol molﬁtl.

To elucidate any electronic changes in the catalyst, XPS measure-
ments were conducted. The Al2p and Ols lines remain unchanged (see
Figure S7, Figure S8), while a few changes in electronic nature of plat-
inum and phosphorus are observable. The Pt4d line of the unmodified Pt
catalyst (1-a) is located at 314.8 eV (Fig. 6 a), which can be assigned to
Pt°.[25-27] The P-modified Pt catalyst (2) after impregnation with the
phosphorus precursor and before reduction exhibits a shift of the
respective line to higher binding energies (315.4 eV). This is due to the
presence of additional oxidized Pt?*.[28] This species is formed upon
calcination at 400 °C of the Pt-impregnated catalyst due to the decom-
position of Hy[PtClg] to PtCl,.[29,30] Upon reduction of the P-modified
Pt catalyst, the Pt4d lines shift to the same binding energies of Pt° as in
the unmodified counterpart. The comparison of P-modified catalysts
with different molar P:Pt ratios (Fig. 6 b) shows no significant
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Fig. 6. XPS spectra of Pt 4d line. a) Unmodified Pt catalyst (1-a) and unreduced and reduced P-modified Pt catalyst (2). b) Unmodified Pt catalyst (1-a) and P-
modified Pt catalysts with molar P:Pt ratios of 1.0, 1.8 and 2.5 (catalyst 2-a, 2 and 2-b).
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differences in the Pt4d line. In all cases Pt is mainly present as Pt°.

The P2p line of the P-modified Pt catalyst is located at 134.0 eV
before and at 134.4 eV after reduction at 600 °C (Fig. 7 a). These binding
energies are indicative of oxidized phosphorus species like phosphates
such as AIPO4.[31-33] Species with even higher oxidation states such as
P,0s5 or H3PO4 would be expected above 135 eV,[19,33,34] while the
most common platinum phosphide PtP; would show a signal at binding
energies < 130 eV [25,35,36] due to a high electron density at phos-
phorus. No significant differences in the P2p line for Pt-P catalysts with
different P:Pt ratios were observed (Fig. 7 b).

For analysis of the crystalline phases present in the catalyst mate-
rials, XRD investigations of unmodified Pt catalysts as well as Pt-P cat-
alysts with different molar P:Pt ratios were performed (Fig. 8). All
diffractograms are dominated by reflections of the y-AlpO3 support
(black) that overlap with most of the Pt reflections[37]. The unmodified
Pt catalyst reduced at 600 °C (1-b) exhibits a Pt(0) reflection at
approximately 80°, that is not visible for the sample reduced at 440 °C
(1-a). The same Pt reflection becomes visible in the phosphorus-
modified samples for higher molar P:Pt ratios of 2.5 and 4.2 (catalysts
2-b and 2-c¢), while being absent in the samples with P:Pt ratios of 1.0
and 1.8 (catalysts 2-a and 2). A sharper reflection occurs at 39° for the
same samples that also originates from platinum but is overlapped by
'\{-A1203.

4. Discussion

In this study, we aimed for answering the question whether P-
modification of a Pt/Al,O3 dehydrogenation catalyst proceeds in a
similar manner to the literature-known S-modification. Regarding the
modification step itself, a distinct difference is apparent. For all prepared
P-modified Pt catalysts, the nominal Pt and P loadings could be achieved
without any loss of phosphorus upon reduction at temperatures of up to
900 °C (catalyst 3-f). Consequently, an easily applicable approach for P-
modification of Pt/Al»O3 catalysts was developed that allows a reliable
adjustment of the catalyst composition. In the case of S-modification,
only 50 % of the nominal sulfur loading is found on the catalyst after
reduction at only 440 °C (Table S2). The reason behind this sulfur loss is
a partial decomposition and removal of surface sulfate species upon
reduction in form of HjS, especially at high temperatures and loadings.
[15,38,39] We have shown here, that the phosphorus promoter is pre-
served on the catalyst even at elevated temperatures, with improved
catalytic properties for dehydrogenation of perhydro benzyltoluene.
Consequently, the stability of phosphorus on the P-modified catalyst
marks a significant difference and advantage over the known S-
modification.

In the catalytic testing of the P-modified samples, an increase in Hy
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Fig. 8. XRD patterns of Al,O3 support, unmodified Pt catalysts reduced at 440
and 600 °C (catalysts 1-a and 1-b) and phosphorus-modified Pt catalysts
(reduced at 600 °C) with molar P:Pt ratios of 1.0, 1.8, 2.5, and 4.2 (catalysts 2-
a, 2, 2-b and 2-c¢) and platinum metal reference.

yield by 18 % was found for catalyst 2, having a P:Pt ratio of 1.8,
compared to unmodified catalyst 1-a. This corresponds to an optimum P
loading of 0.9 wt% and a coverage of 1.2 Poms per nm? for the case of 3
wt% Pt loading, as investigated in our study. Note that when the Pt
content or support characteristics are altered, it must be assumed that
the P:Pt ratio alone might not be decisive, but the total phosphorus
loading as well as coverage should also be taken into account. As the side
product methyl fluorene is formed by releasing a further hydrogen
molecule in the described deep dehydrogenation step, it appears logical
that its production is also enhanced by the more active, P-modified
catalyst. While the unmodified Pt catalyst showed a significantly
reduced dehydrogenation activity upon an increase in reduction tem-
perature from 440 to 600 °C, the P-modified catalysts require a mini-
mum of 550 °C for a significant activity boost. Interestingly, catalysts
showed a similarly high dehydrogenation activity after reduction at
even 900 °C, demonstrating the high temperature stability of these Pt-P/
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Fig. 7. XPS spectra of P 2p line. a) Unmodified Pt catalyst (1-a) and unreduced and reduced P-modified Pt catalyst (2). b) Unmodified Pt catalyst (1-a) and P-
modified Pt catalysts with molar P:Pt ratios of 1.0, 1.8, and 2.5 (catalyst 2-a, 2 and 2-b).
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Al,Og catalysts. It is well known for Pt/Al;O3 catalysts, that high tem-
peratures can provoke a reduction of the active metal surface area due to
formation of larger platinum particles by sintering, which makes P-
modification a powerful tool to stabilize metal dispersion.[40,41].

Our STEM measurements indeed demonstrate a severe sintering ef-
fect for unmodified Pt catalysts leading to a fivefold increase of average
particle size when a reduction temperature of 600 °C instead of 440 °C is
applied. The drastically reduced CO chemisorption capacity of the un-
modified Pt catalyst upon this elevated reduction temperature is well in
line with these findings as the increased platinum particle size obtained
after the reduction at 600 °C reduces the number of CO binding sites on
the Pt surface.[41] Furthermore, XRD measurements showed that the
reflection attributed to elemental Pt at approximately 80° becomes
visible after the 600 °C treatment of the unmodified Pt/Al;03 due to the
formation of sufficiently large and crystalline Pt particles, while it was
absent in the case of 440 °C. The strong sintering of the Pt particles that
occurs during reduction at 600 °C if a P-modification is not applied
proven by STEM, CO chemisorption and XRD, explains the deteriorated
dehydrogenation activity of this catalyst.

For the P-modified catalyst 2 on the other hand, STEM-EDX spectrum
imaging demonstrated that Pt and P are homogeneously distributed
across the surface of the support. Note, that the atomic diameter of a
platinum atom is about 0.274 nm.[42] Accordingly, Pt clusters con-
sisting of only few atoms are present after catalyst treatment at high
temperatures of 600 °C, if our P-modification approach was applied.
These particles are too small to cause sufficient scattering to be visible in
our XRD measurement. Consequently, the phosphorus addition stabi-
lizes the Pt nanoparticles and even slightly improves their dispersion.
Due to identical catalyst activity after treatments at 600 °C and 900 °C,
this stabilizing effect remains even at high temperatures. We therefore
propose that the phosphorus species on the catalyst act as anchoring
sites for the Pt particles on the Al,O3 surface, thereby reducing their
mobility. STEM-EDX scans of few larger particles present on P-modified
catalysts at non-optimal P:Pt ratio support the proposed close interac-
tion of phosphorus and platinum, as P is especially concentrated at the Pt
nanoparticles. From this we conclude that P is preferably located in the
proximity of Pt even for the highly dispersed particles of smaller size (1
nm).

If the sample is reduced at temperatures below 550 °C, the activity of
the P-modified sample was below its unmodified counterpart.
Comparing Pt-P catalysts reduced below (440 °C) and above (600 °C)
this temperature in CO chemisorption measurements, an increase in CO
adsorption capacity after the high temperature treatment becomes
apparent. The sample reduced at 440 °C might have a lower CO
adsorption capacity due to a pronounced blockage of platinum centers
by P species. It is also interesting to note that the optimally P-modified
catalyst 2 has a lower CO adsorption capacity than the unmodified
catalyst 1-a despite its higher dehydrogenation activity. In this context,
a reduced CO adsorption capacity of P-modified catalysts due to larger
particles can be excluded, based on the STEM results. Considering the
available Pt surface (from particle sizes visible in STEM) and the
measured low CO adsorption capacity of the P-modified catalyst 2, this
hints to a partial blockage of Pt sites by phosphorus, that still occurs, but
to a lower extent after 600 °C treatment. Potentially, the Pt atoms at the
interphase of the particle and the Al;O3 support are interacting with the
phosphorous “anchor species” and are therefore not accessible for re-
actants. At a lower P:Pt ratio of 1.0, despite the slightly higher CO
adsorption capacity, a lower catalytic activity was observed. Suppos-
edly, if the amount of phosphorus is too low, the promoter cannot fully
develop its positive effect on all active platinum. For this non-optimal
case, highly dispersed Pt particles of ca. 1 nm are observed along with
a few larger particles with diameters above 5 nm in our STEM exami-
nations (Figure S4), showing that CO adsorption capacity is not the only
decisive factor. Thus, too low phosphorus loading only stabilizes a part
of the Pt nanoparticles, while others not in contact with phosphorus still
undergo sintering. At higher P:Pt ratios than the optimum (P:Pt 2.5 and
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4.2), CO adsorption capacity was reduced by approximately 37 % with
respect to catalyst 2 (P:Pt 1.8). This shows that additional Pt sites are
blocked by phosphorus, when exceeding the optimum P loading. Taking
these results together with the enhanced activity in dehydrogenation
and higher stability of the catalyst at optimum P loading, we suggest a
strong interaction and spatial proximity of platinum and phosphorus.
Furthermore, the increased activity, despite a partial coverage of the
highly disperse Pt particles by P species, implies a significant increase of
the intrinsic activity per available Pt center upon P-modification. Here,
the initial Hy productivity per available Pt (determined via the disper-
sion from CO chemisorption) for the optimum P:Pt ratio of 1.8 is
approximately even 33 % higher than for unmodified catalyst 1-a and is
on a higher level compared to all other catalysts throughout the course
of reaction (Figure S11 b). From other dopants than P it is known that
electron transfer to the Pt atoms lowers CO binding energies and mod-
ifies CO coordination.[43] Electronic effects of this kind could also occur
through P-modification and explain the simultaneously higher catalytic
activity and lower CO adsorption capacity of the respective catalysts.

Overall, P-modification has shown to be an excellent strategy to
improve and stabilize catalytic activity, even during high temperature
treatment or application of the catalysts. Our studies reveal that the
maximum activity boost in perhydro benzyltoluene dehydrogenation by
P-modification of the catalysts only becomes effective if a P:Pt ratio of
about 1.8 (1.2 Pagoms/nm?) is applied. Apart from a too low P content, a
similar mixture of small, stabilized nanoparticles and large clusters with
sizes > 5 nm was also observed in the catalyst with a too high P content
(P:Pt ratio > 1.8). Furthermore, catalyst 2-b with a P:Pt ratio of 2.5
showed the characteristic Pt reflection at 80° in the XRD measurements,
that we assume to be only present if larger Pt clusters are present in the
sample. In samples with too high P:Pt ratio, besides the blockage of
further Pt sites, the entire amount of phosphorus might not be available
for stabilization, which means that sintering of some of the nanoparticles
is not prevented. Since an increase of P:Pt ratio from 2.5 to 4.2 did not
further reduce the CO adsorption capacity of the catalyst, this hints to
the deposition of phosphorus on the support — not affecting the Pt active
sites — e.g. by the formation of polyphosphates at too high phosphorus
loading.[44] Similar observations were also made with Pd catalysts
supported on P-modified Al»Os.[45] Phosphorus consumed by poly-
phosphate formation is no longer available for stabilizing the metal
nanoparticles. In addition, too high amounts of phosphorus and poly-
phosphate species might increasingly block active platinum sites, which
also results in a loss of dehydrogenation activity.

XPS measurements revealed no significant changes in the Al2p and
O1s lines. The Pt4d line of the unmodified Pt catalyst (1-a) is assigned to
p° according to literature[25-27] while the P-modified Pt catalyst (2)
before reduction exhibits a shift of the respective line to higher binding
energies — indicating the presence of additional oxidized Pt>* formed
upon calcination[28-30]. Upon reduction of the P-modified Pt catalyst,
the Pt4d lines shift to the same binding energies of Pt° as in the un-
modified counterpart. These results show that our P-modification
method not only preserves small Pt particle sizes (as observed by STEM),
but at the same time keeps platinum in a reduced state. This is signifi-
cantly different from the SiOs-supported PtPy-phase studied by Kou
et al, where a clear shift of the Pt4f line to higher binding energies
(formation of Pt*") was observed. Here, the oxidation of Pt upon for-
mation of a phosphide phase is accompanied by a severe loss in dehy-
drogenation activity.[19] The absence of Pt in our P-modified catalyst
further hints to an absence of platinum phosphide (PtP3)[19,46], which
is in accordance with the absence of any platinum phosphide crystal
phases in our XRD measurements. For different molar P:Pt ratios no
significant differences in the Pt4d lines could be observed, showing that
Pt° is the main platinum species. Consequently, phosphorus does not
seem to change the platinum oxidation state, but alters its CO adsorption
behavior and additionally acts as a structural promoter to platinum.

The P2p line of the P-modified Pt catalyst shifts to slightly higher
binding energies upon reduction at 600 °C which are indicative of
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oxidized phosphorus species like phosphates[31-33] whereas phos-
phide species (expected binding energy < 130 eV [25,35,36]) cannot be
observed even at high P loadings. Due to the sensitivity of XPS, the
presence of a phosphide phase cannot be excluded with full certainty as
Kou et al. could also not observe a binding energy typical for phosphides
in the XPS-spectra of the P2p line. However, the authors could prove the
presence of PtP, with XRD for their material[19], while the respective
reflections are not visible in our study. Despite a reducing atmosphere
during the last preparation step, the P2p line is shifted to higher binding
energy, which is equivalent to a loss in electron density at the phos-
phorus atom. A hypothesis for this shift might be that there is no electron
transfer from platinum to phosphorus (which would be expected for the
formation of phosphides), but rather in the opposite direction, from
phosphorus to platinum, which hints to a close interaction between the
two elements. This is in line with the observations from the Pt4d line,
where the main platinum species for all P-modified catalysts is Pt’. This
subtle shift in binding energy observed for the P2p line is not visible for
the Pt4d line, as the Hyo/N5 atmosphere during the final synthesis step
would transform platinum to its reduced state Pt’ also without P-
modification (catalyst 1-a). Yet, we consider Pt to be a possible acceptor
of electron density from phosphorus, which is supported by the close
interaction between the two elements observed in STEM-EDX and
altered CO chemisorption properties. Since no differences are visible in
XPS for different P loadings, we further suggest that the electron density
shift alone cannot be responsible for an enhanced catalytic activity, but
rather a combination with particle sizes and P coverage on the catalyst
surface. From the presence of oxidized phosphorus species, we suggest
that phosphates are bound to the Al,Os3 support restricting their
mobility. As the results from STEM-EDX, CO pulse chemisorption and
the shifts in binding energy of Pt4d and P2p lines hint to a strong
interaction and proximity of platinum and phosphorus, the immobile
phosphate species seem to stabilize the dispersion of Pt nanoparticles
and hinder their sintering. Further analytical investigations are intended
in a follow-up work for a deeper understanding of these catalyst systems.

5. Conclusion

In this study, we presented novel phosphorus-modified platinum
catalysts and discussed the effects of phosphorus-modification on the
physicochemical and catalytic properties. 3 wt% Pt on Al,O3 catalysts
were modified with phosphorus by wet impregnation using HgPO3. With
respect to catalytic activity in the targeted dehydrogenation of perhydro
benzyltoluene, a molar P:Pt ratio of 1.8 was found optimal. The highest
Hy yields are achieved when the P-modified catalysts were reduced at
550 °C or higher with no decrease in performance being observed when
the reduction temperature is further increased up to 900 °C. The ob-
tained catalysts exhibit very attractive dehydrogenation activity (in-
crease by up to 18 % compared to the unmodified Pt catalyst). This high
dehydrogenation activity is further reflected by the higher formation of
methyl fluorene, which forms in a consecutive dehydrogenation from
benzyltoluene (deep dehydrogenation). The phosphorus-modified plat-
inum catalysts have narrower particle size distributions and smaller
average particle sizes compared to pure platinum catalysts reduced at
lower temperatures (440 °C instead of 600 °C), showing the dispersion-
stabilizing effect of the P-modification. Furthermore, STEM-EDX scans
have shown that phosphorus is preferably located at the Pt nano-
particles, indicating a close interaction between the two elements. A
decreased CO adsorption capacity of the most active Pt-P catalyst with
the smallest particle size hints to an additional electronic effect of the
phosphorus additive on platinum. XPS measurements have shown that
Pt is still in its reduced state after P-modification and no phosphide
phase is formed, which is an important factor for high dehydrogenation
activity. Despite the reducing conditions during the high-temperature
treatment of the catalyst, phosphorus experiences a loss in electron
density, while Pt is reduced to Pt°. XRD diffractograms of the catalysts
did not show crystalline phases of platinum phosphide even at high P:Pt
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ratios and after reduction procedures at up to 900 °C where unmodified
Pt on alumina shows severe sintering. This indicates that the here-
presented P-modification provides a synthetically simple and very
effective way to stabilize Pt nanoparticles below 2 nm particle size on
alumina supports even under very harsh pretreatment and reaction
conditions.
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