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Understanding the intrinsic features of dehydrogenation reactions of liquid organic hydrogen carriers
(LOHCs) is a formidable challenge due to the combined impact of electronic and geometric effects.
Herein, we constructed a series of Pt/MO, catalysts (CeO,, MgO, ZrO,, TiO,, Al,0s, or SiO,) with similar
sizes of Pt (~1.7 nm) to investigate the effects of Pt electron structures (tuned by electronic
metal-support interactions) on the catalytic dehydrogenation of LOHCs. The results revealed a
volcano-shaped correlation between Pt d electrons on different supports and the turnover frequency of
catalytic dehydrogenation. Importantly, the Pt/MgO catalyst exhibited the highest dehydrogenation
activity. With decreasing d electron content, Pt/MgO increases the bonding orbital dominance of Pt-C
bonds and leads to stable adsorption of H6-monobenzyltoluene (MBT), which facilitates subsequent C-
H bond scission. This study offers insight for the strategic development of high-efficiency dehydrogena-
tion catalysts via d electron density modulation of Pt sites.
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1. Introduction

Liquid organic hydrogen carriers (LOHCs) serve as adaptable
media for sustainable hydrogen storage and transportation via
the reversible hydrogenation and dehydrogenation of cyclic
hydrocarbon compounds, making them highly adaptable for
practical applications [1-3]. The reversible systems of perhydro-
monobenzyltoluene/monobenzyltoluene (H12-MBT/HO-MBT) and
perhydro-dibenzyltoluene/dibenzyltoluene (H18-DBT/HO-DBT)
have been identified as promising, safe, effective, low-pollution,
and affordable materials for large-scale hydrogen energy storage
and release [4-6]. These materials are compatible with existing
infrastructure and can be transported over long distances at ambi-
ent temperature.
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The hydrogen storage and release processes of LOHCs involve
fully hydrogenating unsaturated organic liquids that store hydro-
gen and subsequently release hydrogen via dehydrogenation. In
contrast to hydrogenation, the dehydrogenation of saturated
hydrocarbons is an endothermic process that demands high energy
to activate C-H [7-9], which usually requires a high reaction tem-
perature and may cause side reactions (such as cracking). As
shown in Fig. 1, the hydrogen release processes of H12-MBT and
H18-DBT are multistep reactions. Owing to their superior ability
to activate C-H [10,11], platinum-based catalysts have garnered
extensive research attention as the predominant materials
employed to catalyze the release of hydrogen from H12-MBT
[12,13] and H18-DBT [14,15]. Nevertheless, the relatively low rate
of hydrogen release and high energy consumption remain the main
obstacles to the widespread implementation of LOHCs.

To improve the catalytic activity and stability, researchers have
attempted various methodologies to improve the surface
properties of platinum (Pt), such as nonmetal atom modification
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Fig. 1. The dehydrogenation process of the (a) H12-MBT/HO-MBT and (b) H18-DBT/HO0-DBT LOHC systems.

(e.g., Pt-S) [16,17], the addition of secondary metal atoms to form
alloys (e.g., Pt-Ru, Pt-Co, and PtFe, ;) [18-20], metal oxide modifi-
cation (e.g., MnO, [12,21] or WO, [22]), and plasma treatment [23].
In addition to the modification of Pt active sites, the optimization
of supports can also improve the dehydrogenation performance
of the catalyst by modifying the Pt electron structure via
metal-support interactions [24-32]. Nevertheless, the characteris-
tics of the metals on different supports, including their particle
size, shape, and bonding form, are highly intricate, which limits
the rational design of dehydrogenation catalysts. Advancements
in the precise control of the size and shape of colloidal nanoparti-
cles (NPs) have offered a valuable approach to explore the effects of
electron structure on catalytic activity [33,34].

Herein, we carefully fabricated a collection of Pt/MO, catalysts
with a uniform size of Pt (~1.7 nm) and different types of supports
(Ce04, MgO, ZrO,, TiO,, y-Al;03, a-Al,03, or SiO-,) to systematically
investigate the effects of the electron structures of Pt sites (tuned
by electronic metal-support interactions) on the dehydrogenation
performance of LOHCs (using H12-MBT and H18-DBT as models).
The results confirm a volcano-shaped relationship between the d
electron density of the surface Pt site and the turnover frequency
(TOF) of dehydrogenation. Specifically, the Pt/MgO catalyst demon-
strated the greatest catalytic dehydrogenation activity compared
with the other catalysts. Theoretical results indicate that the d
electron density on Pt/MO, affects the dominance of bonding orbi-
tals in Pt-C bonds, H6-MBT adsorption, and C-H activation, which
ultimately tune the catalytic dehydrogenation activity.

2. Experiments
2.1. Materials

H,PtClg-6H,0 (Pt >37.5 wt%), ethylene glycol (>99%), and abso-
lute ethyl alcohol (99.8%) were purchased from Shanghai Titan Sci-
entific Co., Ltd. (China). Poly(vinylpyrrolidone) (PVP, weight-
average molecular weight=58000) was obtained from Shanghai
Macklin Biochemical Co., Ltd. (China). NaOH (99.9%) was obtained
from Shanghai Aladdin Biochemical Technology (China). HCl (36-
38 wt%) was obtained from Tianjin Jiangtian Chemical Technology
(China). To avoid the size effect of supports, the particle size range
of all the selected supports was 20-50 nm, which included CeO,
(20-50 nm, 99.5%, Shanghai Yuanye Bio-Technology Co., Ltd.
(China)), MgO (98 wt%, 20 nm, Nanjing XFNANO Materials Tech
Co., Ltd. (China)), ZrO, (99 wt%, 20-40 nm, Nanjing XFNANO Mate-
rials Tech Co., Ltd.), TiO, (P25, 20 nm), y-Al,05 and a-Al,03 (99.9%,
20 nm, Shanghai D&B Biological Science and Technology Co., Ltd.
(China)), and SiO, (99.5%, 30 nm, Shanghai Aladdin Biochemical

218

Technology). HO-MBT (99 wt%) and HO-DBT (99 wt%) were
purchased from Liaoning Zhenghe Chemical Co., Ltd. (China).

2.2. Fabrication of catalysts

2.2.1. Fabrication of Pt NPs

Pt NPs with an average particle size of 1.7 nm were produced via
the ethylene glycol reduction technique (Fig. S1 in Appendix A) [33].
Typically, 1 g of NaOH was dissolved in 111 g of ethylene glycol with
sonication for 30 min to formulate the reducing solution. H,PtCle:
6H,0 (1 g) was dissolved in the reducing solution to form an orange
mixture, which was subsequently heated at 180 °C under nitrogen
gas in a three-necked flask with magnetic stirring for 3 h. The as-
prepared Pt NPs (8 mL of solution) were precipitated via the addition
of 2 mL of 2 mol-L™! HCl and subsequently dispersed in 50 mL of
absolute ethyl alcohol containing 30 mg of PVP (labelled PVP-Pt NPs).

2.2.2. Fabrication of Pt/support catalysts

In a typical procedure (Fig. S1), 6 g of support (CeO,, MgO, ZrO,,
TiO,, y-Al,03, a-Al, 05, or SiO,) was dispersed in a mixture of ultra-
pure water (200 mL) and absolute ethyl alcohol (150 mL). Then, a
certain amount of PVP-Pt NPs (with a Pt loading of 0.5 wt%) dis-
persed in absolute ethyl alcohol was added dropwise into the
above mixed solution. The resulting slurry was then stirred for
5 h at room temperature. Subsequently, the produced powders
were collected, rinsed with absolute ethanol, and dried at 60 °C
for 12 h. Ultimately, the dried powder was calcined in a muffle fur-
nace under ambient air, heated to 450 °C at a constant rate of
5 °C-min~!, and subsequently held at this temperature for 4 h. As
shown in Fig. S2 in Appendix A, PVP was removed via washing
and calcination.

2.3. Characterizations

Powder X-ray diffraction (XRD) studies were performed using a
D/Max-2500 diffractometer with a Cu Ko radiation source (40 kV
and 40 mA; Rigaku Corporation, Japan). Transmission electron
microscopy (TEM) analysis was carried out using a JEM-F200 field
emission transmission electron microscope operating at 200 kV
(JEOL Ltd., Japan). Inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurements were performed using an
Optima 5300 DV apparatus (PerkinElmer, Inc., USA). X-ray absorp-
tion fine structure (XAFS) spectroscopy was performed with a
TableXAFS-500A instrument (Anhui Specreation Instrument Tech-
nology Co., Ltd., China) equipped with a Mo anode X-ray source
(1.2 kW). The Pt Ly; edge was collected in fluorescence mode at
30 kV and 30 mA. Prior to the experiment, the sample was
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extracted from the vacuum storage container and positioned on
the test platform while being shielded by nitrogen.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was used to analyze the CO adsorption of Pt/
MO,. The measurements were conducted in a reaction chamber
equipped with a temperature control device. The catalyst was
reduced via a mixture of 20% H,/N, at a flow rate of 50 mL-min~!
at 350 °C for 3 h. The reduced sample was subjected to a N, flow
(50 mL-min~!) at 350 °C for 1h and subsequently cooled to
25 °C. After the background infrared spectrum was collected at
25 °C under N, flow (50 mL-min~!), CO molecules (5% CO/N,
10 mL-min~') were allowed to adsorb to the pre-reduced catalyst
samples for 10 min, followed by purging (N,, 50 mL-min~!) to
record the infrared spectra related to CO adsorption.

In situ X-ray photoelectron spectroscopy (XPS) measurements
were conducted on an ESCALAB Xi* XPS instrument with a
monochromatized Al Ko source (Thermo Fisher Scientific, USA).
The instrument radiation parameters were set to 14.5 kV and
150 W. The catalyst powders were compressed into thin layers,
positioned on a pristine high-temperature resistant sample holder
and subsequently placed into the sample preparation chamber.
The Pt/MO, underwent reduction using a gas mixture (20%
H,/N,, 50 mL-min~!) at 350 °C for 3 h. Upon decreasing the
temperature of the samples to ambient temperature under a flow
of N, (50 mL-min~!), the samples underwent dynamic vacuum
treatment; they were then transferred to an X-ray test chamber
to obtain the electron spectra of Pt 4d and Pt 4f. All electron
binding energies in the entire Pt spectrum were calibrated using
the C 1s peak at 284.6 eV as a reference.

2.4. Density functional theory calculations

All calculations to determine the relationship between the Pt
electronic density and the energy barriers of the dehydrogenation
steps were carried out using the Vienna Ab initio Simulation Pack-
age (VASP) [35,36]. The Perdew-Burke-Ernzerhof (PBE) [37] func-
tional and projector augmented wave (PAW) [38] methods were
used to describe the electron exchange-correlation energy term
and the interaction between the valence electrons and ionic cores,
respectively. The kinetic energy cut-off was set to 520 eV, and the
Brillouin zone was collected via a 5 x5 x 1 k-point mesh. The geom-
etry optimization was stopped when the force residue on the atom
reached a value that was less than 0.02 eV-A~! and the energy dif-
ference was less than 107 eV. A p(4 x4) supercell with a 3-layer
slab for CeO,(111) was modelled, whereas p(3 x 3) with layer slabs
was used for the TiO,(001) model. A p(4 x 4) supercell with 4-layer
slabs and a p(4 x4) supercell with 3-layer slabs were used for y-
Al,03(001) and ZrO,(111), respectively. The MgO and SiO, were
modelled via a p(4x4) supercell for MgO(111) with 3-layer slabs
and a p(4x4) supercell for SiO,(001) with 4-layer slabs, respec-
tively. The following typical method was applied to calculate the
adsorption energy:

Eads = Etotal - (Eads + Esur) (])

where E;q, is the total energy of the adsorbed surface, E 45 is the
energy of the adsorbed surface, and Es, is the energy of the pure
surface. By empirical definition, the negative value of E.qs repre-
sents the energy released or relatively stable adsorption.

2.5. Dehydrogenation tests of H12-MBT and H18-DBT

The catalytic hydrogenation-saturation of monobenzyltoluene
and dibenzyltoluene was conducted with stainless-steel reaction
equipment using a Ni/Al,03 catalyst, which produced H12-MBT
(99 wt%) and H18-DBT (98 wt%), respectively. The results of the
catalytic dehydrogenation tests of saturated compounds were
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evaluated in a stainless-steel tubular flow reactor (Fig. S3 in
Appendix A). The as-prepared powders were compressed into
granules and then sorted into 420-840 pum agglomerates. The
agglomerates were physically mixed with quartz (purity > 99%, size
range of 420-840 pm) to ensure the elimination of concentration
and temperature gradients throughout the samples. Prior to the
catalytic evaluation, the catalysts were activated at 350 °C for
3 h (10% Hy/N,, 50 mL-min~!). The temperature of the reaction
equipment was subsequently decreased to the desired reaction
temperature (320 °C for H12-MBT; 330 °C for H18-DBT) in a N,
flow (50 mL-min~') and pressurized to 0.2 MPa. The reactant was
introduced to the reactor via a high-pressure liquid-metering
pump. The produced H, stream was separated from a stainless-
steel gas-liquid separator, and its flow rate was subsequently
quantified via an online mass flow meter. The liquid products
were analyzed via a gas chromatograph (GC-2030, Shimadzu,
Japan) equipped with an SH-Rtx-5 capillary column (30 mx0.32
mm x 0.25 pum) and a flame ionization detector (FID).

The degree of dehydrogenation (DoDy, for H12-MBT, DoDy, for
H18-DBT) was calculated based on the molar amounts of the liquid
phase compositions and the theoretical molar amounts of H, that
would be produced by the complete dehydrogenation of the reac-
tants (Fin,theo—MBT and Fin,theo—DBT) (Eqs (2) and (3))

3nye.- 61y
DoDy; — H6-MBT + ONyo-MBT

(2)

Fin‘theo-MBT

_ 3ny12-per + 6Mue-pBT + IMH0-DBT

DODD

Fin,theo—DBT (3)
where nyg_mer, MHo-MBT, NH12-DBT, NHe-DBT, AN No.pT r'Epresent the
molar amounts of the corresponding liquid phase composition,
respectively.

The TOF was calculated based on the amount of hydrogen gas
produced per Pt site (Eq. (4)).

Iy (4)

TOF = —2—
Nace-pe X €

where ny, and n,c.p; are the molar amounts of hydrogen production
and active Pt sites, respectively; and t is the reaction time.

3. Results and discussion
3.1. Crystal structures of the Pt/support catalysts

As shown in the high-resolution transmission electron micro-
scopy (HR-TEM) image (Fig. 2(a)), the as-prepared PVP-Pt NPs
have a hexagonal shape with a crystal size (Dpavg) Of ~1.7 nm
and a Pt crystal (111) surface (characteristic lattice spacing of
~2.3 A, 1 A=10"1 m). As shown in Figs. 2(b)-(g), the deposition
of the above Pt NPs on different supports, including CeO,, MgO,
ZrO,, TiO,, v-Al,03, and SiO,, does not change the Pt crystal size
(maintaining 1.6-1.8 nm). This particle size remained similar to
that of Pt particles (maintaining 1.6-2.0 nm) calculated from CO
chemisorption (Table S1 in Appendix A), and the supported Pt
NPs also had a lattice spacing of 2.3 A. In addition, the Pt/MO, cat-
alysts exhibit comparable Pt dispersion (65%-69%) over different
metal oxide supports (Table S1). The minimal differences between
the morphologies and structures of loaded Pt NPs and those of
unsupported Pt NPs demonstrate the effective packing of Pt NPs,
which was achieved without agglomeration or damage. The
diffraction peaks in the XRD patterns (Fig. 2(h)) are the same as
the characteristic peaks of the supports (Fig. S4 in Appendix A).
However, diffraction peaks typically attributed to metallic
Pt(111) were lacking, indicating the high dispersion of the
Pt NPs. The inductively coupled plasma spectroscopy results
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Fig. 2. (a) HR-TEM images of PVP-Pt NPs and (b-g) Pt NPs supported on (b) CeO,, (c) MgO, (d) ZrO,, (e) TiO, (f) y-Al,03, and (g) SiO,. (h) XRD patterns of the as-prepared

catalysts. PDF: Powder Diffraction File.

verify that the loading amounts of Pt were similar (Table S2 in
Appendix A).

3.2. Electronic structures of the Pt/support catalysts

To precisely characterize the ordering of the Pt 5d electron den-
sity in the Pt/MO, catalysts, we employed an integrated approach
combining in situ XPS, X-ray absorption spectroscopy, and in situ
CO adsorption DRIFTS. The in situ XPS spectra of the prepared Pt-
based catalysts were determined. To avoid peak overlap interfer-
ence in the platinum binding energy analysis, the 4d orbital was
not detected for the Pt/MgO catalysts, whereas the 4f orbital was
not detected for Pt/Al;05. As shown in Figs. 3(a) and (b), the bind-
ing energies of Pt/SiO, at 70.7 and 73.9 eV refer to Pt 4f;, and Pt
4fs,, respectively [39], whereas 314.0 and 331.0 eV are attributed
to Pt 4ds;; and Pt 4dsp, respectively [12]. Importantly, the
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characteristic peaks of Pt 4d and Pt 4f on different supports shift
towards higher binding energies in the order of SiO, < a-Al;03~
v-Al,05<TiO, <ZrO, < MgO < Ce0,, suggesting that the electron
density of Pt NPs decreases in the sequence of interactions with
different supports. Recently, Wang et al. [40] found that the Pt of
Pt/TiO, is more electron deficient than that of Pt/MgO, which
may be due to different reaction conditions (reduction atmosphere
or temperature) [41,42]. Thus, normalized X-ray absorption near-
edge structure (XANES) curves at the Pt Lj; edge were obtained,
in which the white-line intensity (a strong adsorption feature asso-
ciated with bound electron transitions from 2p orbitals into unoc-
cupied orbitals with d character) is indicative of 5d band
occupancy [43,44]. As shown in Fig. 3(c), the white-line intensity
gradually increases in the order of SiO,<a-Al,05~v-Al,05<
TiO, < MgO < CeO,, which indicates that the decrease in Pt 5d elec-
trons in the sequence aligns with the XPS results.
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Fig. 3. (a, b) XPS spectra of (a) Pt 4f and (b) Pt 4d. (c) Normalized XANES spectrum at the Pt Ly, edge. (d) In situ DRIFTS of CO adsorption.

CO-probe DRIFTS analysis was performed to further explore the
electron density of the Pt NPs on the CeO,, MgO, Al,0Os, and SiO,
supports (Fig. 3(d)). CO-adsorption peaks were not readily identi-
fied on the pure supports (Fig. S5 in Appendix A). As depicted in
Fig. 3(d), the spectral profile can be deconvoluted into two distinct
vibrational bands. The higher-wavenumber band corresponds to
the on-top CO at the terraces of the Pt NPs, whereas the lower-
wavenumber band originates from the on-top CO at the edges of
the particles [40,45]. The similar peak shapes in the spectra indi-
cate that the Pt NPs maintained a consistent geometric structure
on different supports. When CO adsorbs to Pt surfaces, the lowest
unoccupied molecular orbital (LUMO, i.e., 2n* antibonding orbital)
of CO hybridizes with the occupied Pt 5d orbitals. This interaction
induces electron transfer from Pt 5d to CO 21*, known as the feed-
back effect [46,47], which weakens the C-O bond. Consequently,
the vibrational frequency of adsorbed CO serves as a probe for
the electronic density of Pt d orbitals. As shown in Fig. 3(d), Pt/
Si0, has a CO-adsorption peak at 2069 cm™!. The vibration fre-
quencies gradually shift towards greater wavenumbers for
adsorbed CO from Pt/SiO, (2069 cm™') to Pt/Al,O5 (2074 cm™),
Pt/MgO (2079 cm™!), and Pt/CeO, (2084 cm™!), which confirms
that the d orbitals of the Pt sites for the above catalysts became
more electron deficient [48]. Owing to the negligible difference
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in the particle diameter and crystallographic state of the Pt NPs,
the electron transfer capability of the Pt particles on various
supports should be caused by the effect of the electronic
metal-support interaction.

3.3. Effects of support type on catalytic dehydrogenation performance

The catalytic performances of the Pt/MO, catalysts were tested
for the H12-MBT and H18-DBT dehydrogenation reactions (Fig. 4,
Figs. S6 and S7 in Appendix A). No dehydrogenation activity was
detected for H12-MBT or H18-DBT over the pure supports
(Fig. S8 in Appendix A). As shown in Figs. 4(a) and (b), the trends
in the DoDy; and DoDp, values of the prepared Pt-based catalysts
were similar. The Pt/MgO catalyst had the highest catalytic activity
in terms of the degree of dehydrogenation (DoDy; of ~77% and
DoDp of ~83%), whereas Pt/SiO, had the lowest activity (DoDy of
~28% and DoDp of ~44%). After the six-hour activity test, the coke
deposition amounts on the Pt/MgO catalyst were 1.9 wt% for H12-
MBT dehydrogenation and 3.4 wt% for H18-DBT dehydrogenation,
both of which are lower than those of the other catalysts (Table S3
in Appendix A). Previous studies have demonstrated that in the
dehydrogenation of H12-MBT and H18-DBT, Pt-based catalysts
predominantly utilize Al,O5; as the support material [12,23,49].
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Fig. 4. (a, b) Degree of dehydrogenation values and (c, d) production distributions in the dehydrogenation reactions of (a, c) H12-MBT and (b, d) H18-DBT catalyzed by
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The Pt/Al,O5 catalyst exhibited unstable activity during dehydro-
genation (Figs. 4(a) and (b), Fig. S9 in Appendix A). As shown in
Fig. S10 in Appendix A, Pt/MgO exhibited no significant deactiva-
tion during the 30-hour long-term evaluation, demonstrating its
high stability. This difference may be attributed to side reactions
(e.g., cracking and cyclization) occurring with different catalysts
during the dehydrogenation process, leading to varying degrees
of carbon deposition (Table S3). However, no correlation was
observed between the electron structure and either the deactiva-
tion rate (Fig. S11 in Appendix A) or the degree of carbon deposi-
tion (Fig. S12 in Appendix A).

Because the dehydrogenations of H12-MBT and H18-DBT are
multistep reactions (Fig. 1), the degree of dehydrogenation is
directly related to the production distribution. As shown in Figs.
4(c) and (d), the selectivity of reactant (H12-MBT or H18-DBT)
exhibits a decline followed by an increase with the list of supports.
Among all the catalysts, the Pt/MgO catalyst exhibited the lowest
selectivity for H12-MBT or H18-DBT, indicating a relatively high
conversion rate of the reactants. H6-MBT and H6-DBT, which con-
tain the last saturated ring, become the main intermediates among
all the catalysts. Proton nuclear magnetic resonance ('"H NMR, as
shown in Fig. S13 in Appendix A) analysis revealed that monosub-
stituted side rings are more susceptible to dehydrogenation. The
selectivity values of H6-MBT and H6-DBT remained consistent
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for all the Pt/support catalysts, averaging 40.1%+2.0% and
38.8%+3.0%, respectively. These results indicate a potential coun-
terbalancing mechanism in which the rapid consumption of other
compounds (H12-MBT or H12-DBT) compensated for the con-
sumption of H6-MBT or H6-DBT. This effect may be due to the
occupation of the active site by the saturated ring of the reactant
(H6-MBT or H6-DBT), which restricts the dehydrogenation of other
intermediates. The selectivity of the complete dehydrogenation
products serves as an important indicator of both the dehydro-
genation rates. According to the order of Pt d electron reduction
when Pt is loaded onto SiO,, a-Al,03, Y-Al,03, TiO,, ZrO,, MgO,
and CeO,, the selectivity of complete dehydrogenation products
(HO-MBT or HO-DBT) exhibits a volcano-shaped trend, and Pt/
MgO shows the maximum value (57% for HO-MBT or 58% for HO-
DBT). Quantitative analysis of the liquid-phase products
(Figs. S14 and S15 in Appendix A) revealed that the heavy con-
stituents (C>14 for H12-MBT dehydrogenation and C.; for H18-
DBT dehydrogenation) constituted less than 1% of the total product
distribution, a finding that is similar to previously reported results
[50]. Dehydrocyclization and molecular cracking may be associ-
ated with the kinks in steps on the Pt surface [50] and the acidic
sites of the catalyst [49,51], respectively, which did not appear to
be correlated with Pt electron density (Fig. S16 in Appendix A).
Considering the negligible differences in the particle diameter
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and dispersity of the Pt NPs, the variations in the dehydrogenation
performance should be closely related to the properties of the Pt d
electrons. We correlated the TOF values of dehydrogenation with
different densities of Pt d electrons among the Pt/support materials
(Figs. 5(a) and (b)) and used the binding energy difference (ABE,
i.e,, the Pt 4d or Pt 4f binding energy difference (Table S4 in Appen-
dix A) between the Pt/support materials and Pt/SiO,, as shown in
Figs. 3(a) and (b)) to describe the electron structure. To mitigate
interference from XPS peak convolution for the Pt/CeO,, Pt/TiO,,
Pt/ZrO,, and Pt/Al,03; samples, the ABE was determined based on
Pt 4d, whereas Pt/MgO employed Pt 4f as the reference. A larger
ABE value indicates a more electron-deficient state at the Pt d orbi-
tals. The TOF value increased as ABE increased, reached its maxi-
mum for the Pt/MgO catalyst, but decreased for Pt/CeO,, which
has the highest ABE. Previous experimental observations have pro-
vided clear evidence of the similar electron structures of the Pt/o-
Al,03 and Pt/y-Al,05 catalysts. Consequently, the approximate TOF
values (Fig. 5) for the Pt/a-Al,03 and Pt/y-Al,05 catalysts suggest
that the dominant factor influencing dehydrogenation perfor-
mance is the electronic effect rather than the crystallographic form
when the shape change of the Pt NPs loaded on o-Al,05 and v-
Al,05 is excluded. The similar volcano-shaped plots for the dehy-
drogenation reactions of H12-MBT and H18-DBT reveal that the
support type strongly affects the dehydrogenation by adjusting
the d electron structure of the Pt NPs.

3.4. Mechanisms by which Pt d electrons affect the dehydrogenation
reaction

A representative Pt;o model on various supports (Fig. S17 in
Appendix A) was constructed to explore the d electron structure
of the Pt NPs via density functional theory (DFT) calculations.
The interaction between Pt NPs and various supports results in
varying levels of electron rearrangement. The results show that
Pt NPs gradually transfer more electrons to the carrier in the order
of Si0,<Al,03<TiO;<ZrO, <MgO < CeO,, suggesting more defi-
cient properties of the Pt d electrons in the sequence. This finding
corresponds to the XPS, XANES, and DRIFTS data. Moreover, the
observed linear association between the number of electron trans-
fers and the accompanying alteration in ABE (Fig. 6(a)) further sub-
stantiate the calculation results.

During dehydrogenation, the conversion rate of the intermedi-
ate H6-MBT determines the concentration of complete dehydro-
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genation products, which serves as an important indicator of the
activity of the catalyst. Hence, H6-MBT (Fig. S18 in Appendix A)
served as the model substrate to analyze the effect of the electron
structure on the activity. According to the volcano-type activity
trend, Pt/MgO exhibited the optimal catalytic performance,
whereas Pt/SiO, and Pt/CeO, represented the extremes in electron
density (highest and lowest, respectively). Consequently, Pt/MgO,
Pt/SiO,, and Pt/CeO, were selected as model systems for the DFT
investigations. After optimization, the y-C (meta-C of the mono-
substituted side ring) of H6-MBT adsorbed to the Pt sites formed
a Pt-C bond (Fig. S19 in Appendix A). To elucidate the connection
between the adsorption stability and the electron structure of P,
the integrated crystal orbital Hamilton population (ICOHP) of
Pt-C bonds was calculated. As shown in Fig. 6(a), a comparison
between Pt NPs supported on SiO, and MgO reveals that the latter
is more electron deficient, leading to an increased predominance of
bonding orbitals in the Pt-C bond (Fig. 6(b)). Hence, the intensity of
the Pt-C bond from H6-MBT adsorbed to the Pt site of the
Pt/SiO, catalyst (-ICOHP=0.25) is weaker than that on Pt/MgO
(~ICOHP=2.81). The Pt site in the Pt/CeO, catalyst, which transfers
1.12 e to the support, results in greater electron loss than the
Pt/MgO catalyst does (0.98 e), leading to an insufficient electron
supply for bonding orbitals within the Pt-C bond and a reduced
intensity of the Pt-C bond (-ICOHP=0.38).

DFT and kinetic studies have suggested that the first C-H bond
cleavage is a kinetically relevant step of dehydrogenation [7,32]. As
plotted in Fig. 6(c), the activation energy of the initial C-H bond in
the reaction mechanism, specifically the transition from H6-MBT*
to H5-MBT* and H* on the Pt/MgO, Pt/Ce0O,, and Pt/SiO, catalysts,
was investigated. The corresponding C-H activation energies were
0.866, 1.236, and 1.354 eV, respectively, indicating a gradual
increase in the energy barrier necessary to break the C-H bond.
This finding is consistent with the Pt-C stability sequence and
the measured dehydrogenation performance. Therefore, the stable
adsorption of H6-MBT on catalysts can promote the breaking of
C-H bonds and improve dehydrogenation activity. This work con-
firms that the Pt d electron density is crucial for modulating the
dehydrogenation activity (Fig. 6(d)). Owing to its relatively low d
electron density, Pt/MgO has the highest dehydrogenation activity
for H12-MBT and H18-DBT. Compared with d electron-rich Pt NPs
on Pt/SiO,, those on Pt/MgO promote a greater prevalence of bond-
ing orbitals within the Pt-C bond and enhance the stabilization of
H6-MBT adsorption, which is advantageous for subsequent C-H

140
MgO
TiO i‘
i0, 7
120} ) \
9.7% A
s Zr0O, \
y-ALO; 7 \
~ 100} $- 7 $
£ , CeO,
£ _ 70-Al,0,
8 80 s ’
Lt s
60 sio,
40}
20 1 1 1 1 1 1
0 015 030 045 060 075
ABE (V)

(b)

Fig. 5. TOF values for the dehydrogenation reactions of (a) H12-MBT and (b) H18-DBT as a function of the ABE values of the Pt/support catalysts.
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Fig. 6. (a) Relationship between the number of electron transfers and the ABE value. (b) The crystal orbital Hamilton population (COHP) curves of Pt-C for H6-DBT* adsorbed
to the Pt/MgO, Pt/Ce0,, and Pt/SiO, catalysts. The insert shows the -ICOHP values of Pt/MgO, Pt/CeO,, and Pt/SiO, catalysts. (c) Energy profiles in the initial stage of H6-MBT
dehydrogenation (TS: transition state). (d) Schematic diagram of the effect of Pt d electrons on dehydrogenation.

activation steps. As the d electron density further decreases (for Pt/
Ce0,), an inadequate electron supply from Pt NPs to Pt-C bonding
orbitals destabilizes H6-MBT adsorption, increasing the energy
barrier for C-H activation and reducing dehydrogenation activity.
Understanding the connections between the electron structure
and performance will aid in the development and investigation
of catalysts that are more effective and resilient in promoting
dehydrogenation and similar processes. Future research should
focus on the relationship between modifications in the electron
structure and alterations in the surface structure caused by sup-
ports or promoters to maximize catalytic activity.

4. Conclusions

In this work, we constructed a range of Pt/MO, catalysts with a
controlled average size of 1.7 nm over different supports to inves-
tigate the Pt electron effect on the dehydrogenation performance
of H12-MBT and H-DBT. Based on in situ XPS and dehydrogenation
tests, the volcano-shaped ABE (representing d electron density)-
TOF plot demonstrates that supports modify the dehydrogenation
performance by altering the d electron density of the Pt NPs.
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Specifically, Pt/MgO exhibited the highest dehydrogenation activ-
ity of H12-MBT and H18-DBT among all the Pt/support catalysts.
As the density of d electrons decreases, Pt NPs induce an increased
predominance of bonding orbitals in the Pt-C bond, leading to
adsorption stabilization of H6-MBT, which is beneficial for subse-
quent C-H activation. However, the insufficient electron supply
from Pt NPs (Pt/CeO,) to the bonding orbitals within the Pt-C bond
results in the adsorption instability of H6-MBT. Thus, the energy
barrier of C-H activation that must be overcome is greater,
resulting in decreased dehydrogenation activity. This work
provides a framework for the systematic development of highly
efficient catalysts for dehydrogenation reactions via d electron
density modulation of Pt sites.
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