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Explaining the Size Dependence in Platinum-Nanoparticle-Catalyzed

Hydrogenation Reactions

Licheng Bai, Xin Wang, Qiang Chen,* Yifan Ye, Haoquan Zheng, Jinghua Guo, Yadong Yin,*

and Chuanbo Gao*

Abstract: Hydrogenation reactions are industrially important
reactions that typically require unfavorably high H, pressure
and temperature for many functional groups. Herein we reveal
surprisingly strong size-dependent activity of Pt nanoparticles
(PtNPs) in catalyzing this reaction. Based on unambiguous
spectral analyses, the size effect has been rationalized by the
size-dependent d-band electron structure of the PtNPs. This
understanding enables production of a catalyst with size of
1.2 nm, which shows a sixfold increase in turnover frequency
and 28-fold increase in mass activity in the regioselective
hydrogenation of quinoline, compared with PtNPs of 5.3 nm,
allowing the reaction to proceed under ambient conditions with
unprecedentedly high reaction rates. The size effect and the
synthesis strategy developed herein may provide a general
methodology in the design of metal-nanoparticle-based cata-
lysts for a broad range of organic syntheses.

M etal nanoparticles have emerged as a new platform for
developing highly efficient catalysts in view of their tunable
size, morphology, and composition."*¥ However, substantial
challenges still remain when these nanoparticles are used as
the catalyst for many organic syntheses. These challenges
include that the systematic relationship between the proper-
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ties of metal nanoparticles and their catalytic performance is
yet to be fully established, and that the stabilization and
precise size engineering of these catalysts are difficult,
especially of ultrasmall one.'"'”) In a more specific scenario,
supported Pt nanoparticles (PtNPs) are promising candidates
for various hydrogenation reactions. However, many syn-
thetic PtNPs show low catalytic activity in hydrogenation of
certain functionalities and undesired selectivity when dealing
with multifunctional molecules.”>? In the regioselective
hydrogenation of quinoline with hydrogen, which is important
for the synthesis of many biologically active molecules,”
both homo- and heterogeneous catalytic systems have been
developed including transition-metal complexes™2 and
nanoparticles.”*?"***l However, they usually require very
harsh conditions, for example, a high hydrogen pressure (1-
4 MPa) or an elevated temperature (40-200°C), which may
cause high cost and potential safety concerns in practical
operations. Although there have been few reports of catalysts
that allow the regioselective hydrogenation of quinoline and
its derivatives under relatively mild conditions,”?! it remains
a challenge to fully manipulate the properties and perfor-
mance of the catalysts to give optimal catalytic systems.

The harsh condition required for the hydrogenation
reactions suggests that the strength of the interaction between
the PtNPs and the reactants is too weak. Herein, based on the
resin-stabilized ultrasmall PtNPs, we reveal that the size of
the PtNPs has a critical influence on their bonding strength
with both hydrogen and quinoline molecules. As a result, we
were able to observe volcanoshaped dependence of the
catalytic activity on the size of the PtNPs, with those of
approximately 1.2 nm exhibiting record-high activity in
hydrogenation of quinoline. Although the influence of the
nanoparticle size has been observed in hydrogenation reac-
tions with Pt catalyst in the literature, it should be noted that
many reports relied on catalysts with wide ranges of particle
sizes that introduce ambiguity, the demonstrated size effect
was mostly focused on the reaction selectivity, and the
mechanism of the size effect remained less-well under-
stood.’ ¥ Herein, we observe surprisingly strong effect of
the particle size in the range of 0.7-5.3 nm on the activity of
the hydrogenation reactions. With unambiguous spectral
support, the size effect has been attributed to the shift of
the d-band center with reference to the valence band
maximum (VBM). Our strategy enables the systematic
tuning of the metal-nanoparticle-based catalysts to give
exceptional catalytic activities.

Effective stabilization and precise size control of the
PtNPs are prerequisites of the research and were achieved by
coupling the chemical reduction of a Pt salt with a sol-gel
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Figure 1. SiO,@RF/Pt nanospheres with PtNPs of different sizes (Pt-x,
x: diameter of the PtNPs, unit: nm). a)-d) Transmission electron
microscopy (TEM) of Pt-0.7, Pt-1.2, Pt-2.4, and Pt-5.3, respectively.
Inset: HRTEM of a single PtNP. Arrows indicate the PtNPs. e) HAADF-
STEM of Pt-1.2. Inset: A high-magnification image. Note that PtNPs
appear larger than their real size under focused electron beams of the
STEM. f) A diagram showing the average size of the PtNPs as

a function of the concentration of K,PtCl, in the synthesis.

process of a resorcinol-formaldehyde (RF) resin (Scheme 1,
Figure 1a—c). The sol-gel process affords a thin layer of the
RF resin on silica nanospheres,”** which is around 5 nm in
thickness revealed by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM; Fig-
ure 1e). The abundant phenolic groups of the RF resin
provide strong multidentate interactions with the ultrasmall
PtNPs formed by chemical reduction, favorable for their
effective stabilization. The size of the PtNPs can be readily
tuned by varying the concentration of the precursor, K,PtCl,
(Figure 1 f), which provides an effective means for precisely
tuning their size in a range of angstroms to around 3 nm, at
which size the physical properties of matter usually change
dramatically. In addition, PtNPs of 5.3 nm were stabilized on
amino-modified silica nanospheres to produce a control
sample for systematically investigating the property and
catalytic activity of the PtNPs with a broad range of sizes
(Figure 1d). These nanocatalysts are denoted as Pt-x, with
x representing the average size of the PtNPs in nanometers.

Crystal structures of the PtNPs were characterized by
high-resolution TEM (HRTEM; Figure 1a-d, inset). PtNPs
of large sizes (5.3 and 2.4 nm) show clear fringes of a face-
centered cubic lattice. With decreasing size, the Pt lattices
become less discernible at 1.2 nm while completely disappear
at 0.7 nm, indicating a decrease in the crystallinity, consistent
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Figure 2. a),b) XRD and core-level Pt 4f XPS of Pt-x, where x=0.7, 1.2,
2.4, and 5.3. ¢),d) Pt L-edge XANES (c) and FT-EXAFS spectra (d) of
Pt-x (x=0.7, 1.2, and 2.4), with Pt foil for reference. Dotted lines
indicate the positions of Pt—Pt and Pt—O coordination shells. e) High-
resolution valence-band Pt 5d XPS of Pt-x relative to the VBM, as an
analogue of the density of states. Black lines indicate the positions of
the d-band centers.

with previous observations.'13338 The reduced crystallinity
can be confirmed by the X-ray diffraction (XRD; Figure 2a),
which shows continuously broadening and eventual disap-
pearance of the reflection peaks with decreasing size of the
PtNPs.

The oxidation states of the PtNPs were analyzed by Pt 4f
core-level X-ray photoelectron spectroscopy (XPS), which
were fitted with spin-orbit split 4f,, and 4f;, components
(Figure 2b). PtNPs of 5.3 nm show two sets of XPS peaks,
with the 4f;, components appearing at 71.70 and 70.80 eV of
the binding energy, respectively, which can be ascribed to the
bulk Pt’ and surface Pt” capped with polyvinylpyrrolidone
(PVP).”l When the size of the PtNPs decreases to 2.4 and
1.2 nm, besides the XPS peaks from Pt’, a new set of peaks
emerge with 4f;, appearing at 72.80 eV, corresponding to Pt"
species. When the size of the PtNPs is down to 0.7 nm, XPS
peaks from Pt° disappear, while the peaks from Pt" are
retained. Another set of peaks emerge with 4f,, appearing at
7420 eV, corresponding to Pt species. Therefore, the
oxidative state of the PtNPs increases continuously with
decreasing size. The oxidation state remains unchanged in
a H, atmosphere at ambient temperature and pressure in
practical catalytic reactions (Figure S5).
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Pt L-edge X-ray absorption near edge structures
(XANES) were analyzed to confirm the oxidation state of
the nominal “PtNPs” (Figure 2¢). When the size of the PtNPs
decreases, the intensity of the “white lines” at 11.56 keV
increases, indicating an increase in the d-band vacancy.*”
PtNPs of a large size (Pt-2.4) show fine XANES features
resembling those of a Pt foil, while PtNPs of small sizes (Pt-1.2
and Pt-0.7) show fine features deviating from those of the Pt
foil, with Pt-0.7 displaying similar features to those from
PtO,,"l suggesting a gradual metal-oxide transition with
decreasing size of the PtNPs. Fourier transformation of
extended X-ray absorption fine structure (FT-EXAFS) fur-
ther confirms the metal-oxide transition, showing weakening
Pt-Pt coordination shells while emerging Pt-O shells (Fig-
ure 2d).

Therefore, a decrease of crystallinity and a metal-oxide
transition were observed with the decreasing size of the
PtNPs. To further reveal their interaction with hydrogen and
quinoline molecules, the d-band electron structures of the
PtNPs were characterized by high-resolution valence-band
(VB) XPS spectra (Figure 2¢), which are proportional to the
density of states (DOS), and directly related to the strength of
interaction between the PtNPs and guest molecules.>**%] The
spectra were recorded in an ultra-high vacuum (UHV), so
could be different from those taken under ambient reaction
conditions. Therefore, this analysis provides a general, qual-
itative trend of the d-band structure of the PtNPs varying with
their sizes. According to the d-band center theory, when
a guest molecule is adsorbed on a metal surface, hybridization
between the metal d-band and an induced state by the guest
molecule occurs to form fully filled bonding DOS and
partially filled antibonding DOS states. The bond strength is
determined by the filling degree of the antibonding states,
which can be described by the position of the d-band
center.* ! Because the antibonding states lie directly
above the d electron band,*! we chose the VBM as
a reference for the d-band center.”? Figure2e shows
a narrowing of the d electron bands with decreasing size of
the PtNPs, which can be attributed to the hybridization of
a lower number of the wave functions in PtNPs of a small size.
It leads to a significant shift of the d-band center towards the
VBM, resulting in an upward shift of the antibonding DOS
states, lower occupation of them, and thus stronger inter-
action with guest molecules, hydrogen and quinoline in this
case. On the other hand, the continuously increasing oxida-
tion state, that is, the d-band vacancy of the PtNPs with
decreasing size may also account for the stronger interac-
tion,'**”) owing to there being fewer electrons available for
filling the antibonding DOS states.

Based on the analysis of the electron structure, as well as
the prediction of increasing surface unsaturated sites, it is
expected that PtNPs of appropriately small sizes may show
significantly enhanced catalytic activity in regioselective
hydrogenation of quinoline (Figure 3a). In a typical reaction
under ambient conditions, clear differences in the catalytic
activity can be observed with PtNPs of varying sizes (Fig-
ure 3b). Among them, Pt-1.2 represents the most active
catalyst with conversion of quinoline reaching over 99 %
within 80 min, showing astonishingly high catalytic activity,
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Figure 3. Catalytic activities of Pt-x (x=0.7, 1.2, 2.4, and 5.3) in
hydrogenation of quinoline at room temperature and ambient (bal-
loon) hydrogen pressure. a) Possible products of the quinoline hydro-
genation. b) Plots of conversion of quinoline and selectivity toward
1,2,3,4-tetrahydroquinoline against reaction time with Pt-x as the
catalyst. ) Plot of TOF (per surface Pt atom) against diameter of the
PtNPs. The TOF for activation of H, and D, to form HD is listed for
comparison. Inset: Size-dependent mass activity (per unit mass of Pt)
of the PtNPs in hydrogenation of quinoline. d) Change of conversion
and selectivity in 5 cycles of the catalysis with Pt-1.2 as the catalyst.
e) TEM images of the catalyst before and after cycling.

which substantially exceeds the best results in literature.[***

The selectivity toward 1,2,3,4-tetrahydroquinoline (THQ)
was over 99 % (Figure 3b). With decreasing size of the PtNPs,
the turnover frequencies (TOFs) first increase and then
decrease, reaching a maximum when the size of the PtNPs was
1.2 nm (Figure 3¢). The champion catalyst (Pt-1.2) shows an
approximately sixfold increase in the TOF compared with
PtNPs of a large size, 5.3 nm, and the increase in the catalytic
mass activity reaches as high as 28-fold (Figure 3¢, inset). The
volcano-shape profile illustrates very well the Sabatier
principle,***! with optimal catalytic activity achieved at
a specific size of the PtNPs (ca. 1.2nm), wherein the
interaction between the PtNPs and the reactants is neither
too weak (size > 1.2 nm) nor too strong (size < 1.2 nm). It is
worth noting that although Pt-5.3 is capped by PVP with
different surface chemistry, the size-dependence is already
demonstrated based on the other three catalysts. In addition,
thanks to the heterogeneous mechanism (Figure S10) and the
stabilization of the ultrasmall PtNPs by the RF resin, the
catalyst can be recovered from the reaction system without
causing dissolution, detachment or aggregation of the PtNPs
(Figure 3e, Figure S14 and Table S3 in the Supporting Infor-
mation). The recovered catalyst can be repeatedly applied in
the hydrogenation reactions, for example in 5 runs of our
demonstration, without showing discernible decrease in the
conversion of quinoline or the reaction selectivity (Fig-
ure 3d).
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The size-dependent interaction between PtNPs and the
reactants can be also inferred from the HD formation when
flows of H, and D, are passing through the catalyst (Fig-
ure 3¢). The TOF of the HD formation is size-dependent. It
indicates that PtNPs of large sizes (> 1.2 nm) bind weakly to
the hydrogen molecules, unfavorable for their activation,
while the ultrastrong binding ability of PtNPs of small sizes
(e.g., 0.7 nm) makes it difficult for the activated hydrogen to
be desorbed for favorable kinetics. In addition, direct
evidence for this size-dependent interaction can be obtained
spectroscopically. After exposure of the catalysts to quinoline
and subsequent removal of free quinoline molecules, the
catalysts were subjected to '"H NMR spectroscopic analysis.
As shown in Figure 4 a, no residual quinoline can be detected
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Figure 4. Catalytic mechanism of Pt-x in the hydrogenation of quino-
line. a) "H NMR spectra of quinoline adsorbed by Pt-x, and that of free
quinoline, suggesting different interactions between quinoline and the
PtNPs. b) Adsorption modes and energies of quinoline on the Pt
surface. Values under the energy levels indicate the net charges of the
quinoline molecule. c) Primary isotope effect observed with Pt-1.2 in
the hydrogenation of quinoline. d) The FTIR spectrum of the Pt-1.2
after exposure to D,, showing O-D vibration. The vibration disappears
after introduction of styrene. e) A proposed pathway of the hydro-
genation reaction based on these results (see text for details).

from PtNPs of large sizes (2.4 and 5.3 nm), while strong
signals of quinoline were observed from PtNPs of small sizes
(0.7 and 1.2 nm), confirming increasing interaction between
PtNPs and quinoline with decreasing size of the PtNPs. This
trend was also observed with the product, THQ, which

Angew. Chem. Int. Ed. 2016, 55, 15656 —15661
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exhibits extremely strong interaction with Pt-0.7 (Figure S13).
It should be noted that the observed broadening of the
'HNMR signals is consistent with previous reports on
surface-bound ligands.[*”! In addition, with decreasing size of
the PtNPs, the 'TH NMR signals shift to the low fields, which
suggests enhanced electron transfer from quinoline to the
PtNPs, and confirms the increasing interactions. The charge
transfer can be also evidenced by density function theory
(DFT) calculations, with quinoline adopting a tilting config-
uration on the Pt surface (Figure 4b).

The correlation between the size-dependent interaction
and the activity of the catalyst was further revealed based on
the understanding of the reaction mechanism. Primary
isotope effect was observed with the ratio of the reaction
rates (ky/kp) being as large as 4.8, suggesting that the rate-
determining step may involve the cleavage of O—H bonds
(Figure 4¢).>") As the PtNPs are composed of Pt’ and its
oxides, heterolytic dissociation of hydrogen are promoted,”!!
forming O-H(&") and Pt-H(d ") species, with the formation of
O-H(d") confirmed by Fourier transform infrared spectros-
copy (FTIR; Figure 4d).”" Thus, the rate-determining step
can be derived to be the subsequent hydrogenation step, with
hydrogen transfer from Pt-H(6") and O-H(d") species to the
quinoline molecules. The HD formation was approximately
200-times quicker than the hydrogenation of quinoline (Fig-
ure 3¢), indicating that the cleavage of the O-H(8") bonds is
faster by orders of magnitude than the subsequent hydrogen
addition to the quinoline molecules. Therefore, the interac-
tion between the PtNPs and quinoline, which is size-depen-
dent, becomes critical to the overall reaction rate, and
accounts for the observed size-dependence in the catalysis.
By combining the above results, a mechanism of the size-
dependent catalysis can be proposed as follows (Figure 4¢).
First, H, is activated on the Pt surface, forming O-H(6") and
Pt-H(d") species. Meanwhile, quinoline is chemisorbed on
the surface of PtNPs adopting a tilted configuration with
decreased electron density. For PtNPs of small sizes, the
enhanced interaction and electron transfer facilitates the
hydrogen transfer from H(8 )/H(d") pairs to the quinoline
molecules.’>*! However, if the PtNPs are extremely small,
the interaction between PtNPs and H,/quinoline becomes too
strong, which leads to poisoning of the catalyst and thus low
reaction rates. The volcano-shaped dependence of the
catalytic activity on the size of the PtNPs is thus rationalized.

In summary, we have revealed a strong size effect of
PtNPs on their catalytic activity in the regioselective hydro-
genation reactions of quinoline. The size effect has been
largely attributed to the size-dependent d-band electron
structure of the PtNPs and thus their interaction with the
reactants. The size effect and the synthesis strategy reported
herein are extendable to many other metals (an example see
Figure S15) and reactions, and therefore provide a general
methodology for harnessing the catalytic activity of metal-
nanoparticle-based catalysts, opening up great opportunities
in the design of catalysts for a broad range of organic
syntheses, especially for those requiring harsh conditions
(Table S4, Figure S8).
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