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{ A Stable Single-Site Palladium Catalyst for Hydrogenations
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Markus Antonietti, Ntiria Lopez,* and Javier Pérez-Ramirez*

Abstract: We report the preparation and hydrogenation
performance of a single-site palladium catalyst that was
obtained by the anchoring of Pd atoms into the cavities of
mesoporous polymeric graphitic carbon nitride. The character-
ization of the material confirmed the atomic dispersion of the
palladium phase throughout the sample. The catalyst was
applied for three-phase hydrogenations of alkynes and nitro-
arenes in a continuous-flow reactor, showing its high activity
and product selectivity in comparison with benchmark cata-
lysts based on nanoparticles. Density functional theory calcu-
lations provided fundamental insights into the material struc-
ture and attributed the high catalyst activity and selectivity to
the facile hydrogen activation and hydrocarbon adsorption on
atomically dispersed Pd sites.

The selective hydrogenation of acetylenic and nitroaromatic
compounds is an important step in the synthesis of building
blocks for polymers, vitamins, fragrances, and agrochemi-
cals.l'! Commercial catalysts for this family of reactions are
based on supported Pd or Pt nanoparticles modified with
harmful promoters such as lead (Lindlar) or, more recently,
with organic ligands (NanoSelect).”) The modifiers not only
alter the adsorption energies of the reactants and products but
also reduce the size of the ensemble of surface atoms where
the reaction takes place. This prevents oligomer production
and hydride formation, the latter being responsible for the
undesired isomerization and over-hydrogenation pathways.?
In attempts to improve the performance of conventional
catalysts, enormous efforts have been devoted to the design of
materials with tailored metal-particle sizes.”! In fact, engi-
neering a minimal ensemble that is able to activate H, and
displays interactions that are strong enough with the reactants
and weak with the products would offer unrivalled oppor-
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tunities for atom-efficient catalytic transformations. The
ultimate frontier in size reduction is a single-site heteroge-
neous catalyst, in which isolated metal atoms anchored on
a support catalyze hydrogenation reactions, mimicking the
activity of biological entities such as enzymes and anti-
bodies.!  Flytzani-Stephanopoulos and co-workers have
recently demonstrated that a single crystal containing a
Cu(111) surface doped with isolated Pd atoms can activate
hydrogen and display activity in the hydrogenation of
acetylene under ultra-high vacuum conditions.®! Neverthe-
less, the relatively low ethylene selectivity (30 % ) at moderate
acetylene conversions (10-20%) and the pressure and
material gaps of the model catalyst limit the broad applic-
ability of this work. The synthesis of more realistic single-site
heterogeneous catalysts remains to be a challenging task as
isolated atoms are often thermodynamically unstable and
tend to leach and agglomerate during the first few hours of
a reaction.’"*! To design stable single-site catalysts, it is
crucial to select a high-surface-area support containing
“cages” or “cavities” that can entrap the catalytically active
atoms in an isolated form, similarly to what has been done in
the past for asymmetric organometallic catalysts and “ship-in-
a-bottle” nanostructures.

Mesoporous polymeric graphitic carbon nitride (mpg-
C;Ny) has attracted increasing interest in the field of material
science owing to its lattice-hole structure that partially
resembles a Sierpinsky sieve. The material, in fact, contains
characteristic N-coordinating cavities formed during the
polymerization of heptazine, which are called “six-fold
cavities” as they are delimited by six C;N, rings (see
Figure 1a; see also the Supporting Information, Figure S1).[°
This structure gives rise to unique mechanical, electronic, and
conducting properties that are not encountered in bulk
carbon nitride samples.m Using this material, we were able
to strongly anchor isolated Pd species into host cavities,
designing the first stable single-site heterogeneous catalyst for
hydrogenations (hereafter referred to as [Pd]mpg-C;Ny; for
details on its preparation, see the Supporting Information). A
combination of characterization studies, catalytic tests in
a continuous-flow reactor, and density functional theory
(DFT) calculations led to a molecular-level understanding of
the structure and reactivity of this novel material.

The [Pd]mpg-C;N, sample contains 0.5 wt % Pd (Table 1).
The mpg-C;N, carrier has a total surface area of 155 m*g "
and a total pore volume of 0.26 cm®g'. Microscopic exami-
nation (Figure 1a) revealed that the palladium phase was
atomically distributed throughout the sample (metal disper-
sion: 100 % ). This was confirmed by an analysis of the metal
distribution, displaying an average particle size of approx-
imately 0.3-0.4 nm, which matches the van der Waals
diameter of a single palladium atom. X-ray absorption fine-
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Figure 1. a—d) Structure of the materials (left), aberration-corrected
scanning transmission electron microscopy images (middle), and
particle size distribution (right) of [Pd]mpg-C;N, (a), Pd-HHDMA/TiS
(b), Pd-Pb/CaCO; (c), and Pd/Al,O; (d). The structures depict the
increasing size of the active ensemble, from a single Pd atom (a) to

a bare Pd nanoparticle of approximately 800 atoms (d). The inset in
(a) shows a characteristic six-fold cavity in the carbon nitride structure,
which is crucial for confining palladium atoms in a stable manner. The
two-dimensional Gaussian function modeling of a selected region of
[Pd]mpg-C;N, is shown in the inset of the micrograph in (a) to enable
visualization of the single Pd atoms (in red). C dark gray, H white,

N purple, O red, P light orange, Pb light gray, Pd blue.

Table 1: Sample characterization.

Sample Pd® Seer” Viorel? Drev'® Dol
wt.9¢]  [m’g]  [em”’g] (%] %]
[Pd]mpg-C;N, 0.5 155 0.26 100 -
Pd-HHDMA/TiS 0.5 229 0.16 16 14
Pd-Pb/CaCO, 4.5 10 0.03 8 6
Pd/Al,0, 1.0 170 0.64 39 37

[a] ICP-OES. [b] BET method. [c] Volume of N, at p/p,=0.98. [d] TEM.
[e] CO chemisorption.

structure spectroscopy (XAFS; Figure 2a) corroborated the
atomic dispersion of palladium in [Pd]mpg-C;N,. No peaks
could be detected at a distance greater than 2 A, which
indicates that no Pd-Pd bonds were formed, in contrast to
conventional nanoparticle-based catalysts.’*
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Figure 2. a) k>-weighted Fourier transform extended X-ray absorption
fine structure spectra (not phase-corrected). b) Pd3d core level X-ray
photoelectron spectroscopy of the catalysts. The circles in (b) repre-
sent the experimental data, whereas the gray and violet lines show the
fitted Pd® and Pd*" components, respectively.

This carbon nitride material was then studied by DFT
calculations for the first time to analyze the nature of the
isolated Pd sites incorporated into mpg-C;N,, their stability,
and reactivity. The unique features of mpg-C;N, complicate
the calculations as a large rumpling is expected for this kind of
two-dimensional materials. In the modeling, special attention
was thus paid to the structural landscape, including the Pd
adsorption in “cages”, potential intercalation between the
graphitic layers, aggregation of Pd, and diffusion. The high
complexity observed has prompted us to present only the
most remarkable results. DFT calculations on a model surface
representing mpg-C;N, revealed that the presence of an
atomic distribution of Pd can be attributed to the function of
the N species in the support, which electrostatically stabilize
the Pd species. In fact, the trapping of Pd in the six-fold
cavities is exothermic by 1.5 eV with respect to the gas-phase
atomic reference (Figure S1). This strong interaction between
the nitrogen atoms on the surface and the metal, coupled with
the large number of homogeneously distributed anchoring
centers, leads to the stabilization of palladium atoms and
appears to be fundamental for the design of a stable single-
site catalyst for hydrogenation reactions. A different support
with fully accessible sites (such as alumina) would suffer from
rapid agglomeration of the metal (see also Figure 3c¢).
Considering that the six-fold cavities are present over the
entire mpg-C;N, material with a density of approximately 1/
50 A2, it is possible that during synthesis, parts of the metal
phase diffuse between the C;N, layers until a stable, final
configuration is reached. This indicates that palladium can
also occupy subsurface and deeper positions in the form of an
intercalation compound (Figure S2). However, in the resting
state, Pd atoms placed in subsurface positions are slightly
more stable (see the Supporting Information for a detailed
analysis). Considering the specific surface area of mpg-C;N,,
the surface density of the six-fold cavities in a fully uniform
layer, the total palladium loading, and assuming that all
palladium is located at the surface, we could estimate that 8
10% of all surface six-fold cavities are occupied by palladium
(see the Supporting Information for a detailed analysis). This
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is only an estimate as Pd can also be distributed deep in the
graphitic layers, reducing the effective fraction of “surface
cage” occupation. Comparatively, in a 10 nm nanoparticle,
6% of the Pd atoms would be located on the surface.*™ From
a thermodynamic point of view, the aggregation of Pd atoms
to form dimers, trimers, or larger clusters is not favored
(Figure S3). Furthermore, considering the low palladium
loading and quite large number of nesting positions, entropic
contributions dominate, clarifying the stability of the atomic
sites. Only at high Pd contents, the six-fold cavities are
saturated with atomic species, and metal agglomeration starts.
This explains, for instance, the presence of nanoparticles of
approximately 3 nm when 20 times higher palladium loadings
were employed and the same preparation procedure was
followed.[*!

The structure of [Pd]mpg-C;N, can be compared with that
of three benchmark catalysts that are commercially available
and widely utilized in industry: ligand-modified Pd-
HHDMA/TiIS (HHDMA = hexadecyl-2-hydroxyethyl-dime-
thylammonium dihydrogen phosphate), Lindlar-type Pd-Pb/
CaCO,;, and Pd/AlL,O; (Figure 1 and Table 1). Although
[Pd]mpg-C;N, has the same metal loading as Pd-HHDMA/
TiS, the latter material contains particles with an average
diameter of approximately 8 nm deposited on titanium
silicate (Sper=229 m?’g "). Not all of the surface atoms in
the HHDMA-modified nanoparticles take part in the reac-
tion: In fact, the ligand blocks about 75% of the metal
surface, leading to ensembles with a size of approximately
0.8 nm.” The reference Pd-Pb/CaCO; catalyst contains
significantly more palladium as well as lead (Swt% Pd,
3wt% Pb, surface Pd/Pb ratio=1.3). The catalyst exhibits
a total area of 10 m*g~" and a pore volume of 0.03 cm*g~". The
Pd-Pb nanoparticles are homogeneously distributed over
CaCO; and have an average diameter of 14 nm (metal
dispersion: 6-8%). Similar to the role of HHDMA, Pb
isolates the Pd sites, leading to ensembles with a size of
approximately 1 nm. Finally, Pd/A,O; contains uniformly
sized bare palladium nanoparticles with average diameters of
about 3 nm. The particles are deposited on porous alumina
(Vpore =0.64 cm’ g ™) with a total surface area of 170 m*g™". In
all these cases, XAS analyses detected only Pd—O (1.8-2.0 A)
and Pd—Pd (2.5-2.7 A) bonds (Figure 2a and Figure S4).

To confirm the various degrees of metal dispersion in the
four samples, CO chemisorption studies were conducted.
During pulse chemisorption, [Pd]mpg-C;N, showed no
adsorption of the probe molecules, whereas the other
reference materials showed a quantifiable CO uptake, in
accordance with the degrees of dispersion determined by
microscopy (Table 1). The absence of CO uptake over
[Pd]mpg-C;N, was confirmed by infrared spectroscopy in
transmission mode (Figure S5). This result indicates that
individual Pd atoms behave differently than those in a conven-
tional nanoparticle, in line with the recent work by Schlogl
and co-workers.*! As the Pd atoms lay below the plane
formed by the six-fold cavities, the cage is enriched in electron
density, and this prevents carbon monoxide from getting close
to the palladium atoms. This shield is very effective, and CO
cannot adsorb (the DFT-calculated adsorption energy is
largely endothermic, by 0.86 eV). Further insights into the
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material structure were obtained by X-ray photoelectron
spectroscopy (Figure 2b). A single Pd 3ds;, binding energy of
335.5eV, corresponding to Pd’, was observed for Pd-
HHDMA/TiS and Pd/ALO;. The signal is broader in the
case of Pd-Pb/CaCO; owing to the presence of Pd**—Pb
species. In contrast, the XPS signal was not very intense for
[Pd]mpg-C;N,, likely because the detection of isolated Pd
species at low concentrations is below the detection limit of
the instrument. Sputtering with an Ar" beam was conducted
to remove surface layers in a stepwise fashion to gain access to
the bulk composition of the material. In this case, an increase
in the palladium content with depth could be observed
(Figure S6), from a Pd content of 0.15 at. % in the surface to
0.5 at. % in the bulk. This finding confirms that part of the
palladium phase is homogeneously incorporated between the
graphitic layers of the support, in agreement with the DFT
calculations. Furthermore, during sputtering, the Pd 3ds, peak
is slightly shifted to higher binding energies (336.4 e¢V). This
could be due to quantum effects that appear for “particles”
smaller than 2 nm, although a Pd*" contribution cannot be
excluded.

To illustrate the benefits of single-site catalysis, the
[Pd]mpg-C;N, catalyst was used for the hydrogenation of 1-
hexyne (Figure 3a), a reference compound that well repre-
sents typical alkynes employed for the manufacture of high-
added-value compounds in the fine chemical and pharma-
ceutical industries. The rate of reaction at 303 K and 1 bar is
three orders of magnitude larger than that of other catalytic
systems (based on Ag, Au, CeO,).”! This demonstrates that
the single-site catalyst can be applied in the manufacture of
fine chemicals and pharmaceuticals. Furthermore, below
363 K and 2 bar, the selectivity to 1-hexene is nearly 100 %,
pointing to the resistance of the material towards the
formation of p-hydrides. These results can be appreciated
when they are compared to the performance of benchmark
Pd-based hydrogenation catalysts (see also Figure S7). For
the hydrogenation of 1-hexyne at 343 K and 5 bar, [Pd]mpg-
C;N, and PA-HHDMA/TiS display similar activities (1.41 x
10° and 1.38 x 10° mol, 4, molpg 'h™", respectively) and high
olefin selectivities (90%). In contrast, while the Lindlar
catalyst shows an excellent degree of selectivity to the
terminal alkene (90%), its activity (0.34 x
10° mol,o4uemolpg 'h™") is much lower in spite of the high
Pd content (5 wt %). The non-promoted Pd/AlO; catalyst is
fairly active (0.96 x 10° mol, g, mOlps 'h™"), but poorly selec-
tive to the corresponding olefin (69%), yielding various
isomers and the alkane as side products. The resistance of
[Pd]mpg-C;N, towards metal loss (a possible deactivation
pathway for single-site catalysts) was assessed in a catalytic
run at 343 K and 5 bar for 20 h (Figure 3b). No decrease in
alkyne conversion and alkene selectivity could be observed,
pointing to the absence of any metal aggregates (Figure 3c).
This catalytic performance was confirmed for the hydro-
genation of 2-methyl-3-butyn-2-ol to 2-methyl-3-buten-2-ol
and 3-hexyne to cis-3-hexene, demonstrating the chemo- and
stereoselectivity of the catalyst in alkyne hydrogenation (cis/
trans ratio >20), and finally applied to the hydrogenation of
nitrobenzene to aniline (Figure S8; see the Supporting
Information for the reaction conditions).
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Figure 3. a) Reaction rates (in 10° mol, o4, molpy " h™"; left), selectivity
to 1-hexene (in %; right), and b) stability over the course of 20 h at
343 K and 5 bar during the hydrogenation of 1-hexyne over [Pd]mpg-
C;N,. The contour maps in (a) were obtained through spline interpo-
lation of the experimental points shown as black dots. c) Representa-
tion showing isolated Pd species on carbon nitride (top) and alumina
(bottom). Whereas the atoms on the alumina support are unstable
and tend to aggregate, forming a Pd cluster, this does not occur with
mpg-C;N,. d) Energy profile for the hydrogenation of acetylene over

a single Pd atom. Al green, C dark gray, H white, N purple, O red,

Pd blue.
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To be able to rationalize the outstanding hydrogenation
performance of [PdJmpg-C;N,, we conducted DFT calcula-
tions using acetylene as a surrogate alkyne (Figure 3d). The
reasons for the choice of a smaller alkyne are the following:
1) Several reaction paths were investigated in this work, with
and without considering the promoting role of the support,
complicating the calculations; 2) the large rumpling of the
carbon nitride, together with the conformational flexibility of
larger alkynes, renders the proper location of the transition
states difficult; and, most importantly, 3)the adsorption
energy of acetylene and 1-hexyne were found to be within
a few meV. Therefore, the results for acetylene can be easily
transferred to more complex compounds. The reaction closely
follows the pathway of homogeneous systems!'"" and takes
place on the isolated Pd species in the six-fold nests
(alternative configurations are described in the Supporting
Information). On the isolated Pd sites, the hydrogenation
occurs by the coordination of molecular hydrogen by
—0.30 eV (B), which undergoes heterolytic dissociation (C),
leaving one of the hydrogen atoms bound to an N atom in the
lattice and the second one on a Pd atom. Thus, there is an
active participation of the support, which fulfills the role that
ligands adopt in homogeneous catalysis. The N atom thus
becomes positively polarized and the aromaticity of the
heptazine core is partially lost. As a consequence, the Pd atom
is partially pulled out of the cavity. This step is almost barrier-
free with respect to the gas-phase molecule when the zero-
point energy is considered and exothermic by —1.34 eV with
respect to the gas-phase reactants. The acetylenic compound
can be adsorbed in a highly activated form (H-C-C angle =
153°) with release of 0.5 eV (D). The H atom is transferred to
the organic moiety, leading to C,H; (E) and C,H, (F). The
energy barrier of this last step is 0.5 eV. Afterwards, the
alkene product desorbs (G). Therefore, the coordination of
the product without activation,"® preventing over-hydro-
genation and oligomerization, and the absence of electron-
rich palladium centers as determined by Bader analysis!'* are
key for the high selectivity of [Pd]mpg-C;N,.

In conclusion, we have shown that isolated Pd atoms can
be confined into the six-fold cavities of mpg-C;N, in a stable
manner, enabling the design of a single-site Pd catalyst for the
flow hydrogenation of alkynes and nitroarenes. The material
surpasses the activity of conventional heterogeneous catalysts
based on nanoparticles, while maintaining an outstanding
degree of product selectivity (>90%) and circumventing
typical instabilities that occur with the miniaturization of the
ensemble size. The performance was rationalized at the
molecular level by DFT calculations, showing that the high
activity and selectivity is due to the facile hydrogen activation
and alkyne adsorption on the atomically dispersed Pd sites.
The support simulates enzymatic environments, such as those
in porphyrins, and simultaneously acts as a spacer, distributing
the active sites almost homogeneously, and as a ligand, both
inhibiting the adsorption of potential poisons (CO) and
promoting the activation of H,, which converts the metal into
the active form. We believe that the proof-of-concept study
based on the [Pd]mpg-C;N, catalyst can be extrapolated for
the design of new heterogeneous single-site catalysts for
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a variety of reactions, including continuous hydrogenations,
C—C coupling reactions, and beyond.

Experimental Section

Details on the catalyst preparation, characterization, testing, and
theoretical calculations are given in the Supporting Information.
Mesoporous polymeric graphitic carbon nitride was prepared by
thermally induced self-condensation of cyanamide using colloidal
silica as the template.!! The material was dispersed in deionized water
and mixed with an aqueous solution of PdCl, and NaCl. The resulting
suspension was kept at room temperature for 1 h under vigorous
stirring in an ultrasound bath. After the addition of NaBH,, the slurry
was filtered and dried, yielding [Pd]mpg-C;N,. The three-phase
hydrogenation of 1-hexyne was studied in a continuous-flow three-
phase reactor?®®! under the following conditions: catalyst mass
W..=0.1g (particle size: 0.2-0.4 mm), temperature 7=303-363 K,
total pressure P = 1-8 bar, hydrogen flow rate F; =24 cm*min', and
liquid flow rate F; =1 cm®min~'. Density functional theory calcula-
tions conducted with the Vienna abinitio simulation package!'!!
enabled the modelling of the structure of the material and its
reactivity.
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