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Pd single-atom monolithic catalyst: Functional 3D
structure and unique chemical selectivity in
hydrogenation reaction
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ABSTRACT Regulating the selectivity of catalysts in selective
hydrogenation reactions at the atomic level is highly desirable
but remains a grand challenge. Here we report a simple and
practical strategy to synthesize a monolithic single-atom cat-
alyst (SAC) with isolated Pd atoms supported on bulk nitro-
gen-doped carbon foams (Pd-SAs/CNF). Moreover, we
demonstrate that the single-atom Pd sites with unique elec-
tronic structure endow Pd-SAs/CNF with an isolated site ef-
fect, leading to excellent activity and selectivity in 4-
nitrophenylacetylene semi-hydrogenation reaction. In addi-
tion, benefiting from the great integrity and excellent me-
chanical strength, monolithic Pd-SAs/CNF catalyst is easy to
separate from the reaction system for conducting the sub-
sequent recycling. The cyclic test demonstrates the excellent
reusability and stability of monolithic Pd-SAs/CNF catalyst.
The discovery of isolated site effect provides a new approach to
design highly selective catalysts. And the development of
monolithic SACs provides new opportunities to advance the
practical applications of single-atom catalysts.

Keywords: single-atom, monolithic catalyst, isolated site, hy-
drogenation reaction

INTRODUCTION
Regulating the selectivity of catalysts has become a sig-
nificant research focus in catalysis [1–5]. Selective hy-
drogenation reactions are widely used in industrial
manufacture of fine chemicals and pharmaceuticals [6–9].
In selective hydrogenation reactions, it remains elusive to
selectively converting one specific functional group to

obtain the desired product when other competitive
functional groups locate at the same molecule. For in-
stance, the reducible alkynyl and nitro functional groups
are simultaneously hydrogenated by conventional nano-
catalysts, resulting in a poor selectivity. Great progress
has been made in tuning the selectivity by adjusting the
interfacial electronic structure or lattice stress of nano-
catalysts, which can alter the adsorption and activation
properties of reactant species [10–15]. However, precise
control of the structure of nanocatalysts is difficult at the
atomic level; therefore, it poses a bottleneck to advancing
atomic understanding of catalytic behaviors [16,17].
Featured with maximum atom-utilization efficiency

and fully exposed active sites, single-atom catalysts
(SACs) have attracted extensive attention and exhibited
remarkable catalytic performance in various reactions
[18–22]. The structural uniformity of SACs makes them
serve as a model system to study the reaction mechanism
at the atomic scale, which provides a great platform for
atomic-level insight in regulating selectivity [23–25].
Moreover, spatial isolated sites and unique electronic
structure, distinguishing from nanocatalysts, may endow
SACs with minimizing choices and specific configuration
of binding modes of substrates, which favors highly se-
lective catalysis [26–31]. Currently, it is of great im-
portance to reveal whether SACs can break through the
dilemma of nanocatalysts in selective catalysis. It is worth
mentioning that the previously reported SACs are in the
form of powders, which limits their further practical ap-
plications.
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Hierarchical three-dimensionl (3D) carbon nano-
materials (HTCs) as the monolithic materials are widely
used in the field of energy storage [32], oil-water se-
paration [33,34] and sensor techniques [35]. However,
studies about the design of HTCs as monolithic hetero-
geneous catalysts are limited. Actually, given the regular
hierarchical pores and abundant defects in carbon lat-
tices, HTC is a promising substrate to synthesize mono-
lithic catalysts, which are more attractive in chemical
industry because of their better mass transfer efficiency,
no significant amplification effect, easier separation and
regeneration compared with the conventional powder
heterogeneous catalysts. Therefore, it is highly desirable
to combine the merits of monolithic catalysts and SACs
to develop monolithic SACs; however, it still remains a
grand challenge.
Here, we report a facile and practical strategy to prepare

monolithic SACs with isolated Pd single atoms anchored
on carbon nitrogen foams (Pd-SAs/CNF) derived from
the commercial assembled melamine foams (MFs). Fur-
thermore, we demonstrate an isolated site effect to con-
trol the selectivity of Pd-SAs/CNF in hydrogenation
reaction. Such isolated site effect makes Pd-SAs/CNF
preferentially adsorb alkynyl group rather than the nitro
group and inhibit further hydrogenation of alkenyl group
owing to limited coordination space, which results in the
catalytic production of 4-nitrostyrene with ~99% con-
version and ~99% selectivity in 4-nitrophenylacetylene
(NPA) semi-hydrogenation. Moreover, benefiting from
great integrity and excellent mechanical strength, the
monolithic Pd-SAs/CNF catalyst is easy to separate from
reaction system for subsequent recycling.

EXPERIMENTAL SECTION

Materials
Melamine sponges (99 mm × 59 mm × 20 mm, Beijing
Clean), palladium(II) acetylacetonate (99%, Alfa), sodium
(II) tetrachloropalladate (99%, Alfa), commercial Pd/C
(20%, Alfa), potassium iodide (99%, Xilong chemical Co.,
Ltd.), polyvinylpyrrolidone (K23-27, Aladdin), formamide
(99%, Xilong chemical Co., Ltd.), NPA (97%, Adamas),
borane-ammoniacomplex (97%, Shanghai 9dingchem Co.,
Ltd.) and methanol (99%, Beijing Chemical Reagents,
China) were used without further purification.

Catalysts preparation

Synthesis of Pd-SAs/CNF
The melamine sponges were firstly tailored to small pie-

ces (~200 mg, 2 mm × 2 mm × 2.5 mm) and then washed
with distilled water and methanol for three times, re-
spectively. The obtained sponges were dried at 60°C un-
der vacuum for 6 h and then soaked in the 30 mL
methanol solution containing palladium(II) acetyl-
acetonate (2 mg, Pd(acac)2). Then, the closed container
containing the above mixture was placed on a shaker
purchased from Kylin-Bell Lab Instruments. The shaker
worked with 60 r min−1 for 6 h at room temperature to
ensure that the sponges were fully wetted by the Pd(acac)2
solution. Subsequently, the as-prepared samples, marked
as Pd2+/MF, were washed with methanol to remove the
Pd(acac)2 physically adsorbed on sponges. Then, the
Pd2+/MF sample was squeezed, dried under vacuum at
60°C for 12 h and placed in a tube furnace and heated at
800°C for 30 min under flowing argon gas with the
heating rate of 5°C min−1. Finally, the Pd-SAs/CNF cat-
alyst was prepared. The content of Pd species in Pd-SAs/
CNF was determined as 0.024 wt% by the inductively
coupled plasma atomic emission spectrometry (ICP-AES)
analysis.

Synthesis of CNF and Pd-NPs/CNF
The CNF sample was prepared with the same synthesis
process of Pd-SAs/CNF except the addition of Pd(acac)2.
Pd nanoparticles (NPs) were firstly synthesized [36] for

the synthesis of Pd-NPs/CNF. Poly(vinyl pyrrolidone)
(50 mg, 0.45 mmol) and KI (17 mg, 0.1 mmol) were dis-
solved into formamide (5 mL) and heated to 120°C. Then,
29.5 mg Na2PdCl4 powder was added into the above so-
lution and maintained at 120°C for 10 min. Finally, the
Pd NPs were washed and prepared into 1 mg mL−1 of
methanol dispersion. Subsequently, the Pd-NPs/CNF was
prepared with the same synthesis process of Pd-SAs/CNF
except that the palladium(II) acetylacetonate (2 mg,
Pd(acac)2) was replaced by 2 mL methanol dispersion of
Pd NPs. The content of Pd in the Pd-NPs/CNF was
0.013 wt% by ICP-AES analysis.

Synthesis of melamine-formaldehyde polymer and
nitrogen-doped carbon powder (NC)
Typically, 3 g melamine was added into the mixture of
14 mL distilled water and 13 mL formaldehyde with ul-
trasonic treatment for 5 min at room temperature [37].
Then, 2.5 mL sodium hydroxide solution (0.1 mol L−1)
was slowly added into the above solution with vigorous
stirring. Then, the solution was kept at 60°C for 2 h.
Subsequently, the obtained product, marked as mela-
mine-formaldehyde polymer, was washed with distilled
water for three times and dried at 60°C in vacuum for
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12 h. The melamine-formaldehyde polymer was placed in
a tube furnace and heated at 800°C for 30 min under
flowing argon gas with the heating rate of 5°C min−1.
Finally, the NC sample was obtained.

Synthesis of Pd/NC
Pd/NC sample was prepared with the same synthesis
process of Pd-SAs/CNF except melamine sponge was
replaced by the as-obtained melamine-formaldehyde
polymer powder. Specifically, 200 mg as-obtained
melamine-formaldehyde polymer powder was dispersed
into 30 mL methanol solution of Pd(acac)2 (2 mg). After
stirring for 6 h, the precipitate was separated, washed
with methanol for two times, dried at 60°C under vacuum
for 12 h and then heated at 800°C for 30 min under argon
gas with the heating rate of 5°C min−1. Finally, the pro-
duct was obtained and marked as Pd/NC.

Synthesis of Pd-SAs/NC
The as-obtained NC (200 mg) was dispersed into 30 mL
methanol of Pd(acac)2 (2 mg). After stirring for 6 h, the
precipitate was separated by centrifugation, washed with
methanol for two times and then dried at 60°C under
vacuum for 12 h. Subsequently, the as-obtained pre-
cipitate was placed in a tube furnace and heated at 150°C
for 1 h under flowing argon gas with the heating rate of
5°C min−1. Finally, the Pd-SAs/NC sample was obtained.

Catalytic evaluation
In a typical catalytic reaction, NPA (0.2 mmol), borane-
ammonia complex (1.2 mmol), Pd catalysts (Pd-SAs/
CNF, Pd-NPs/CNF, Pd-SAs/NC, Pd/C, Pd(acac)2, re-
spectively) with 0.01 mol% Pd, 4.9 mL ethanol and 100 µL
distill water were added into a 15-mL pressure tube. The
reactions proceeded at 50°C for 3 h, respectively. When
they were cooled to room temperature, the reaction
mixtures were extracted with ethyl acetate, respectively.
The conversions and selectivities of Pd catalysts for the
hydrogenation reactions were determined by gas chro-
matography-mass spectrometry (GC-MS) with dodecane
as the internal standard.

Characterization
Scanning electron microscopy (SEM) images were used to
characterize the morphologies of Pd-SAs/CNF taken by
SU-8010. Transmission electron microscopy (TEM)
images of catalysts were collected on a Hitachi H-800
TEM. High-resolution TEM (HRTEM) images and ele-
ment dispersive spectroscopy (EDS) images were re-
corded by a JEOL JEM-2100F with electron acceleration

energy of 200 kV. High-angle annular dark field scanning
TEM (HAADF-STEM) images were taken by JEOL 200F
TEM operated at 200 keV, which was equipped with a
probe spherical aberration corrector. Powder X-ray dif-
fraction (XRD) spectra were obtained by using Rigaku
RU-200b X-ray diffractometer equipped with Cu Kα ra-
diation (λ = 1.5406 Å). X-ray photoelectron spectroscopy
(XPS) spectra were collected with ULVAC PHI Quantera.
The ICP-AES (Optima 7300 DV) was used to measure the
concentrations of palladium in different catalysts. The
GC-MS analysis was subjected to ISQ GC-MS with an
electrical capture detector (ECD, ThermoTrace GC Ultra)
using a capillary column (TR-5MS, Thermo Scientific;
length 30 m, inner diameter 0.25 mm, film 0.25 µm) The
X-ray absorption find structure (XAFS) spectra were ta-
ken at BL14W1 station in Shanghai Synchrotron Radia-
tion Facility (SSRF, operated at 3.5 GeV with a maximum
current of 250 mA, Pd K-edge under fluorescence ex-
citation mode). The XAFS data of Pd-SAs/CNF sample
were collected at room temperature in fluorescence ex-
citation mode using a Lytle detector and Ru filter. Pd film
and PdO were used as references and measured in a
transmission mode using ionization chamber.

Computational method
All the spin-polarized calculations were performed using
the Perdew-Burke-Ernzerhof (PBE) function [38] within
the generalized gradient approximation (GGA), im-
plemented in the Vienna Ab-initio Simulation Package
(VASP) [39,40] code. The project-augmented wave
(PAW) method [41,42] was used to represent the core-
valence electron interaction, and the valence electronic
states were expanded in plane wave basis sets with a
cutoff energy of 450 eV. The van der Waals interactions
were considered using the density functional dispersion
(DFT)-D3 method [43]. To ensure enough vacuum space,
a vacuum space of 15 Å in the z direction was used be-
tween the periodic images. A periodic graphene sheet
(14.82 A × 17.06 A × 15.35 A) with 96 C atoms was
constructed, and a k-mesh of 2 × 1 × 1 was employed for
all structures. For Pd (111) metal catalyst, a p(6 × 4)
supercell with three layers was constructed, and the bot-
tom one layer was fixed at bulk truncated position. All the
transition states (TSs) were searched by the constrained
optimization scheme [44,45] and the convergence
threshold of forces was set to 0.05 eV A−1.
The adsorption energies are defined as follows: Eads =

E(adsorbate/surface) − E(adsorbate) − E(surface), where E(adsorbate/surface),
E(adsorbate) and E(surface) are the total energies of the ad-
sorbate binding to surface, free adsorbate in gas phase
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and clean surface, respectively. The more negative the Eads
value is, the more strongly the adsorbate binds on the
surface. It is worth noting that all the adsorption energies
of atomic H were calculated using H2 as the reference,
considering that used hydrogen source (ammonia bor-
ane) can easily dehydrogenate and release H2. In addition,
for the adsorption/desorption processes, the large entropy
contributions of gaseous molecules (TΔS), including the
vibrational, rotational and translational entropies, must
be considered to estimate the Gibbs free energy change
(ΔG) at the temperature of 323 K. The ΔG of adsorption/
desorption process was estimated according to ΔG = ΔH

− TΔS. The reaction enthalpy (ΔH) was approximated
with the total energy difference (ΔE) neglecting the small
zero-point energy correction (ΔZPE), heat capacity cor-
rection and Δ(pV) term [46].

RESULTS AND DISCUSSION
The synthetic procedure is illustrated in Fig. 1a. Firstly,
porous MF was soaked in methanol solution containing
Pd(acac)2. Subsequently, the MF containing Pd precursor
was dried and marked with Pd2+/MF, followed by pyr-
olysis to obtain the final monolithic Pd-SAs/CNF catalyst.
What’s more, monolithic Pd-SAs/CNF catalyst can be

Figure 1 (a) Schematic synthetic process of Pd-SAs/CNF. (b) Photographs of MF, Pd2+/MF and monolithic Pd-SAs/CNF catalyst, respectively.
(c) SEM, (d) enlarged SEM and (e) TEM images of Pd-SAs/CNF. (f) HAADF-STEM image and EDS maps of Pd-SAs/CNF (C: green; N: red; Pd:
yellow). (g, h) AC HAADF-STEM and enlarged images of Pd-SAs/CNF.
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tailored into different macro shapes to meet the needs in
different actual operation environments (Fig. 1b and
Fig. S1).
SEM and enlarged SEM images demonstrate that Pd-

SAs/CNF possesses abundant hierarchically porous
structure (Fig. 1c, d). No obvious Pd NPs are observed in
the TEM image of Pd-SAs/CNF (Fig. 1e). The XRD
pattern of Pd-SAs/CNF exhibits the broad peaks assigned
to amorphous carbon (Fig. S2). EDS maps show the
homogeneous distribution of Pd (yellow), N (red) and C
(green) elements in Pd-SAs/CNF (Fig. 1f). To investigate
the chemical state of elements, XPS was carried out. The
C 1s spectrum reveals the coexistence of four peaks of C
species at the binding energies of 284.5 eV for graphite C,
285.2 eV for –C–N– bonds, 286.4 eV for –C–OH bonds
and 289.2 eV for –C=O– bonds (Fig. S3a). The N 1s
spectrum can be deconvoluted into four peaks indexed to
398.1 eV for pyridinic N, 399.5 eV for pyrrolic N,
400.9 eV for graphitic N and 401.9 eV for oxidized N
(Fig. S3b).
To directly observe the dispersion of Pd species at the

atomic scale, we conducted the aberration-corrected
HAADF-STEM (AC HAADF-STEM) measurements. As
shown in Fig. 1g, h, isolated bright dots marked by yellow
circles are identified and associated with single Pd atoms,
which indicates the atomic dispersion of Pd species in Pd-
SAs/CNF. The hierarchically porous structure of CNF
plays a crucial role on the synthesis of Pd-SAs/CNF, as
revealed by the presence of obvious Pd NPs dispersed on
the surface of nitrogen-doped carbon in the control
sample by using powdered melamine-formaldehyde
polymer (Figs S4 and S5).
To study the local structure of Pd-SAs/CNF, X-ray

absorption near-edge structure (XANES) and extended
XAFS (EXAFS) measurements were performed. The
XANES data of Pd-SAs/CNF locates between those of Pd
foil and PdO (Fig. 2a). And, the average oxidation state of
single Pd atoms in Pd-SAs/CNF is close to +1 (Fig. 2b).
The corresponding EXAFS data were handled with k2

iteration of Fourier transform (FT). As shown in Fig. 2c,
the FT EXAFS curve of Pd K-edge of Pd-SAs/CNF ex-
hibits only one dominant peak at around 1.4 Å, which is
assigned to the Pd–N coordination. Compared with Pd
foil, the peak of Pd–Pd at around 2.4 Å is not detected in
Pd-SAs/CNF, which indicates the sole presence of iso-
lated Pd atoms in Pd-SAs/CNF.
Wavelet transform (WT) analysis is a powerful tool to

identify the atomic structure through discriminating the
backscattering atoms and providing both radial distance
resolution and k-space resolution. To identify the atomic

structure, WT analysis was performed. As shown in
Fig. 2d, only one intensity maximum at about 5.0 Å−1

from Pd–N contribution is observed in the WT contour
plots of Pd-SAs/CNF. Compared with the WT contour
plots of Pd foil and PdO (Fig. 2d), no intensity maximum
near 9.0 Å−1 attributed to Pd–Pd path is detected. The
combination of AC HAADF-STEM, EXAFS and WT
results reveals that Pd species exist as single atoms in Pd-
SAs/CNF. Quantitative EXAFS fitting of Pd-SAs/CNF
was carried out and the corresponding fitting parameters
are summarized in Fig. 2e, Fig. S6 and Table S1. The best-
fitting result suggests that the first shell peak at 1.4 Å is
ascribed to isolated Pd atoms coordinated by three N
atoms as Pd-N3 structure. Based on the above-mentioned
structural analysis, DFT calculations optimized and es-
tablished the structural model of Pd-SAs/CNF (inset of
Fig. 2e).
Monolithic Pd-SAs/CNF catalyst possesses outstanding

structural strength so it can be readily put into and taken
out from the reaction system by tweezer. The products
can be easily washed off by fluid washing solvent (Fig. 3a).
We selected the selective hydrogenation of NPA to eval-
uate the catalytic performance of Pd-SAs/CNF. Because
both the nitro and alkynyl groups of the NPA substrate
are easily reduced, two different catalytic pathways are
presented in Fig. 3b. To our surprise, the Pd-SAs/CNF
not only exhibits complete transformation of 4-
nitrophenylethyne after 2 h, but also attains ~99% se-
lectivity of 4-nitrostyrene, which is the selective semi-
hydrogenation product (Fig. 3c). When we extend the
reaction time to 5 h, products of excessive hydrogenation
(4-ethylnitrobenzene, 4-ethenylaniline or 4-ethylaniline)
are almost not detected, indicating the excellent chemical
selectivity of Pd-SAs/CNF (Fig. 3d). As shown in the
insets of Fig. 3d, monolithic Pd-SAs/CNF catalysts can
keep unbroke during the whole catalysis process. To
confirm the role of single-atom Pd species, we in-
vestigated the catalytic performance of the pure CNF and
no reaction activity was detected, which implies that the
single Pd atoms are the active sites. For comparison, the
Pd NPs supported on CNF sample, marked as Pd-NPs/
CNF, were synthesized and characterized (Fig. S7).
Meanwhile, homogeneous Pd(acac)2 and commercial Pd/
C catalysts were also employed. All catalytic results are
summarized in Table S2 and the selectivities of the hy-
drogenation reaction towards all Pd catalysts are pre-
sented in Fig. 3c. Both the nitro and alkynyl groups of
NPA are reduced and almost completely converted into
corresponding 4-ethylaniline over the Pd-NPs/CNF and
homogeneous Pd(acac)2, indicating that both the Pd-NPs/
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CNF and homogeneous Pd(acac)2 are no selectivity for
hydrogenation reaction of NPA. And, the commercial Pd/
C obtains a mixture of products containing 25% of 4-
ethenylaniline and 75% of 4-ethylaniline. Based on the
above results, we speculate that the extremely high se-
lectivity of Pd-SAs/CNF to 4-nitrostyrene is attributed to
isolated site effect induced by single-atom Pd sites, which
leads to preferential adsorption of alkynyl group rather
than the nitro group (Fig. 3f). Meanwhile, such effect may
suppress further hydrogenation of alkenyl group due to
limited coordination space.
In catalytic cyclic tests, the Pd-SAs/CNF shows no

significant decline in activity and selectivity after five
times successive cyclic tests, indicating the good reusa-
bility (Fig. 3e). Furthermore, we carefully characterized
Pd-SAs/CNF after reusability tests. And the morphology
and atomic dispersion of Pd species in the used Pd-SAs/

CNF still maintain (Figs S8–S11), suggesting the excellent
stability. To demonstrate the advantages of monolithic
Pd-SAs/CNF, we designed and synthesized single Pd
atoms supported nitrogen-doped carbon powder, marked
as the powdered Pd-SAs/NC (Figs S12 and S13). As
shown in Table S2, the powdered Pd-SAs/NC exhibits
38% conversion (89% selectivity) for the hydrogenation
reaction of NPA, which is much lower than that of Pd-
SAs/CNF. In addition, the powdered Pd-SAs/NC shows
obvious decline in activity and selectivity after cyclic tests
(Fig. S14). These results suggest that monolithic structure
of Pd-SAs/CNF enhances catalytic activity and stability
and facilitates the separation.
Furthermore, we tested the alkyne scope of selective

hydrogenation reactions with Pd-SAs/CNF (Table S3).
Phenylacetylene (2a) was well catalyzed in both ~99% of
conversion and selectivity. The substituted phenyl-

Figure 2 (a) XANES spectra, (b) oxidation state analysis from XANES data, (c) FT-EXAFS spectra of Pd-SAs/CNF, Pd foil and PdO. (d) WT contour
plots of Pd foil, PdO and Pd-SAs/CNF. (e) EXAFS fitting curve of Pd-SAs/CNF (inset: optimized model).
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acetylene with both electron-donating groups (2b, 2c, 2d)
were reacted smoothly in above 90% of conversion and
above 97% of selectivity. Halogen-substituted phenylace-
tylene (2e, 2f) was also catalyzed to give the desired semi-
hydrogenated products in ~99% of conversions and se-
lectivities. The 2-ethynylnaphthalene (2g) with a big-sized
naphthyl group achieved excellent conversion and se-

lectivity. In addition, the terminal aliphatic alkyne was
reacted to give the corresponding product (2h) in good
conversion and selectivity. N-heterocyclic alkyne was also
converted into corresponding alkene (2i) in ~99% of
conversion and ~99% of selectivity.
To elucidate the superior selectivity of Pd-SAs/CNF on

NPA semi-hydrogenation, DFT calculations were per-

Figure 3 (a) Photograph of monolithic Pd-SAs/CNF catalyst during the catalytic reaction. (b) Possible reaction pathway of 4-nitrophenylacetylene
hydrogenation reaction. (c) The selectivity of products for Pd-SAs/CNF, Pd-NPs/CNF, commercial Pd/C and Pd(acac)2 after 3 h. (d) Conversion and
selectivity changes with different reaction times. Insets in (d) show the color change with time. (e) Schematic illustration of enhancement on selectivity
of Pd-SAs/CNF compared with Pd-NPs/CNF. (f) Conversion and selectivity of Pd-SAs/CNF during five cycles.
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formed. As shown in Fig. 4a and Fig. S15a, the three-
coordinated single-atom Pd (Pd-SA) is protruded out
from the graphene, and displays a spin moment of 0.71 µB
and a Bader charge of +0.57 |e|, illustrating that it can be
essentially assigned as Pd+ cation, which accords with the
XANES result of Pd-SAs/CNF.
Firstly, the adsorption configurations of NPA on Pd-

SAs show that NPA prefers anchoring on Pd-SAs via the

alkynyl (Fig. 4b) to the nitro group (Fig. S15b) [47] with
an adsorption free energy (Gad) of −0.72 eV vs. −0.25 eV.
Thus, the alkynyl group would in principle serve as the
reactive center for hydrogenation. Secondly, the calcula-
tion results show that the alkynyl hydrogenation prefers
proceeding via path I to path II (in path I, the atomic H
attacks the α-C and then β-C of alkynyl group in turn,
while this hydrogenation order is inverse for path II,

Figure 4 (a) Configurations of Pd-SAs anchored at 3N-doped graphene, with the charge and spin density illustrated (isovalue 0.001 e/bohr3).
(b, c) Geometries (side view) of NPA and 4-nitrostyrene adsorption on Pd-SAs, and (d) NPA adsorption on Pd-NPs. The gray, blue, green, red, and
white balls represent C, N, Pd, O, and H atoms, respectively. (e, f) Energy profiles of alkynyl semi-hydrogenation of NPA into alkenyl on Pd-SAs/CNF,
and full hydrogenation into alkyl group on Pd (111), respectively. Note that the free energy profiles were also estimated by correcting the adsorption/
desorption energies (see cyan line), considering the large entropy contributions of gaseous molecules (TΔS) at 323 K. Also, the inset in (e) shows two
examined hydrogenation pathways, in which path I (red) indicates that alkynyl hydrogenation occurs at α-C initially and then at β-C, while path II
(black) denotes the inverse hydrogenation order; similar denotation was applied on alkenyl hydrogenation on Pd (111). (g) Energetics comparisons of
adsorption and initial hydrogenation of NPA on Pd-NPs/CNF and Pd-SAs/CNF.
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Fig. 4b, e). The energy profiles of path I in Fig. 4e show
that the α-C prefers to be hydrogenated with a low barrier
of 0.23 eV, and then the vinyl can couple with another H
to form 4-nitrostyrene (NO2-Ph-C2H3*) with a barrier of
only 0.16 eV (Fig. S15c, d). In other word, the Pd single-
atom site has a high activity toward the semi-hydro-
genation of NPA into NO2-Ph-C2H3* through path I.
Note that the atomic H is adopted as hydrogen source
considering the widely acknowledged fact that ammonia
borane can easily decompose and release H [48,49].
Interestingly, when further identifying the NO2-Ph-

C2H3* adsorption on Pd-SAs (Fig. 4c), NO2-Ph-C2H3* is
found to interact closely with Pd-SAs via the delocalized
π bond of alkenyl/phenyl group, forming three evident
Pd–C bonds, which leads to a result that no extra space is
left for hydrogen adsorption, evidenced by the hydrogen
adsorption energy of only −0.08 eV in Table S4. There-
fore, further hydrogenation of NO2-Ph-C2H3* will have to
cease, and NO2-Ph-C2H3* will exclusively desorb from
Pd-SAs with a desorption free energy of 0.94 eV, ratio-
nalizing the high semi-hydrogenation selectivity of NPA
on Pd-SAs/CNF.
Different from the site-specific adsorption of NPA on

Pd-SAs, NPA prefers adsorbing parallelly on the multi-
atom Pd (111) surface (the most exposed facet of Pd-NPs)
using the nitro-, alkynyl- and phenyl-groups collectively
(Fig. 4d) [50], with a more negative Gad of −1.83 eV
(versus −0.72 eV on Pd-SAs). As detailed calculation re-
sults are shown in the Supplementary information (in-
cluding the energy profiles of the partial/full
hydrogenation progress of alkynyl or the hydrogenation/
deoxygenation of nitro (–NO2) into –NH2 on Pd-NPs,
Fig. S15e–h, Fig. 4f and Fig. S16, Scheme S1, Table S5), it
is found that this unselective chemisorption effect could
essentially lead to an inferior selectivity of NPA hydro-
genation on Pd-NPs/CNF in comparison with Pd-SAs/
CNF, explaining the experimental result that considerable
NH2-Ph-C2H5 were produced on Pd-NPs/CNF.
Overall, in light of the above results, the superior se-

lectivity of NPA semi-hydrogenation into 4-nitrostyrene
on Pd-SAs/CNF compared with Pd-NPs/CNF could be
ascribed to two key factors: (i) the three-coordinated Pd
single-atom site in Pd-SAs/CNF can preferentially adsorb
alkynyl group rather than the nitro group, which is dif-
ferent from that on Pd-NPs/CNF (Fig. 4g); (ii) the limited
coordination space of isolated Pd single-atom site, which
could be the prominent structural feature of SAC, inhibits
the further hydrogenation of alkenyl group. These DFT
calculation analyses coincide with experimental results,
suggesting the isolated site effect of single atoms for en-

hancement on catalytic selectivity.

CONCLUSIONS
In summary, we have developed a practical strategy to
synthesize monolithic Pd SACs. Moreover, we demon-
strate an isolated site effect of Pd-SAs/CNF to remarkably
improve the selectivity in NPA semi-hydrogenation
compared with conventional heterogeneous Pd nano-
catalysts and homogeneous Pd complex catalysts. In ad-
dition, the monolithic structure of Pd-SAs/CNF favors
separation and subsequent recycling, which also leads to
excellent reusability and stability. Notably, monolithic
nature of the Pd-SAs/CNF catalyst makes it easy to se-
parate from the reaction system, which is beneficial for
conducting the subsequent recycling. We believe the
discovery of isolated site effect and the development of
monolithic SACs may open up new opportunities to de-
sign highly selective and practical catalysts for selective
catalysis.
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Pd单原子整体催化剂: 功能化的三维结构和优异
的化学加氢选择性
张泽栋1†,周敏2†,陈远均1*,柳守杰3,王海丰2*,张剑1,冀淑方1,
王定胜1*, 李亚栋1

摘要 原子级别调控催化剂在选择性加氢反应中的选择性是一个
巨大的挑战.在本文中,我们报告了一种简单实用的策略,用于合成
Pd单原子负载在氮掺杂碳纳米泡沫(Pd-SAs/CNF)上的整体型单原
子催化剂. 此外, 我们证明独特电子结构的单原子Pd位点使得Pd-
SAs/CNF产生孤立位点效应, 进而导致在4-硝基苯基乙炔半氢化反
应中具有出色的活性和选择性. 此外, 得益于较高的完整性和良好
的机械强度, 整体型Pd-SAs/CNF催化剂易与反应体系分离, 进一步
有利于回收循环利用. 循环测试表明, 整体型Pd-SAs/CNF催化剂具
有优异的可重复使用性和稳定性. 孤立位点效应的发现为设计高
选择性催化剂提供了一种新方法. 整体式单原子催化剂的研究为
推进单原子催化剂的实际应用提供了新的机会.
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