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1 Introduction

ABSTRACT

We report a highly efficient Pd/Ni(OH), catalyst loaded with ultra-low levels of
palladium (50 ppm Pd by mass) for the selective hydrogenation of acetylene to
ethylene. The turnover frequency for acetylene conversion over the 0.005%
Pd/Ni(OH), catalyst is twice that of the equivalent 0.8% Pd/Ni(OH), catalyst.
Notably, an acetylene-to-ethylene selectivity of 80% was achieved over a wide
range of temperatures. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy was used to reveal the atomically
dispersed nature of palladium in the 0.005% Pd/Ni(OH), catalyst. The excellent
selectivity of this catalyst is attributed to its atomically dispersed Pd sites, while
the abundant hydroxyl groups of the support significantly enhance the acetylene
conversion activity. This work opens up innovative opportunities for new types
of highly efficient catalysts with trace noble-metal loadings for a wide variety of
reactions.

trace acetylene in raw ethylene. After extensive
screening of a variety of metals, palladium is recognized

Raw ethylene produced by cracking commonly
contains about 1% coproduced acetylene, which must
be removed or reduced to an acceptable level to avoid
downstream catalyst poisoning and the degradation
of polyethylene quality during ethylene polymerization
[1, 2]. Selective hydrogenation over an effective catalyst
is the most widely employed strategy for removing

to be the state-of-the-art catalyst for the selective
hydrogenation of acetylene, but its high cost and
poor selectivity toward ethylene inevitably limits its
utilization [3]. Intense research effort has been directed
toward the development of highly selective and cost-
effective catalysts with low levels of palladium, or
that are palladium-free, for this reaction [4, 5].
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Through density functional theory (DFT) calculations
and experimental exploration, Nerskov and co-workers
demonstrated that nickel-zinc alloys serve as promising
alternatives to Pd for the hydrogenation of acetylene,
with superior ethylene selectivity [6]. Our group has
also developed a series of intermetallic Ni,M, catalysts
that display excellent selectivities for the formation
of ethylene [7]. However, alternative non-palladium
catalysts usually require relatively high reaction tem-
peratures that fall short of industrial requirements.
Alloying Pd with a second metal modifier to form
bimetallic catalysts has proven to be another effective
approach for decreasing Pd content and improving
the corresponding ethylene selectivity by rationally
tuning the electronic or geometric structures of Pd
[8-11]. However, these palladium-based alloy catalysts
often require complex preparation procedures and
retain considerable palladium content, which greatly
increases their preparation and production costs.
For example, commercial Pd-Pb/CaCO; catalysts are
generally loaded with more than 1% Pd, and even
the most effective Pd-Ag alloy catalyst is loaded with
about 0.1% Pd [12, 13].

Recently, single-atom or atomically dispersed metal
catalysts, with fully exposed active sites, have aroused
significant interest in the field of heterogeneous
catalysis, due to their high atom efficiencies, reduced
costs, and their prospects for industrial upscaling
[14-18]. In addition, compared with traditional metal
nanoparticle catalysts, they sometimes exhibit intriguing
activities and selectivities [19]. In this communication,
we describe the preparation of an atomically dispersed
and ultra-low-loaded Pd catalyst (50 ppm by mass)
supported on Ni(OH), nanosheets; the prepared 0.005%
Pd/Ni(OH), catalyst exhibits excellent catalytic activity
and selectivity for the hydrogenation of acetylene, as
illustrated in Fig. 1.

2 Experimental section
2.1 Materials

Nickel(Il) nitrate hexahydrate and urea were purchased
from Tianjin Jinke Fine Chemical Institute. Potassium
borohydride and triethylene glycol were purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd.
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Figure 1 Schematic illustration of atomically dispersed and
nanosized Pd supported on Ni(OH), nanosheets for the selective
catalytic hydrogenation of acetylene.

Sodium tetrachloropalladate(Il) was purchased from
Sigma-Aldrich. All chemicals were of analytical grade
and used as received, without further purification. The
water used in all experiments was purified through a
Millipore system.

2.2 Preparation of the Ni(OH), support

The Ni(OH), support was prepared according to the
method reported by Du et al. [20]. In a typical synthesis,
nickel(II) nitrate hexahydrate (1.45 g) was dissolved
in a water/triethylene glycol mixed solvent system.
Urea was then added under mild stirring to obtain a
homogeneous solution. The entire solution was
transferred to a Teflon-lined stainless-steel autoclave,
sealed and maintained at 120 °C for 24 h. After cooling
to room temperature, the resulting precipitate was
isolated by centrifugation, and washed several times
with ethanol and pure water. Finally, the product was
dried overnight in air at 60 "C.

2.3 Preparation of the 0.005% Pd/Ni(OH), catalyst

The 0.005% Pd/Ni(OH), catalyst was prepared as
follows. First, the appropriate amount of sodium
tetrachloropalladate(Il) solution was added to a well-
dispersed Ni(OH), suspension to obtain the required
Pd loading. The suspension was vigorously stirred
for 24 h to form a solid surface combination of the
positively charged Ni(OH), support and the negatively
charged tetrachloropalladate(Il) anions. The precursor
was centrifuged and washed several times with pure
water and dried overnight under vacuum at 40 °C.
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Finally, the obtained precursor was reduced with
hydrogen at 160 °C.

2.4 Preparation of the 0.8% Pd/Ni(OH), catalyst

The 0.8% Pd/Ni(OH), catalyst was prepared using
a similar method to that described in section 2.3
(above). First, the appropriate amount of sodium
tetrachloropalladate(Il) solution was added to a well-
dispersed Ni(OH), suspension. The suspension was
vigorously stirred for 24 h to obtain a solid combination
of the Ni(OH), support and the tetrachloropalladate(II)
anions. The precursor was centrifuged, washed several
times with pure water and dried overnight under
vacuum at 40°C. Finally, the obtained precursor
was reduced with a potassium borohydride solution
(0.1 g-'L?), centrifuged, washed several times with pure
water and dried overnight under vacuum at 40 °C.

2.5 Preparation of the 0.005% Pd/NiO catalyst

The 0.005% Pd/NiO catalyst was prepared by calcination
of the 0.005% Pd/Ni(OH), catalyst at 300 °C for two
hours under argon.

2.6 Preparation of the 0.005% Pd/SiO,-T catalyst

A mesoporous SiO, support was prepared according
to a published procedure [21]. The mesoporous SiO,
support was dispersed in pure water and homogenized
by sonication. The appropriate amount of sodium
tetrachloropalladate(ll) solution was added to the
above suspension to obtain the required nominal
Pd loading, vigorously stirred for 24 h, centrifuged,
washed several times with pure water and dried
overnight under vacuum at 40 °C. The obtained
precursor was then calcined at either 300 or 750 °C.
The 0.005% Pd/SiO,-T catalyst products were finally
obtained by reduction of the above calcined precursors
with hydrogen at 160 °C.

2.7 Preparation of the 0.005% Pd/SiO,-750RD
catalyst

The 0.005% Pd/SiO,-750RD catalyst was prepared
in a similar manner to that described in section 2.6
(above), except that after calcination at 750 °C the
0.005% Pd/SiO,-750RD precursor was re-dispersed in
water for 24 h to restore the OH content of the support.

2.8 Characterization

The crystallographic structures of the products were
determined by powder X-ray diffraction (XRD,
Bruker D8 Focus X-ray diffractometer, Cu Ka radiation,
A = 0.1542 nm). Transmission electron microscopy
(TEM) was carried out on a Jeol JEM-2100F FETEM
instrument. High angle annular dark field scanning
TEM (HAADEF-STEM) images were acquired at 200 kV
with the probe Cs-corrector configuration. X-ray
photoelectron spectroscopy (XPS) analyses were con-
ducted on an ESCALAB 250 Xi X-ray photoelectron
spectrometer using Al Ka radiation. Specific surface
area measurements were conducted on a QuadraSorb
SI automated surface area and pore size analyzer
(Quantachrome Instruments). The Pd content of each
sample was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Thermo
Scientific).

2.9 Catalyst performance measurements

The catalytic properties of the prepared catalysts
toward the partial hydrogenation of acetylene were
evaluated under atmospheric pressure in a continuous
flow fixed-bed quartz tubular reactor. In a typical
process, 100 mg of the catalyst was mixed with quartz
sand and placed in the reactor. The reactant gas mixture
(0.65 vol% acetylene, 5 vol% hydrogen, and 50.0 vol%
ethylene balanced with argon) was passed through the
reactor at a flow rate of 40 mL-min™. The composition
of the outlet gas was recorded by gas chromatography.
Conversion and selectivity were calculated according
to a previous report [22]. The turnover frequency
(TOF) of the catalyst was determined as the rate of
acetylene consumed per number of surface-exposed
Pd sites.

3 Results and discussion

To prepare the atomically dispersed 0.005% Pd/Ni(OH),
catalyst, the large specific surface area Ni(OH), support
(231.5 m*g™, Fig. S1 in the Electronic Supplementary
Material (ESM)) was first fabricated. Sufficient impre-
gnation of the appropriate amount of the Pd precursor
into a well-dispersed Ni(OH), suspension and sub-
sequent reduction afforded the 0.005% Pd/Ni(OH),
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catalyst. A 0.8% Pd/Ni(OH), catalyst was also fabricated
as a reference using a similar preparative method.
Figure S2 in the ESM displays the XRD patterns of the
as-prepared catalysts. The profiles of 0.8% and 0.005%
Pd/Ni(OH), catalysts were well matched to that of
the Ni(OH), support and could be assigned to the
characteristic peaks of Ni(OH), (JCPDS 38-0715) [23].

The prepared catalysts were subsequently evaluated
for their abilities to catalyze the selective hydrogenation
of acetylene to ethylene. As displayed in Fig. S3 in the
ESM, the Ni(OH), support exhibits negligible catalytic
acetylene conversion over the temperature range
employed, while the results displayed in Fig. 54 in
the ESM show that the 0.8% Pd/Ni(OH), material
is capable of fully catalyzing the conversion of
acetylene in the 35-60 ‘C temperature range, but the
corresponding selectivity for ethylene is very poor
and below 20%.

Interestingly, as shown in Fig. 2(a), the TOF for
acetylene conversion over the 0.005% Pd/Ni(OH),
catalyst is 0.164 s at 75 °C, which is twice that of the
0.8% Pd/Ni(OH), catalyst (0.081 s™). Full conversion
of acetylene over the 0.005% Pd/Ni(OH), catalyst is
obtained at 120 °C, as displayed in Fig. 2(b). Strikingly,
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the Pd/Ni(OH), catalyst with the ultra-low 0.005%
palladium loading exhibits excellent ethylene selectivity
compared to that of its higher palladium-loaded
counterpart, as shown in Fig. 2(c). In the 80-105°C
temperature region, ethylene selectivity is essentially
maintained, at around 80%, using the 0.005% Pd/
Ni(OH), catalyst. When the acetylene content was
near to full conversion, the corresponding ethylene
selectivity decreased, which is a phenomenon com-
monly observed in acetylene hydrogenation processes
and has been ascribed to the different adsorption
strengths of acetylene and ethylene at the active Pd
sites [13]. Acetylene is more thermodynamically
favored over ethylene for Pd adsorption and activation.
However, as the acetylene approaches complete con-
sumption, ethylene can competitively adsorb to the
active Pd sites, leading to a decrease in ethylene
selectivity. Time-on-stream stability testing at 105 °C
over the 0.005% Pd/Ni(OH), catalyst (Fig. 2(d)) reveals
that both acetylene conversion and ethylene selectivity
are well maintained at around 80% over the 12 h testing
duration, indicating that the 0.005% Pd/Ni(OH),
catalyst has excellent stability.

To explore the underlying reasons for the excellent
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Figure 2 (a) TOF values for the 0.8% and 0.005% Pd/Ni(OH), catalysts at 75 °C. (b) Acetylene conversion and (¢) ethylene selectivities
as functions of temperature for acetylene conversion over the 0.005% Pd/Ni(OH), catalyst. (d) Time-on-stream stability testing over the

0.005% Pd/Ni(OH), catalyst at 105 °C.
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catalytic properties exhibited by the 0.005% Pd/Ni(OH),
catalyst, detailed characterization experiments were
performed.

The surface structures of the prepared catalysts
were characterized by XPS. The Ni 2p XPS spectra
(Fig. S5(a) in the ESM) reveal binding-energy peaks
centered at about 855.9 eV that correspond to Ni** in
Ni(OH), [24, 25]. The Pd 3d XPS spectrum in Fig. S5(b)
in the ESM exhibits binding-energy peaks centered
at about 335.2 and 340.2 eV reveals for the 0.8%
Pd/Ni(OH), catalyst; these are ascribed to the Pd 3ds,
and Pd 3d;, peaks of metallic palladium [26-28].
However, no obvious Pd 3d peak can be resolved for
the 0.005% Pd/Ni(OH), catalyst, due to its ultra-low
Pd content. For the same reason, this catalyst was
unable to be characterized by extended X-ray absorption
fine structure (EXAFS) analysis.

It is well known that the hydrogenation of acetylene
is a structure-sensitive reaction, and the active-site
particle sizes greatly influence the corresponding
catalytic performance [29]. Figures 3(a) and 3(b) depict
the high-resolution TEM (HRTEM) and HAADF-STEM
images of the 0.8% Pd/Ni(OH), catalyst; the Pd nano-
particles are observed to be evenly dispersed over the
Ni(OH), nanosheets, with an average particle size of
1.7 nm, as revealed statistically in Fig. S6 in the ESM.
Figure 3(c) depicts the HAADF-STEM image of the
0.005% Pd/Ni(OH), catalyst. Due to the highly dispersed
ultra-low palladium loading on the Ni(OH), support,
no Pd nanoparticles are observed. Consequently, we
characterized the 0.005% Pd/Ni(OH), catalyst using
the powerful aberration-corrected HAADF-STEM
technique that is commonly used for the characteriza-
tion of atomically dispersed materials.

Detailed examinations of different regions of the
catalyst, as shown in Fig. 3(d) and Fig. S7 in the ESM,
failed to reveal any Pd particle, further confirming the
atomically dispersed nature of the Pd sites in the
0.005% Pd/Ni(OH), catalyst.

The excellent activity and selectivity observed for
the 0.005% Pd/Ni(OH), catalyst may be the result
of the atomically dispersed nature of its Pd sites,
compared to the reference Pd nanoparticles in the 0.8%
Pd/Ni(OH), catalyst. Previous research demonstrated
that decoupling the Pd ensembles and increasing the
number of isolated Pd atoms effectively restricts the
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Figure 3 (a) HRTEM and (b) HAADF-STEM images of the
0.8% Pd/Ni(OH), catalyst. (c) HAADF-STEM and (d) aberration-
corrected HAADF-STEM images of the 0.005% Pd/Ni(OH),
catalyst.

formation of unfavorable ethylidene intermediates,
carbide, and active subsurface hydrogen species that
are intimately associated with the total hydrogena-
tion of acetylene [11, 30, 31]. Furthermore, isolated-
palladium-atom catalysts were found to exhibit facile
hydrogen and alkyne activation abilities, which facilitate
alkyne adsorption and the subsequent desorption
of ethylene from the catalyst surface [12, 32], greatly
favoring the selective hydrogenation of acetylene to
ethylene. Our results are consistent with these reported
findings.

In addition to the nature of the active component,
the support itself has been demonstrated in many
studies to affect catalytic performance [33, 34]. Con-
sequently, we examined a series of supports to check
the general applicability of this ultra-low-loaded
palladium catalyst. We first prepared an atomically
dispersed 0.005% Pd/NiO catalyst to explore the effect
of the support in this reaction. Catalytic studies (Fig. S8
in the ESM) reveal that the 0.005% Pd/NiO catalyst
exhibits a remarkable decrease in acetylene conversion
when compared with the 0.005% Pd/Ni(OH), catalyst,
while maintaining a similar catalytic selectivity for the
formation of ethylene. The most obvious difference
between the 0.005% Pd/Ni(OH), and 0.005% Pd/NiO
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catalyst is the abundance of hydroxyl groups on the
surface of the Ni(OH), support; OH groups have
been found to greatly influence the catalytic activities
of some reaction systems [35, 36]. We speculated that
the OH groups of the support may also play key
roles in determining acetylene conversion activity of
our catalyst. To examine this hypothesis, we further
prepared robust mesoporous SiO, supports, as displayed
in Figs.S9 and S10 in the ESM. By varying the
calcination temperature, the surface Si-OH content of
the mesoporous SiO, support is readily tuned. In
addition, the Si-OH structures are easily restored by
deliberately re-dispersing the mesoporous SiO, support
in water; this offers the opportunity to systematically
explore the effect of OH groups in the selective
hydrogenation of acetylene.

Figure 4(a) shows the FT-IR spectra of the
mesoporous SiO, supports and a series of 0.005%
Pd/SiO,-T catalysts (T refers to calcination temperature,
see the ESM for details). The FT-IR bands at around
1,080 and 800 cm™ are ascribed to the asymmetric
and symmetric vibrations of the mesoporous SiO,
framework [37]. The band at 960 cm™ corresponds
to Si—-OH stretching vibrations and can serves as an
indicator of surface Si-OH content [37, 38]. After
calcination at 750 °C, the surface Si-OH content of
the 0.005% Pd/SiO,-750 catalyst was found to have
decreased significantly when compared with those
of the mesoporous SiO, support and the 0.005%
Pd/SiO,-300 catalyst. When the 0.005% Pd/SiO,-750
material was re-dispersed in water and then dried,
the 0.005% Pd/SiO,-750RD catalyst obtained in this
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manner generally exhibited restored surface Si-OH
structures in its FT-IR spectrum (Fig.4(a)). The
corresponding catalysis results (Fig. 4(b)) reveal that
acetylene conversion over the 0.005% Pd/SiO,-750
catalyst was sharply lower than that of the reference
0.005% Pd/SiO,-300 catalyst, consistent with the
differences in their Si-OH contents. After restoration
of the Si-OH structures, the 0.005% Pd/SiO,-750RD
catalyst exhibited almost the same acetylene conversion
as a function of temperature as the 0.005% Pd/SiO,-300
catalyst, unambiguously revealing the key roles of
the OH groups in determining acetylene conversion
activity. It should be noted that the corresponding
ethylene selectivity over the 0.005% Pd/SiO,-300, 0.005%
Pd/SiO,-750, and 0.005% Pd/SiO,-750RD catalysts
remained similar at the same acetylene conversions,
as indicated in Fig. 511 in the ESM. These results
reveal the strong OH-dependent-activity behavior of
the atomically dispersed Pd catalysts. Recent DFT cal-
culations and experimental results demonstrated that
the activation of hydrogen by atomically dispersed Pd
catalysts commonly involves a heterolytic dissociation
process that generates negatively charged Pd-H’-.
The positively charged H-atom counterpart tends to
bond with the surrounding chemical groups of the
support [12,14]. In the current case, we speculate
that the resulting positively charged H atom may be
also bond to the OH groups of the support. When the
numbers of these OH groups are reduced by calcination,
the activation of hydrogen was unavoidably hampered,
resulting in an accompanying decrease in catalytic
activity.

—&—Si0,
i —8—0.005% Pd/Si0-300
80 i —A— 0.005%Pd/5i02-750
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Figure 4 (a) FT-IR spectra and (b) corresponding acetylene conversions for the SiO, support, 0.005% Pd/SiO,-300, 0.005% Pd/SiO,-750,

and 0.005% Pd/SiO,-750RD catalysts.
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4 Conclusions

In summary, we successfully fabricated a Pd/Ni(OH),
catalyst loaded with ultra-low levels (0.005%) of
atomically dispersed palladium that exhibits excellent
catalytic activity and selectivity toward the hydro-
genation of acetylene to ethylene. Detailed experimental
results further reveal that the atomically dispersed
nature of palladium and the hydroxyl groups of the
support are of great importance in determining the
performance of the catalyst. The excellent catalytic
properties and cost-effective preparation endow the
0.005% Pd/Ni(OH), catalyst with great potential for
use in practical applications. We believe that this new
kind of catalyst may also be employable in a variety
of reactions such homogeneous and heterogeneous
catalytic hydrogenations, opening up opportunities
for the use of trace-loaded noble metals as cost-
effective catalysts.
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